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ABSTRACT OF THE DISSERTATION

Three-dimensional computational simulation of
multiscale multiphysics cellular/particulate

processes in microcirculatory blood flow

By
KOOHYAR VAHIDKHAH
Dissertation Director:

Professor Prosenjit Bagchi

Computational modeling and simulation is considered to study the concurrent mul-
tiscale/multiphysics phenomena associated with cellular/particulate transport in mi-
crocirculatory blood flow. The model integrates microhydrodynamics of different
blood cells, complexity of vascular geometry, and nanoscale adhesive interactions. A
finite element method (FEM) is used to model the cell membrane deformation with
high accuracy, and is coupled to the bulk flow motion via a front-tracking method.
The geometric complexities are simulated using a sharp-interface immersed bound-

ary method, and the molecular adhesion is coarse-grained via a Monte Carlo method.
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The following sequence of problems is addressed: (a) Hydrodynamic interaction be-
tween a platelet and a red blood cell (RBC) in a dilute suspension: 3D simulations of
pairwise interaction between a platelet and an RBC in a wall-bounded shear flow are
conducted. Based on the results, a mechanism of continual platelet drift towards the
vessel wall is proposed. (b) Platelet transport and dynamics in blood flow: 3D sim-
ulations are considered to study the transport of platelets in semi-dense suspension
of flowing RBCs. It is shown that the anisotropic diffusion of platelets contributes to
the formation of platelet clusters, and may act as a hydrodynamic precursor to blood
clot formation. (c¢) Microparticle shape effects on their transport and dynamics in
blood flow: The shape effect of microscale targeting drug carrier particles on their
margination, near-wall dynamics, and adhesion is quantified and explained by indi-
vidual particle dynamics and interaction with RBCs. It is suggested that the local
hemorheological conditions of the targeted site should be taken into account while
selecting the optimum. (d) Blood flow in stenosed microvessels: 3D simulations of cel-
lular motion through stenosed microvessels are considered. The Fahraeus-Lindqvist
effect is shown to be significantly enhanced, due to the asymmetric distribution of the
RBCs caused by the stenosis geometry. (e) Adhesion of microparticles in microves-
sels - role of RBCs and microparticle deformability: 3D simulations of the adhesion of
deformable drug carrier particles in the flow of semi-dense RBC suspension through
microvessels are conducted. It is shown that both the presence of RBCs and the

particle deformability have a dual role in microparticle adhesion.
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Chapter 1

Introduction

1.1 Circulatory System, Blood, and Blood Cells

The human circulatory system, which is made up of the heart, blood vessels, and the
blood, is responsible for the transport of oxygen and nutrients. The entire circulation
system can be divided into micro- and macrocirculation. Macrocirculation refers to
the flow of blood in larger blood vessels, such as the aorta, and large arteries and
veins, while microcirculation refers to blood flow in smaller vessels such as arterioles,
venules, and capillaries. A vessel diameter of ~500 pum is generally considered as the
criterion to differentiate between micro- and macrocirculation.

Blood is a particulate suspension that is made up of different cellular compo-
nents, namely erythrocytes (red blood cells or RBCs), leukocytes (white blood cells
or WBCs), and thrombocytes (platelets) suspended in a liquid called plasma. Figure
1.1 shows a scanning electron microscope image of different blood cells. In addition to
these cells, many sub-micron and nanoscale particulate components such as proteins,
lipids, minerals, and enzymes are contained in plasma. Plasma, which constitutes
about 55% of total blood volume, is almost 90% water (by volume).

The RBCs constitute the major particulate component of blood accounting for
about 40 - 45% of the total blood volume. The volume fraction of RBCs is termed

‘hematocrit’. The resting shape of an RBC is a biconcave disk, with an end-to-end
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Figure 1.1: A scanning electron microscope image of red blood cells (RBCs), white
blood cells (WBCs), and platelets. Image source: National Cancer Institute.

length of about 8 pum, and a thickness of nearly 2 ym. An RBC does not have a nucleus
and is a fluid drop of hemoglobin enclosed by an elastic membrane. Hemoglobin is
more viscous than plasma and facilitates the delivery of oxygen to the tissues. The
RBC membrane is made of a lipid bilayer and a cytoskeleton, and is highly deformable.
This property is essential for the transport of oxygen and nutrients to tissues, as it
enables the RBCs to easily deform and squeeze through capillaries of diameters as
small as 4 pm.

WBCs are the cells of the immune system that take part in protection against
infectious disease. In healthy conditions, they constitute about 1% of blood volume;
and in response to disease, the number of them is increased. During immune response,

WBCs adhere to the site of injury inside the blood vessel. Then, they deform and



spread on the cell lining on the blood vessel wall (endothelial cells or ECs), and there-
after transmigrate through the endothelium. Following transmigration, the processes
that are involved in repairing the damaged tissue take place. In the undeformed state,
a WBC is nearly rigid and exhibits a spherical shape with a diameter of about 8-20
pm, and flows with minimal deformation. However, the significant excess area of the
WBC membrane in the form of ruffles and folds enables it to undergo considerable
deformation under external adhesive forces during inflammatory conditions [107].
Platelets (or thrombocytes) constitute an essential component of human blood;
they play a major physiological role in the formation of a blood clot. Clotting is
an important phenomenon that precedes the process of wound healing. Similar to
WBCs, platelets detect the site of injury in blood vessels and adhere to it. Following
adhesion, they form an aggregate which results in coagulation. A platelet has a disk-
like shape, with an end-to-end length of about 3.6 um and a thickness of nearly 1.1
pm. Prior to adhesion, platelets behave like nearly rigid particles in the blood flow.
The number ratio of platelets to RBCs in normal conditions is about 1:10 to 1:20,

and thus their volume fraction is negligible with respect to that of the RBCs [8§].

1.2 Some Classical Hydrodynamic Processes in Microcircu-

latory Cellular Blood Flow

Several physiological phenomena in microcirculatory blood flow that have been ad-

dressed by principles of fluid mechanics are briefly discussed in the following sections.
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Figure 1.2: Flow of human red blood cells moving through glass tubes with approxi-
mate diameters of 4.5 ym (a), 7 pm (b), and 15 pm (c), in the experiments by Alex
R. Pries [4]; the flow direction is from left to right. (d) Cell-free layer width as a
fraction of arteriolar radius [83].

1.2.1 Lateral Migration of RBCs and Formation of the Cell-

Free-Layer (CFL)

Deformability of RBCs is a key factor in the flow of blood in microcirculation. In a
wall-bounded shear flow, the RBCs deform asymmetrically due to increased retarda-
tion of the cell motion in the vicinity of the wall. Such an asymmetric deformation
results in a lift that drives the RBC away from the wall. A hydrodynamic lift also ex-
ists in a parabolic flow in absence of a wall as a result of shape asymmetry, and drives
the cell laterally towards the lower flow gradient. In a confined geometry such as a
cylindrical tube both wall effects and flow gradient effects are present. Therefore, an
individual cell, while moving longitudinally with the flow, also continuously migrates
in the lateral direction away from the wall and towards the center of the vessel [5].
Figure 1.2(a-c) shows the flow of RBCs in glass micro-tubes [4]. Figure 1.2(a)
shows that in narrow capillaries with diameters significantly less than 10 ym, RBCs

considerably deform into a ‘parachute-like’ shape in order to move through the vessel.



It is seen that an RBC fills the entire cross-section of the vessel, and thus one cell
moves after another in a ‘single-file’ motion. Figure 1.2(b) shows that an increase in
the vessel diameter results in the formation of a layer of plasma between the RBC
and the wall, which is called the ‘cell-free layer’ or ‘CFL’. An increased asymmetry
in the shape of RBCs is is also observed in this figure. With a further increase in the
vessel diameter, as shown in Figure 1.2(c), the regime of motion is converted to ‘multi-
file’” motion, where the RBCs exhibit a ‘slipper-like’ shape. In this case, due to the
significant asymmetry in cell shape, an RBC tends to significantly migrate towards
the vessel centerline. However, the interaction with other cells prevents a continuous
migration away from the wall. In fact, constant hydrodynamic interactions between
particulate components of a suspension under shear result in a particulate dispersion,
which on a collective basis lead to a shear-induced diffusion [84,85]. In the case of
RBCs, a balance between the shear-induced diffusion and the migration away from
the wall in the semi-steady state results in the formation of a cell-free layer near the
wall and an ‘RBC-rich zone’ near the vessel center.

Experimental measurements of the CFL thickness in microvessels of different di-
ameters have shown an interesting nonlinear behavior. Figure 1.2(d) shows the ratio
of the CFL thickness to the blood vessel radius as a function of the vessel size [83]. It
is seen that with an increase in the vessel size, the ratio initially increases, and then
shows a decreasing trend. Such behavior, which is attributed to the change in the
regime of RBC motion [83], plays an important role in the nonlinear characteristics

of blood flow in microvessels, as discussed in the following section.



1.2.2 Fahraeus-Lindqvist and Fahraeus Effects

At the macroscopic level, the size of an RBC is negligible with respect to the vessel
diameter. Thus, from this perspective, the flow behaves as a single-phase Newtonian
fluid. At the microscopic level, however, the motion and deformation of each cell
become important. The resulting behavior of blood is then non-Newtonian. An
example of the non-Newtonian behavior of blood is the Fahraeus-Lindqvist effect. To
present this effect, we define the apparent or relative viscosity of blood as e = Qp/Q
where Qp is the mean flow rate of plasma (i.e., no RBC) in the blood vessel, and
Q is the mean flow rate in presence of the cells. The Fahraeus-Lindqvist effect, as
shown in Figure 1.3(a) refers to a decrease in the apparent viscosity of blood with
decreasing the vessel diameter. As the tube diameter is decreased below ~ 500 pm,
the relative viscosity is reduced and reaches a minimum at ~ 10 ym. Further decrease
results in a significant increase in the viscosity. A related phenomenon called Fahraeus
effect, which is shown in Figure 1.3(b), refers to a decrease in hematocrit as the vessel
diameter is decreased from ~ 500 to ~ 10 pum, and an increase in hematocrit upon
further decrease in diameter.

The above two phenomena are attributed to the variations in the CFL thickness
with the vessel diameter. As the microvessel diameter is decreased below ~ 500 pm,
the CFL fraction of the blood vessel increases (see Figure 1.2(d)). This implies a re-
duction in the RBC-rich core, which is more viscous than plasma, and consequently a
decrease in the apparent viscosity of blood. Additionally, as the number of cells inside
the microvessel is reduced due to a decrease in the vessel size, the friction between
the adjacent cells is also decreased. Such reduction contributes to the decrease in the

apparent viscosity of blood. Further decrease in the blood vessel diameter below ~
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10 um converts the regime of motion of RBCs to a single-file one. In this range, the
CFL fraction decreases with a decrease in the vessel diameter, which results in an
increase in the apparent viscosity of blood. Note that the significant rate of increase
that is observed in Figure 1.3(a) is due to the elimination of CFL and the high friction
between the RBC membrane and the vessel wall.

Similar to the Fahraeus-Lindqvist effect, the Fahraeus effect is also explained
by the dependence of the CFL fraction to the vessel size. A larger cell free layer
indicates a lower hematocrit and vice versa. Therefore, the initial increasing and
the subsequent decreasing behavior that is observed in Figure 1.2(d) for CFL results
in an initial decrease followed by an increase in hematocrit as the vessel diameter

increases [4,7].

1.2.3 Platelets Margination

Several experiments on particulate transport in blood flow have shown that platelets
tend to concentrate near the vessel walls [12,13,15]. These studies have also shown
that the near-wall excess of the platelets does not occur in absence of the RBCs [14,16].
Figure 1.4 shows the experimental results on concentration profiles of RBCs and
platelets across a tube, demonstrating the near-wall accumulation of the platelets.
The formation of an RBC-rich zone that was mentioned in Section 1.2.1 is also ob-
served in this figure. The phenomenon of platelets drift from the RBC-rich zone
towards the CFL near the vessel walls is known as ‘margination’.

Several hypotheses have been proposed to explain the margination of platelets.
For instance, one is the volume exclusion phenomenon where it is suggested that

the platelets are pushed towards the wall by the lateral motion of the RBCs toward
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Figure 1.4: RBCs (solid lines) and platelets (dashed lines) lateral concentration pro-
files in a glass tube at different shear rates [16].

the center of the vessel [16-24]. Another mechanism that is proposed is the spatial
dependency of the rate of collision with RBCs. In a shearing flow, the continuous
collisions between the RBCs and platelets result in a lateral dispersal of the platelets.
As mentioned in Section 1.2.1, on a collective basis, such lateral spreading results
in a shear-induced diffusion. Since the RBC concentration is decreasing from the
vessel center towards the wall, the platelets laterally drift from the RBC-rich core,
where the collision rate is high, towards the CFL, where the collision rate is low

[22-24,28,29,159].
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1.3 Multiscale/Multiphysics Processes in Microcirculatory

Cellular Blood Flow

Indeed, there are many processes of physiological importance in microcirculatory
blood flow that, as noted above, can be addressed by classical fluid mechanics. How-
ever, there are also phenomena that are multiscale/multiphysics in nature, and, thus,
cannot be addressed purely from a fluid mechanics standpoint. Two examples are

presented in the following sections:

1.3.1 Thrombogenesis and Microvascular Stenosis

Thrombogenesis refers to the formation of a blood clot (thrombus) which is the first
stage of the process of wound healing. Platelets are the main cellular components
of blood that participate in thrombogenesis. The surface of a platelet is populated
with adhesion molecules that can specifically bind to molecules that are exposed to
the flow in case of a disruption in the endothelial cell lining on the vessel wall. This
enables the platelets to detect the site of vascular injury, and following adhesion, form
a thrombus on the vessel wall.

Blood clotting can also have a detrimental effect as in the case of the abnormal
formation and growth of a thrombus (thrombosis), which results in a vascular stenosis
and eventual blockage of blood flow.

Figure 1.5 demonstrates the thrombogenic cascade. As shown in the figure, throm-
bogenesis, involves many processes that are highly multiscale/multiphysics. These
processes are briefly explained below.

At the macroscale, a vascular stenosis disrupts the tranport of oxygen/nutrient to
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tissues by blocking the passage of blood flow. Vascular occlusion can also occur when
a blood clot breaks free and forms a mobile embolus that blocks the flow downstream
(embolism) [9-11]. Obstruction of the blood flow can have severe consequences such
as organ malfunction or even death. In case of the vessels supplying blood to the
heart and brain, such pathological conditions may result in a heart attack or stroke.

At the microscale, fluid flow characteristics are of great importance in thromboge-
nesis. As mentioned earlier, the formation of a thrombus is associated with a rupture
in the endothelial cells on the blood vessel walls. It is known that ECs respond to
fluid flow characteristics, especially the wall shear stress (WSS) [11,64-67,89,90], and
thus, complex flow conditions (e.g. flow reversal) can affect the growth of a throm-
bus [92-94]. Not only the mean shear stress, the time-dependent flow oscillations
have also been observed to affect the EC response and consequently the thrombo-
genesis [91,93]. The fluid flow itself is significantly affected by the geometry of a
thrombus. For instance, the CFL thickness is altered about the constriction [78].
Variations in CFL result in changes in wall shear stress. It could also affect the
near-wall accumulation of platelets.

In addition to the mean flow features such as CFL and WSS, time-dependant
oscillations of the flow are also affected by the interactions between RBCs and the
stenosis geometry. These phenomena directly determine the growth, and consequently
the geometry of the thrombus itself. Additionally, a number of processes discussed
in the previous section are also associated with thrombogenic cascade at microscale:
migration of RBCs toward the center of the vessel, formation of a near-wall CFL, and
margination of platelets into the CFL. Such phenomena are of great importance as

they result in the platelet—wall proximity which is essential for platelet adhesion.
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At the nanoscale, the adhesion of platelets to the vessel wall is facilitated through
the interaction between adhesion molecules. Cell adhesion molecules or CAMs, are
proteins located on the surface of a cell, that play the key role in adhesion of the
cell to other cells or to the vessel wall. These proteins are transmembrane ‘receptors’
that are composed of three domains: (i) intracellular domain that interacts with
the cell cytoskeleton, (ii) transmembrane domain, and (iii) extracellular domain that
interacts with other CAMS, such as the ones that are located on the substrate (see
the schematic at the bottom right of the Figure 1.5). Two important families of
the CAMS are selectins and integrins that are involved in blood cells adhesion. For
instance, selectins are expressed on WBC membrane (L- and P-selectins such as P-
selectin-glycoprotein ligand-1 or PSGL-1) and endothelial cells (P- and E-selectins)
and mediate WBC adhesion and rolling [26,27]; and integrins are involved in platelet
adhesion.

In case of an injury to a blood vessel, the endothelium that is attached to the
subendothelial collagen by a glycoprotein called ‘von Willebrand factor’” or ‘vWEF’,
is disrupted and vWF is exposed to the flow. Adhesion of a flowing platelet is then
mediated via binding interaction between the « subunit of Glycoprotein Ib (GPIb)
receptors on the platelet surface and the A1 domain of subendothelial collagen-bound
vWEF. The GPIba-vWF-A1 binding extends the duration of the platelet-vessel wall
contact and leads to the formation bonds between other CAMs such as integrin as/3;
with subendothelial collagen, which in turn results in platelet firm adhesion [25].

The adhesive bonds are constantly being formed and broken by a reversible chem-
ical reaction. Under a flowing environment, the hydrodynamics also affect the bond

breakage as the bound state of the adhesion molecules is stretched and may be broken,
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under the application of an external force. Therefore, the chemical reaction is intri-
cately coupled to the platelet dynamics, and in turn RBC hydrodynamics. Platelet
adhesion is then followed by the secretion of chemicals (e.g. thrombin) that mediates
significant morphological changes in the shape of adhered platelets. Following this
process, which is called platelet activation, a platelet aggregate is formed on the site
injury.

Clearly, the above discussion shows that the role of platelets in thrombogenesis
cannot be addressed solely based on fluid mechanics, as many of the involved processes

are not only multiphysics in nature, but also highly inter-coupled at different scales.

1.3.2 Drug Delivery and Biomedical Targeting

The human circulatory system is subjected to various pathological conditions such
as metastasis of tumor cells, development of athero/arteriosclerotic plaque, and —as
discussed in the previous section— formation of micro-thrombus and micro-emboli. In
treatment of these severe pathological conditions, targeted delivery of therapeutics
to the site of injury with the highest possible efficiency is desired so that the po-
tential adverse effect on the surrounding healthy tissues is minimized. Similarly, in
biomedical imaging, efficient delivery of contrast agents to targeted cells is required.
To successfully achieve the goal of efficient delivery of such agents, they are com-
bined with specific receptor molecules that can bind to overexpressed ligands at the
site of damage. Since micro- and nanoparticles can be engineered to carry different
molecules, they are widely used as vascular targeting carriers (VTCs) of therapeutics
and imaging agents [32,33].

Figure 1.6 shows the drug delivery cascade, in which the following processes are
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involved: To inhibit the disease progression, VIT'Cs are injected into blood vessels.
At the microscale, similar to the platelet transport in the thrombogenic cascade,
the processes through which VT Cs are brought into close proximity of the damaged
tissue are the RBC-induced diffusion and margination into the CFL. Inside the CFL,
frequent physical contacts between the surface of the marginated VT'C and the vessel
wall at the targeted site facilitates the binding reaction between adhesion molecules
at the nanoscale. The molecular bond dynamics result in the adhesive rolling of VT'Cs
on the endothelium which is followed by firm adhesion. Thereafter, the VTC releases
therapeutic agents. The drug molecules, then, transmigrate through the endothelial
walls and diffuse into the damaged tissue and begin the elimination of the targeted
diseased cells to repair the tissue.

To efficiently deliver the required amount of drug dosage to the injured tissue,
one should design a VT'C that satisfies several criteria at different scales: (i) At the
microscale, the designed VTC should quickly marginate from the RBC-rich zone to-
wards the CFL. The longer the VT'Cs stay in circulation, the longer they are exposed
to the immune system which can eliminate them before successful delivery of thera-
peutics (as they are considered as ‘foreign’ substance). (ii) At the sub-micron scale,
following margination and entry into the CFL, a ‘well-designed” VTC should make
frequent physical contacts with the vessel wall to increase the likelihood of adhesion
to the targeted site. (iii) Subsequently, at the nanoscale the adhesive motion of the
VTC on the vessel wall takes place. It is important for the VT'C to stably adhere to

the targeted site against the hydrodynamic forces.
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From the above discussion, it is clear that designing an efficient VTC is an ex-
tremely challenging problem as it needs to take into consideration a plethora of mul-
tiscale/multiphysics issues. One aspect of the design is the determination of optimal
physical characteristics of a VIT'C. These physical characteristics involve the shape
(e.g., spherical, ellipsoidal, disk- and rod- like), size (from nano- to micron-sized car-
riers) and deformability. As such, a great deal of research is being pursued in this
area [43-47,95,96].

For instance, as far as size is concerned, several studies have suggested the su-
periority of micron-sized VTCs compared to nano-VTCs in margination from the
RBC-rich zone into the CFL [55-57]. Note that nanoparticles are considerably more
desirable as drug carriers due to their significantly high diffusivity in tumor vascula-
ture [43]. As far as VT'C shape is concerned, nonspherical particles, such as disk-like
or rod-like particles have been proposed to enhance margination and adhesion propen-
sities compared to the commonly used spherical ones [48-55,57-60]. However, the
near-wall hydrodynamic behavior of these particles during interactions with RBCs
is unknown. Similary, their adhesive rolling behavior on the vessel wall in the pres-
ence of RBCs has not been fully addressed. In terms of VTC deformability, it has
been suggested that targeting is improved by using deformable carrier particles such
as capsules and vesicles (liposomes) due to advantages in adhesive rolling [95, 96].
Note that as mentioned in previous sections, deformable particles tend to migrate
away from the wall and concentrate near the center. This can significantly limit
their margination and the possibility of contact with the vessel wall, thereby raises
questions about their applicability.

Evidently, designing an efficient drug carrier is a significant challenge due to a
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number of multiscale/multiphysics issues involved during the transport of the VT Cs in

blood flow and their corresponding design criteria that may be even be contradictory.

1.4 Scope of the Thesis

Addressing the above examples in their entirety is a task beyond the scope of one
PhD thesis, as many of the involved phenomena are highly complex and interdisci-
plinary. Within the scope of the current thesis, we focus on the processes involving
the microscale cellular hydrodynamics and the nanoscale adhesion. We embark on
a 3D computational fluid dynamics (CFD) study that integrates (i) the deformation
and dynamics of each individual blood cell with high accuracy, (ii) hydrodynamic in-
teractions of multiple heterogeneous cells in semi-dense suspension, (iii) coarse-grain
modeling of molecular adhesion between the molecules on the wall and cell mem-
brane/particle surface, and (iv) geometric complexities of the microvasculature. The
unique feature of the current work is that the above modules have been incorporated
in a unified methodology. While the method can be applied to a large number of prob-
lems associated with the microcirculatory blood flow under normal and pathological
conditions, here, we identify a sub-class of five related problems as the undertakings
of the thesis, as noted below:

1. Numerical methodology (Chapter 2): We employ an accurate well-
developed well-validated three-dimensional model for cell dynamics in viscous flow
within the framework of the immersed boundary/front-tracking method. The model
includes (i) a finite element method (FEM) for large deformations of the RBC with

the most comprehensive model for the cell membrane that includes the resistance
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against shear, area dilatation, and bending, as well as the viscosity difference be-
tween the hemoglobin and the surrounding fluid, (ii) a stochastic Monte Carlo-based
lottery method to coarse-grain the nanoscale binding reaction between the adhesion
molecules, (iii) a front-tracking method to consider the coupling between the flow
dynamics and the membrane deformation, (iv) a finite-difference/spectral method
for simulation of the flow inside and outside of the cells, and (v) a sharp-interface
immersed boundary method to model the complex geometry of blood vessels.

2. Hydrodynamic interaction between a platelet and an RBC in a dilute
suspension (Chapter 3): As discussed in Section 1.2.3, continuous interactions
between platelets and RBCs in the flow of blood results in the margination of platelets
from the RBC-rich zone into the CFL. At the microscale, such interactions arise
from individual hydrodynamic collisions between RBC-platelet pairs. Therefore, a
pairwise collision can be viewed as the fundamental process that collectively leads to
margination. More specifically, the effect of RBC motion and deformation on platelet
dynamics is of interest in this chapter.

Two types of dynamics have been observed for an isolated RBC in shear flow: at
relatively high shear rates it exhibits a ‘tank-treading” motion in which the membrane
and the interior fluid make a rotary motion (see Figure 1.7(a)), while at low shear
rates it exhibits a tumbling or a rigid body-like flipping motion (see Figure 1.7(b)
[161,163]. The effect of these dynamics on platelet motion has not been addressed
in the literature. Moreover, near the edge of the CFL, the RBC concentration is
relatively low and the flow can be considered as a dilute binary suspension. Hence,
pairwise RBC-platelet hydrodynamic interactions in close proximity to a bounding

wall could model the cellular interactions at the CFL edge. Of particular interest is
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Figure 1.7: Experimental observations of tank-treading and tumbling motions in red
blood cells. Shear flow is in the x-direction in both cases. (a) Observation of tank-
treading motion with a time interval of 40 ms by Fischer et al. [161]. (b) Observations
of tumbling motion with a time sequence of 1 s by Abkarian et al. [163].

the wall effect on the nature of RBC—platelet interaction, and implications on platelet
margination.

To quantify the effects of the wall and the RBC dynamics on the motion of
platelets, we present three-dimensional simulations of the hydrodynamic interaction
between an RBC and a platelet in a wall-bounded shear flow. We observe two types of
interaction: a crossing event in which the platelet approaches the RBC, rolls over it,
and continues in the same direction; and a turning event in which the platelet turns
away before coming close to the RBC. The effects of the initial platelet—-RBC relative
configuration, RBC dynamics, and the wall on the crossing and turning trajectories
are discussed in detail. Then, a mechanism of continual platelet drift towards the
wall by a succession of turning and crossing events is proposed.

3. Platelet transport and dynamics in blood flow (Chapter 4): The
essential role of RBCs in platelet margination has been mostly considered on an
average basis. For instance, as mentioned in Section 1.2.3, the lateral variations
in the average concentration profile of RBCs have been hypothesized to affect the
RBC-platelet collision rate and consequently platelet margination [159]. In addition

to the non-uniformity in the average RBC concentration, the transient microscopic
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structure of the RBC suspension is also anisotropic in shear flow due to the formation
and dissociation of RBC clusters [130]. The effect of such an anisotropic configuration
on platelet transport inside the RBC-rich zone is unknown.

The margination phenomenon, or platelets ‘lateral’ drift, has motivated a consid-
erable amount of research on the transport of platelets in shear flow in the lateral
direction (perpendicular to the flow direction) [16-24,36,37,41,42]. However, platelet
dynamics in the transverse direction have not been fully addressed in the literature,
in spite of the fact that significant displacement in the transverse direction has been
observed in pairwise collisions in shear flow [40]. In the case of platelets motion in
the RBC-rich zone, such a displacement can collectively result in diffusive motion
along the transverse direction. Similarly, inside the CFL, the marginated platelets
are continuously interacting with the flowing RBCs. The effect of such interactions
on platelet near-wall motion, specifically in the transverse direction, is unknown.

In this chapter, we perform simulations of many-cell binary suspension of RBCs
and platelets to focus on the 3D effects of the platelet-RBC interaction as well as the
RBC suspension microstructure on platelet margination and near-wall dynamics in
a shear flow. We find that the RBC distribution in whole blood becomes naturally
anisotropic and creates local ‘clusters’ and ‘cavities’. A platelet can enter a ‘cavity’
and use it as an ‘express lane’ for fast margination towards the wall. Once near the
wall, the 3D nature of the platelet-RBC interaction results in a significant platelet
movement in the transverse direction, which leads to the formation of platelet clusters,
and may act as a hydrodynamic precursor to blood clot formation.

4. Microparticle shape effect on their transport and dynamics in blood

flow (Chapter 5): We study the transport of vascular targeting carriers in whole



22

blood by modeling them as microparticles of different shapes (spherical, oblate, and
prolate). We aim to quantify the microparticles’ shape effect on their margination,
near-wall dynamics, and adhesion. Our results show that microparticles of different
shapes interact differently with the RBCs leading to their different behaviors during
each stage of microparticle transport from the RBC-rich zone towards the vessel wall.
Specifically, we show that microparticles’ rotational orientation in three-dimensional
space and the frequency of their collisions with the flowing RBCs in the presence of a
bounding wall are the key factors dictating their differential behavior. Quantification
of such micro-scale dynamics of individual particles and their influence on particle
margination and adhesion in whole blood does not exist in the literature, and is the
focus of this chapter.

5. Blood flow in stenosed microvessels (Chapter 6): As mentioned in Sec-
tion 1.2.2, due to the significance of discrete RBC motion and deformation at the
microscale, blood behaves as a non-Newtonian fluid in microvessels [80]. The illus-
trations of such non-Newtonian behavior are the Fahraeus and Fahraeus-Lindqvist
effects, which are explained by the variations in the CFL thickness with respect to
the tube diameter. In a stenosed microvessel, the CFL is expected to be affected
by geometric focusing of RBCs. Specifically, the CFL thickness is spatially changed
about the constriction [78]. These variations are in turn expected to affect the Fahraus
and Fahraeus-Lindvist effects. The possible alteration of these effects in microstenosis
geometry has not been addressed in the literature. Similar to the mean flow charac-
teristics such as CFL thickness and relative viscosity, the temporal and spatial flow
oscillations are also subjected to changes due to stenosis geometry.

In this chapter, we study the flow of RBCs in stenosed microvessels, typical of



23

small arterioles. We observe that the Fahraeus-Lindqvist effect is considerably en-
hanced due to the presence of a stenosis. The spatial variations of CFL thickness
about the stenosis geometry is obtained and used to explain such an enhancement.
We also observe that the discrete motion of the RBCs through the stenosis causes
large time-dependent fluctuations in flow properties which are nonexistent in absence
of the RBCs. Our results show a significant asymmetry in the average as well as tran-
sient flow characteristics about the stenosis geometry. The physiological implications
of the asymmetry are also discussed.

6. Adhesion of microparticles in microvessels: role of RBCs and mi-
croparticle deformability: (Chapter 7): As mentioned in Section 1.3.2; the use
of deformable particles as vascular targeting carriers is of interest due to their supe-
rior performance in adhesive rolling [95,96]. It was also mentioned in Section 1.2.1
that a deformable particle tends to migrate away from the vessel wall [5]. This is
considered an adverse characteristic in terms of targeting applications, as it limits
the margination and wall-contact possibility of the particle. Both the migration rate
of a deformable particle and its adhesive rolling motion are dependent on the particle
size and deformability as well as the microvessel pseudo-shear rate. The dual role
of the particle deformability in its transport to the vessel wall, and its dependence
on the aforementioned parameters, motivates a quantitative study on the effects of
size/deformability of microparticles on their adhesion propensity.

In this chapter, we perform simulations on adhesion of microparticles of different
size and deformability in microvessels of different diameters to quantify pre- and post-
wall-contact phenomena, namely the RBC-induced initial adhesive bond formation,

and the following adhesive rolling of microparticles in presence of the RBCs. We
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observe that there exists a critical size for deformable microparticles above which the
RBC-induced microparticle adhesion does not take place. This critical size is observed
to be dependent on the microvessel diameter, particle deformability, and the pseudo-
shear rate. We also observe that the presence of RBCs increases the rolling velocity
of adhered particles.

Note that each of the above chapters has been published or is being considered
for publication as a separate journal article. Therefore, minor repetitions in the
introduction sections of the chapters are acknowledged, as each work is intended to

stand alone.
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Chapter 2

Numerical Methodology

The computational model considered here is within the framework of the front-
tracking/immersed boundary method. This method has been developed to study
the deformation of suspended cells enclosing a liquid, which may have different prop-
erties from the suspending liquid [131-133]. The main idea of the immersed bound-
ary method is to use a single set of equations for both fluids, inside and outside a
cell /particle. The fluid equations are solved on a fixed Eulerian grid, and the interface
(i.e. cell membrane/particle surface) is tracked in a Lagrangian manner by a set of
marker points. This is shown in Figure 2.1. Note that the fluids are considered to be
incompressible.

The method is implemented via a computer code consisting of four major mod-
ules: (i) The model for deformation of a suspended cell membrane/particle surface,
which is implemented using a finite element method. Within this module, the forces
that are created due to the elastic deformation of the membrane are computed on a
3D triangular Lagrangian mesh that is used to discretize the membrane surface. (ii)
The adhesion model which simulates the interactions between adhesion molecules on
the membrane and the wall, and is implemented via a stochastic Monte Carlo-based
method. This module computes the adhesive forces applied to the discretized par-
ticle surface. (iii) The coupling between the fluid flow dynamics and the membrane

deformation and motion which is implemented using the front-tracking/immersed
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Eulerian Grid

Lagrangian Grid

Figure 2.1: Schematic of the computational Eulerian and Lagrangian grid.

boundary method. This module interpolates the forces from the Lagrangian mem-
brane mesh to the Eulerian fluid grid and the velocities from the fluid grid to the
membrane mesh. (iv) The viscous fluid model which is implemented via a finite-
difference projection-based CFD flow solver. This module computes the flow velocity
on the Eulerian grid while taking into account the interpolated membrane forces.
The interpolated velocities on the Lagrangian nodes are then used to compute the
deformation/motion of the cell/particle. (v) The model for geometric complexity
that is used to simulate the tubular and stenosis boundaries. This module, which
is implemented using a sharp-interface immersed boundary method, applies the flow
boundary conditions on the complex geometries.

Note that the cell/particle deformation and/or motion in our simulations are
purely due to hydrodynamic interactions (as well as adhesive bond dynamics in case

of adhesive motion on a substrate), and the Brownian diffusive behavior is not taken
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Figure 2.2: Schematic of biconcave resting shape of an RBC and basic molecular
structure of its membrane.

into account.

For the simulations of this thesis, module (ii) is implemented and embedded into a
well-developed well-validated computer code that includes modules (i), (iii), (iv), and
(v). In the following sections, the existing numerical methodology is briefly explained.

A more detailed description of the implemented model for adhesion is then followed.

2.1 Model of Cells and Particles

2.1.1 Red Blood Cell Model

As mentioned in the previous chapter, the resting shape of an RBC is an 8 x 2 um
biconcave disk. The RBC membrane is made of a lipid bilayer and a two-dimensional
cytoskeleton in the form of a network of spectrin filaments [1,2]. Figure 2.2 schemat-
ically demonstrates the shape and the structure of an RBC membrane. The RBC
membrane structure results in resistance against shear deformation, area dilatation,

as well as bending [3,4].
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The biconcave shape of a red blood cell is prescribed as

R
x = Rn; yzE\/l—r2(Co+CQ'r’2+C’4'r’4); 2= RC(, (2.1)

where 1? + (2 = r?, and R is adjusted to control the cell volume [8]. The surface
area and the volume of the red blood cell are taken to be 134.1 um? and 94.1 pm?3,
respectively [8]. The initial shape is stress-free. The coefficients Cy, Csy, and Cy are
taken to be 0.207, 2.003, and —1.123, respectively [8].

As discussed before, a complete elastic model for RBCs must include all essential
properties of the cell membrane, namely, the resistance against shear deformation,
area dilatation, and bending. The first two types of deformation are modeled using

the strain energy function developed by Skalak et al. [140] for an RBC membrane as

E, (/1 C
We=— [(5112 + 1, — 12) + 513} : (2.2)
with I; and 5 defined as
L=E+ea-2; L=¢ea—1, (2.3)

where €; and €y are the principal stretch ratios, E is the surface Young’s modulus,
and CE is the modulus associated with the surface area dilatation. The Skalak law
behaves linearly in the small-deformation domain, with £, = 2G4(2 + C)/(1 + C),
where G is the surface shear modulus [141]. The area dilatation may be restricted
by a large value of C' as in case of an RBC for which the surface is nearly area-

incompressible. The corresponding in-plane elastic force on the membrane is, f,.,
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obtained by applying the principle of virtual work (see Section 2.2 for details).
The bending resistance is modeled following Helfrich’s [142] formulation for bend-
ing energy

E
W, = —b/(2/<;—co)2dS+Eg//<;gdS, (2.4)
2 Js s

where Fj is the bending modulus associated with the mean curvature x, E, is the
bending modulus associated with the Gaussian curvature x4, and ¢, is the spontaneous
curvature which reflects the initial or intrinsic curvature of the membrane (taken to
be -2.09 in our simulations [178]). Then, the expression for the bending force at each

Lagrangian point becomes [142]
f, = B, [(26 + ¢,) (26> — 25y — k) + 2 A5 K] (2.5)

where Ay p is the Laplace—Beltrami operator [143].

As mentioned before, the cell membrane/particle surface is discretized using flat
triangular elements. It is assumed that the elements remain flat during simulations.
The triangulated surface mesh needed for the simulations is obtained from the GNU
Triangulated Surface (GTS) Library. Such a mesh is shown for an RBC (bottom-left)
and other sample particles in Figure 2.3. Note that the forces f. and f;, are computed

at each node in the Lagrangian mesh.
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Figure 2.3: Discretization of the cell membrane/particle surface. The actual number
of triangles is much higher than what is shown.

2.1.2 Platelet/Microparticle Model

To model the nearly-rigid characteristics of platelets and microparticles, similar model
that is used for the RBC membrane is incorporated with significantly large shear mod-
ulus, the maximum value of which is dictated by stability limitation of the numerical
simulation. Additionally, since the deformation is negligible in these particulate com-
ponents, the bending model is replaced by a simpler one following Dupin et al. [144].
In this approach a geometrical constraint is applied to the cell membrane/particle
surface through bending moments that tend to preserve the initial curvature of the
surface at each Lagrangian node. These bending moments, the magnitudes of which
are proportional to the departure from the initial local curvature, are exerted through

applying the following force on each node

f, = (EbM“”> 7t (W) (2.6)
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where 7 (¥) is the unit vector normal to the triangular element surface ¥, 6 is the
initial angle between element W and the adjacent element that has nodes 1 and m in
common, A6, is the instantaneous deviation from that value, and Ej is a bending
rigidity constant. Also, to ensure that the local and total stress on the membrane
are not changed by the bending constraint, an equal and opposite force is distributed
equally to nodes 1 and m. Figure 2.3 shows a platelet (top-left) and two sample
microparticles (right) in our simulations.

For deformable microparticles, similar model that is explained in the previous
section is used only without incorporation of any bending rigidity, and for perfectly
rigid microparticles, a variation of the sharp-interface immersed boundary method

(see Section 2.5) for moving solid objects is employed.

2.2 Finite-Element Treatment of a Cell/Particle Elastic Sur-

face

The deformation of the membrane is treated using a finite element model developed
by Charrier et al. [137], Shrivastava and Tang [138], and later implemented by Eggle-
ton and Popel [139] within the framework of immersed boundary method to consider
large deformation of cells. First, as shown in the previous section, the membrane
is discretized using flat triangular elements (see Figure 2.3). A Lagrangian node on
the surface is surrounded by five or six triangular elements. It is assumed that the
elements remain flat even after large deformation of the capsule. In the model, the
forces acting on the three vertices of a triangular element are obtained by computing
the displacements of the vertices of the deformed element with respect to the unde-

formed element. For this purpose, the undeformed and the deformed surface elements
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are transformed to a common plane, P, using rigid-body rotations. This reduces the
problem to a 2D (planar) deformation on {z” , y'}, where 2” and y* denote a local
coordinate system attached to the plane P. The three vertices of a triangular element
are denoted as I,m, and n. To compute the membrane force f. the principle of virtual

work is used as

£, = —OW. /v, (2.7)

where v is the displacement of a vertex and W, is the strain energy function. Inside

the common plane P, the above formula can be written as

gr = OWe O OWe Dey
! dey Ov;  Dey Ovy

(2.8)

for the vertex 1, and similarly for vertices m and n. Here, the force f¥ lies in plane
P, and as mentioned in the previous section, €; and €, are the principal values of the
in-plane stretch ratios. It is assumed that the displacement v varies linearly inside

the element so that

v = Nyv; + N,,v,, + N, v, (2.9)

and the shape functions N;, N,,, and N,, are expressed as

Nl = alSL’P + blyP +q (210)

for the vertex 1, and similarly for vertices m and n. The coefficients a;, b;, and ¢; are

found by letting N; = 1 at vertex 1, and N; = 0 at vertices m and n, and so on. Once
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the shape functions are known, the displacement gradients within the element, such
as Ov/0z"  and dv/0y”, can be found by differentiating 2.9 (see [136,138] for details).
The in-plane forces for an individual element are then needed to be transformed to the
global coordinates. The resultant force at any node is obtained by vector resultant of

the forces contributed by all the elements which share that node.

2.3 Flow Solver

The fluid motion is governed by the continuity and Navier-Stokes equations as
V-u=0, (2.11)

9]
p {8—1: +u- Vu} = -Vp+V-u(Vu+ (Vu)h), (2.12)

where u (x,?) is the fluid velocity, p is the density, p is the pressure, and pu is the
fluid viscosity. Here, p(x,t) is a single variable used to denote the viscosity of the
entire fluid. Therefore, 1 = p; inside the cell and u = pu, outside. Mathematically,
we define p using an indicator function 7(x), which is unity inside the cell and zero
outside. Thus, u is given by a single expression for every Eulerian point in the fluid

as

() = 1o+ (i — o) 1(%) (2.13)

As the cell/particle moves and/or deforms, p needs to be updated. This is done by

solving a Poisson equation for the indicator function I(x,t) as

ViI=V-G, (2.14)
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G = / §(x — x')ndx, (2.15)

where 0 is the three-dimensional Dirac-Delta function, x’ is a location on the cell
/particle surface, x is a location in the flow, and n is the unit vector that is normal
to the cell membrane/particle surface and directing outward.

The membrane force density f arises due to the deformation of cell /particle, and
is computed using the finite-element method described in the previous section. The
force density includes the previously mentioned f* and fi, as well as adhesion forces
(see Section 2.5 for adhesion model). Having f evaluated, the membrane and the fluid
are coupled in a two-way manner by adding a source term B to the right hand side

of (2.12). The source term B is related to f as
B(x,t) = /Sf(xl,t)cS(X —x')dx’. (2.16)
Further, the §-function is constructed by multiplying three 1D J-functions as
d(x—x")=d(x—2)o(y—y)d(z—2). (2.17)

For numerical implementation, however, a smooth representation of §-function is used

as
1 L us
D(x—x) = ||<1 _i_'.> for |z — | <2h, i=1,2
(x —x) 6170 L + cos Qh(a: x;) or |z —x| <2h, i=1,2,3,
D(x—x') = 0  otherwise, (2.18)

where h is the Eulerian grid size (Unverdi and Tryggvason [132]). As a result, the in-

terface force varies smoothly over four Eulerian grid points surrounding the interface.
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In discrete form, the integral in (2.16) can be written as

Blx;) = Y Dlx; ~ x)E(x). (2.19)

where i and j represent Lagrangian and Eulerian points, respectively.

The computational domain is discretized using a fixed (Eulerian) rectangular and
uniform grid. A combined second-order finite-difference scheme and Fourier transform
is used for the spatial discretization, and a second-order time-split scheme is used for
the temporal discretization of Navier-Stokes equations. In this method, the momen-
tum equation is split into an advection—diffusion equation and a Poisson equation for
the pressure. The body-force term is retained in the advection—diffusion equation. In
case of a pressure driven flow, a body force is added to the Navier-Stokes equation at
each Eulerian node. The nonlinear terms are treated explicitly using a second-order
Adams-Bashforth scheme, and the viscous terms are treated semi-implicitly using the
second-order Crank-Nicholson scheme. The resulting linear equations are inverted us-
ing an ADI (alternating direction implicit) scheme to yield a predicted velocity field.
The Poisson equation is then solved to obtain pressure at the next time level. Using
the new pressure, the velocity field is corrected so that it satisfies the divergence-free

condition. Details of the method can be found in [134-136].

2.4 Interface Tracking

The cell membrane/particle surface is tracked in a Lagrangian manner. After solving
Navier-Stokes equations for the pressure and velocity fields, the no-slip condition on

the cell membrane/particle surface is imposed by extracting the surface velocity from
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the surrounding fluid at each time step as

us(x',t) = /Su(x, t)0(x — x')dx. (2.20)

Though the summation is over all the Eulerian grid points, only the local points
contribute to the interface velocity. The discrete form of the delta function used here
is the same as Equation (2.18). The Lagrangian points on the interface are then

advected as

dx’
- = us(x',t). (2.21)

Numerically, the above equation is treated explicitly using the second-order Adams-

Bashforth scheme.

2.5 Adhesion Model

Biological adhesion is mediated by membrane proteins or adhesion molecules at
the nanoscale. Adhesion is facilitated by means of a binding reaction between the
molecules on the cell surface called ‘receptors’ and the ones on the substrate called
‘ligands’ [145]. Figure 2.4 schematically shows the adhesion of a cell to the substrate
via receptor-ligand binding.

The adhesion model that is implemented to coarse-grain the binding reaction in
our multiscale simulations is based on the model proposed by Bell [146,147]. In this
model, the chemical reaction between the adhesion molecules is coupled with the ten-
sile force applied to the bonds. Through this coupling, the multiscale/multiphysics
nature of the particulate dynamics in microcirculation is considered in our simula-

tions, as the forces applied on the nanoscale bound adhesion molecules are determined
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Figure 2.4: Schematic of the adhesion of cell to substrate via receptor-ligand binding.

by the microscale deformation and motion of individual cells. The details of the ad-
hesion model and the numerical implementation of that in the immersed boundary
method is described in what follows.

Consider the following reversible chemical reaction between the receptor (R) and

ligand (L) molecules that results in a bound state (B)

kf
L+R T" B, (2.22)
0

where k] and kj are the forward and reverse reaction rate constants.

The bound state, B, could be stable due to electrostatic, van der Waals, or hy-
drogen bond interactions. Now, consider a case such as cell adhesion to endothelium,
in which a large number of receptors are bound to their corresponding ligands. Since

the reaction is reversible, an external force is not necessarily required to separate the
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adhesion molecules and detach the cell from the substrate. However, the probability
of cell detachment in absence of an external force is relatively low as the simultaneous
breakage of all receptor-ligand bonds is unlikely. Therefore, a rapidly applied rupture
force, such as hydrodynamic drag or a force due to interactions with other flowing
cells is required for cell detachment.

To connect such an external force with the aforementioned reaction, Bell [146]
considered the kinetic theory of solid materials where the bond lifetime is written as

(Eo—Vf)>’

2.2
T (2.23)

T = Tpexp (

where 7y is the inverse of a natural frequency of atoms oscillations in the solid (~ 1073
s), Ey is the bond energy, f is the force applied to the bond, 7 is an empirical
parameter accounting for the structure of the solid , kg is the Boltzmann constant,
and T is the solid temperature. Bell [146] proposed that the above equation can also
be applied to receptor-ligand bonds in biological adhesion.

In such a case, 7(f = 0) is identified with the inverse of reverse reaction rate
constant (1/kj), and v is approximately 7o, or reactive compliance so that when
f = Ey/ro, T = 10. The reactive compliance basically characterizes the response of
a receptor to an external force. Lower values of ry correspond to smaller changes in
dissociation tendency of bonds, and consequently higher probability of maintaining
adhesion in presence of an applied force. Now, the coupling between the bond force

and the chemical reaction can be written as

k, = klexp (]:;—J;) , (2.24)
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where k, denotes the rate of bond dissociation, and T is considered to be human body
temperature.

The values of £{ and r, have been determined for different receptor-ligand pairs via
experimental data on stop-time distributions of cells that are perfused over sparsely
populated substrates. The measurement of force-driven dissociation of single bonds
by dynamic force microscopy have shown that Bell model is valid over typically ‘fast’
loading conditions, as is the case in our simulations due to hydrodynamic forces [97].
Sample values for of £ and ry for different receptor-ligand pairs can be found in
[149,150].

The stretched bound adhesion molecules are assumed to behave like Hookean
linear springs [97,148-151]. Although the Young modulus of proteins can vary by
orders of magnitudes, and the exact value of spring constants are not known for many
receptor-ligand bonds [150], classical modeling studies [148-150] on cell adhesion have
demonstrated the ability of such linear-spring model in reproducing experimental
data. Therefore, by replacing f with ko(l — \), where ky is the spring constant, [
is the bond length, and A is the bond free length, in (2.24), the dissociation rate
becomes

k. = Klexp (1959£é§;322) (2.25)

Once k, is known, by analogy with the classical equilibrium constant, a rate of bond

formation, ky, can be defined from the Boltzmann distribution for affinity [97,147]

by kY —ko (1= \)?
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which takes the form

The value of k? has not been adequately determined by experiments for many receptor-
ligand pairs. Therefore, it is adjusted by simulations [97].

To implement the formation and breakage of adhesive bonds, a stochastic Monte
Carlo simulation is used [149]. Consider a free adhesion molecule on a cell surface at
a distance x from the substrate in a single simulation time-step, At. Assuming the
variation in x is negligible over At, the governing equation for the probability that

such a molecule becomes bound during the time interval can be written as

dp,
d—tb —k;(1—B,), (2.28)

where 1 — P, is the probability that the molecule remains free during the time step.
Integrating the above equation from 0 to At, gives the probability of binding at the

end of the timestep as
Py =1—exp(—ksAt) (2.29)

During each At in the simulations the value of P, is computed based on the above
formula for each adhesion molecule. To determine if a new bond is formed, a random
number N; between 0 and 1 is generated and compared to P,. The adhesion molecule

becomes bound if P, > N;. Similarly, the probability of the breakage of an existing



41

bond is computed from

P, =1—exp(—k.At) (2.30)

The computed value is compared to another random number generated between 0
and 1, Ny, and the bond is broken if P, > Ns.

The random numbers are generated using a built-in random number generator
in FORTRAN called DURAND. This subroutine uses the multiplicative congruential
method to generate the random numbers with a user-specified initial input argument,
S. The value of S is specified between 1.0 and 2147483647.0. Different sets of random
numbers are generated for comparison with the forward and the reverse rate proba-
bilities. The values of S for comparison with the forward rate probability are specified
as functions of the number of adhesion molecules available on the cell surface. For
comparison with the reverse rate probability, the random number is generated us-
ing the value of S specified as a function of the number of bonds existing at that
time step. The unbiasedness of the generated random numbers was confirmed by
obtaining a uniform distribution between 0 and 1. Once the formation/breakage of
new /existing bonds are determined at the end of the time interval, the adhesive forces
are computed from f = ko (I — \) and applied to the Lagrangian nodes at which the
adhesion molecules are located. Thus, by adding the adhesive forces to f(x',¢) in
Equation (2.16) the nanoscale adhesive molecular bond dynamics is coarse-grained in

the exisiting model.
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Periodic boundary
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Figure 2.5: Schematic of the computational domain for whole blood (a) and microves-
sel (b) simulations.

2.6 Problem Setup

Two different flow setups are considered in this thesis for the problems under con-
sideration. For the simulations associated with particulate transport in whole blood
which is the subject of Chapters 3 to 5, a wall-bounded shear-flow with no mean
pressure gradient is employed (see Figure 2.5(a)); and for the simulations of blood
flow inside microvessels, as considered in Chapters 6 and 7, a pressure-driven tube
flow is used (see Figure 2.5(b)).

As shown in Figure 2.5(a), for the shear-flow setup we consider a three-dimensional
computational domain bounded by two infinite flat plates placed parallel to the z-
axis in a Cartesian coordinate system. Here, x is the direction of the flow, y is the
direction of velocity gradient, and z is the direction of vorticity of the undisturbed
flow.

The channel is assumed to be infinitely long in the z and z directions. We use
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periodic boundary conditions in these directions to reduce the size of the computa-
tional domain. Further, the no-slip boundary condition is imposed on the walls. In
the absence of any cells, we have linear shear flow at zero pressure-gradient driven by

the two walls of the channel as

u™ = {4y, 0, 0} , (2.31)

where 7 is the shear rate.

As demonstrated by Figure 2.5(b), in order to simulate the flow inside microves-
sels, we incorporate a sharp-interface immersed boundary method to include the
tubular geometry into the above computational domain (a brief description of this
method is presented in the next section). In such a configuration, the flow is ini-
tially stagnant and is driven by a mean pressure gradient which is defined in the
dimensionless form as

(&)

D2

(2.32)

No-slip boundary conditions is applied on the microvessel tubular wall that is sim-
ulated by the sharp-interface method. The details of the problem setup for each

problem considered is also presented in each corresponding chapter.
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2.7 Sharp-Interface Immersed Boundary Method for Com-

plex Geometries

As mentioned in previous sections, to simulate rigid boundaries of arbitrary complex-
ity, a sharp-interface immersed boundary method is used in our model. This method
is specifically used in simulations associated with microstenosis (Chapter 6), and ad-
hesion in microvessels (Chapter 7), where the rigid boundaries contain significant
curvatures that may even be spatially varied. The basic premise of this method is
to enforce the velocity at grid points immediately interior to the solid object to be
values such that the desired velocity on the boundary of the solid will be achieved.
These grid points immediately interior to the solid object, termed as ‘Ghost Nodes’,
have at least one adjacent grid point outside the object in the fluid domain. Grid
points that do not have any adjacent fluid nodes are termed ‘Solid Nodes’.

The value to be imposed on each Ghost Node is determined using a ‘Boundary
Intercept’ (BI) and an ‘Image Point’ (IP). The BI is the point on the immersed
boundary that is closest to the ghost node, while the IP is the mirror image of the
ghost node in the fluid domain, across the boundary intercept. For the velocity, the
boundary condition to be imposed at the BI is of a Dirichlet type, and the value at
the BI is taken to be the average of values at the ghost node and the IP. Therefore,

to impose a desired velocity at the BI, the value enforced at the ghost node is

Ugn = 2.0113[ — usp (233)
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2.8 Grid Resolution Test

The model we use in this study was initially developed to simulate the dynamics
and deformation of capsules with elastic membrane. Such model has been previously
validated against the theories, experiments and several other boundary integral and
front-tracking numerical results. A detailed validation of the methodology and test
of numerical convergence was given in [134,152] for initially spherical capsules with
no bending rigidity. Further validation for the bending model that is used for the

RBCs was presented in [153].
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Chapter 3

Hydrodynamic Interaction Between a Platelet and

an RBC in a Dilute Suspension

3.1 Introduction

As mentioned in Chapter 1, platelets play a critical physiological role in the formation
of hemostatic plug at vascular walls, and in the growth of thrombosis under patholog-
ical conditions [9-11]. Experiments with whole blood as well as ghost cell suspension
showed an elevated platelet concentration near the wall [12,13,15,16, 19,20, 22, 157].
This phenomenon of platelet margination (also known as lateral drift) serves to en-
hance hemostatic or thrombotic events as it increases the number of platelets available
for capture near the wall. Margination of the platelets toward the vascular wall is
critically dependent on their interaction with the RBCs which has been illustrated
in several experiments [17,18,154-156]. These studies have demonstrated that the
near-wall excess was absent in platelet-rich plasma and in suspension of hardened
RBCs [14,21], and only occurred when the hematocrit was above a threshold level
beyond which the accumulation was observed to increase with increasing hemat-
ocrit [20].

Several possible mechanisms are thought to underlie the margination process.
The first is the volume exclusion process whereby the platelets are pushed towards

the wall by the lateral motion of the RBC towards the center of the vessel [15, 154].
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The second mechanism is the spatially dependent collision rate [20,159]. In a shearing
flow, the continuous collision between the RBC and platelets results in significantly
higher shear-induced diffusion of the platelets than the Brownian diffusion [23,24,158].
Since the RBC migration causes a concentration gradient, a net flux of platelets occurs
from a region of higher collision rate to a region of lower collision rate [159]. Also, the
RBC is sterically excluded from the plasma layer nearest the wall. If platelets entering
the plasma layer have difficulty crossing back into the bulk flow, an accumulation of
platelets can occur.

The above mechanisms are, however, not complete as they do not consider certain
details of the suspension. For example, the volume exclusion model is incompati-
ble with the fact that the RBC migration occurs faster than the platelet margina-
tion [159]. The collision model is also incomplete since the RBC concentration gra-
dient occurs over a small length [160]. Also neglected in the models are the effect
of the finite size of RBC and platelet as noted in [28,29], the differences in their
shapes, and the different dynamical behavior of the RBC, namely, the tank-treading
and tumbling, observed under different shear rates [161-165]. It is also ambiguous
which of these mechanisms prevail under specific conditions of hematocrit, shear rate,
or shear rate gradients. Identification of these mechanisms through experimental ob-
servation in a dense multicomponent suspension is a very difficult task. High-fidelity
computer simulations which model blood as a suspension of finite-size particles pro-
vide an alternative approach for verification of these mechanisms as well as obtaining
further insights of the margination process. In the following, we discuss a few of the
computer simulation studies. Al-Momani et al. [34] simulated RBC—platelet inter-

action in two-dimensions by modeling the RBCs as elastic particles. In addition to
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reproducing several experimental observations, such as the increasing effect of hema-
tocrit on platelet margination, Al-Momani et al. mentioned that the margination
process seemed to occur due to the fluctuating hydrodynamic stresses that the RBCs
imparted on the platelets, rather than the direct collision or volume exclusion. Crowl
and Fogelson [36,37] employed a two-dimensional immersed boundary-lattice Boltz-
mann method, and found that the platelet diffusivity was radially-dependent, and
that the enhanced diffusivity in the core of the vessel along with the volume exclu-
sion could partly explain platelet margination. Moreover, they proposed an additional
drift mechanism that was localized at the edge of the RBC-depleted layer. Zhao and
Shaqgfeh [41], and Zhao et al. [42] performed the first fully-resolved three-dimensional
simulations of RBC-platelet suspension using a spectral boundary integral method
and demonstrated that the platelet margination was a shear-induced diffusional pro-
cess in which the wall normal velocity fluctuations propelled the platelets toward the
wall.

The aforementioned computer simulations have provided a wealth of understand-
ing on the collective or averaged motion of the platelets. Such collective motion arises
from the interaction between an RBC and a nearby platelet. Hence, important knowl-
edge can be obtained also by looking at such pairwise collisions [166]. In particular,
the role of the RBC dynamics on the deflection of individual platelet trajectory can
be quantified without the ‘noise’ generated by other cells. It is well known that an
isolated RBC in shear flow exhibits two types of dynamics: a tank-treading motion
in which the cell behaves like a fluid droplet and orients at a fixed angle with the
flow direction while the interior liquid (hemoglobin) and the cell membrane make

a rotary motion, and a tumbling motion in which the cell makes a rigid body-like
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flipping motion [161-165]. The question of how these two different dynamics affect
the platelet trajectory has not been addressed in the literature, although prior experi-
ments and simulations suggested an increasingly higher value of the platelet diffusivity
with decreasing RBC deformability [21,42]. The importance of understanding indi-
vidual pairwise collision is aptly emphasized in a recent theoretical work in which
the platelet adhesion was shown to be controlled by rebounding collisions with the
near-wall RBCs and the finite size of the platelets [28,29]. It is also unknown whether
the presence of a bounding wall changes the nature of the pairwise interaction. By
simulating platelet-platelet interaction in three-dimensions, Mody and King [128,129]
demonstrated that the near-wall collision frequency was significantly greater than the
one far from the wall. Similar work on the near-wall RBC-platelet interaction is
lacking.

In this chapter we present three-dimensional numerical simulations of the hydro-
dynamic interaction between a platelet and a red blood cell in a wall-bounded linear
shear flow mimicking a parallel-plate flow chamber. We find that the pairwise inter-
action results in two different types of platelet trajectory: turning and crossing. The
dynamics of the RBC (tank-treading versus tumbling) and the wall proximity are
shown to have a significant influence on the turning and crossing events. Our results
tend to suggest that the turning and crossing events, when they occur in succession,
serve as an effective mechanism for continual anisotropic dispersal of the platelets

from the RBC-rich region of the vessel towards the wall.



50

3.2 Problem Setup

Hydrodynamic interaction between an RBC and a platelet is simulated in a simulation
setup in which the RBC—platelet pair is suspended in a linear shear flow between two
parallel plates that are 35 um apart (Figure 3.1). The flow domain is a rectangular box
the lengths of which in the x and z directions are 35 and 18 um, respectively. Details
of computational domain and the boundary conditions are presented in Chapter 2.
The initial location of the RBC and platelet centers-of-mass with respect to the
bottom wall are denoted by Yo and Yp 1, respectively, and the difference Yprr — Yo
is denoted by AYj.

In the simulations, the governing equations are solved in dimensionless form. We
use the radius of the equivalent sphere a, = (3V/47)'/3 as the length scale, where

1 as the time scale to make the

V' is the cell volume, and the inverse shear rate 4~
equations dimensionless. The dimensionless time is denoted by ¢t* = ¢+. The major
control parameter in dimensionless form is the capillary number of the RBC defined as
Ca = 4 1o ao/2G s, where p, is the dynamic viscosity of the suspending medium. The
capillary number represents the ratio of the viscous (fluid) force to the elastic force.
We consider two values of Ca, 0.03 and 0.7. Considering the mechanical properties of
the RBC membrane reported in the literature, G, ~ 1072 dyn/cm, and a, ~ 3 pm,
the two values of Ca considered here correspond to shear rates of about 50 and 1000
1/s. For the lower value, the fluid force is weaker than the elastic force. Then the RBC
is nearly rigidified and performs the tumbling motion. For the higher value of Ca, the
elastic force is weaker, and a large deformation of the RBC occurs whereby it loses the

initial biconcave shape. In this case, the RBC performs the tank-treading motion. It

should be noted that for normal RBC suspended in plasma, the internal to external
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viscosity ratio is about 5. At this high viscosity ratio, a steady tank-treading motion
was not experimentally observed even at high capillary numbers. However, tank-
treading at higher viscosity ratio can occur in a dense RBC suspension [167,171].
Therefore, as we focus on the effect of RBC dynamics, namely tank-treading and
tumbling, on the platelet motion in a dilute suspension, the RBC internal viscosity
is assumed to be the same as the suspending medium viscosity p,, so that the tank-
treading motion is reproduced at moderate capillary numbers such as Ca=0.7. The
other relevant parameters are the initial lateral separation (along y direction) of the
centers-of-mass of the RBC and platelet, AY, = Yp,r — Y. Additional geometric
parameters are introduced later as needed. The capillary number for the platelet,
defined in the similar way as above, is kept fixed at 0.002 so that it behaves as a
nearly rigid particle. The dimensionless bending rigidity, Ej = Ej/2a% G, is set to
0.01. The global and local surface area dilatation is ensured to be less than 0.5%, as
the cell membranes are nearly area-incompressible. The effect of inertia is small as
the Reynolds number Re = pa?7/p, ~ 1072, All results are presented relative to the
RBC center-of-mass. It may be noted that we neglected the presence of glycocalyx
on the vessel wall which may influence the radial migration of the cells near the wall,

see e.g., [168].

3.3 Results

In the following, the first two sections present the results when the RBC-platelet
pair is located away from a wall. For such a configuration, the RBC is initially
placed at the center-line of the channel, which is about 18 microns from the wall. We

have separately verified that the dynamics of RBC does not show any appreciable
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platelet erythrocyte

Figure 3.1: (a) Schematic of the computation geometry. (b) Discretization of the cell
surface. The actual number of triangles (20480) is much higher than what is shown.
The results will be plotted relative to the RBC center-of-mass.
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difference by taking a bigger channel height (2 35 pm) and placing the RBC even
further away from the wall. RBC deformation, inclination angle, and dynamics remain
nearly unchanged. Furthermore, the wall effect (e.g., wall-induced lateral velocity of
a deformable drop) is known to decrease as inverse square of the distance from the
wall. Thus, the wall effect is negligible for such a configuration. The effect of wall

proximity is considered in the third section.

3.3.1 Turning and Crossing Trajectories

First we consider the RBC—platelet interaction in presence of a tank-treading RBC
(Ca = 0.7). Figure 3.2 shows the sequence of the RBC—platelet interaction obtained
from our simulations for such a run. As evident from the figure, during the tank-
treading motion the biconcave resting shape of the RBC is lost, and it assumes an
elongated oblate shape aligning at an angle with the flow direction, while the cell mem-
brane and the interior hemoglobin make a rotary motion. A marker point is tracked
along the RBC membrane to illustrate the tank-treading in the figure. Such a motion
is also accompanied by a small amount of time-dependent deformation characterized
by periodic stretching and compression of the RBC, and a small angular oscillation,
as shown in the figure and also observed elsewhere [163-165]. In comparison, being
nearly rigid, the platelet undergoes a flipping motion in agreement with Jeffery’s the-
ory for rigid ellipsoids [169]. Two different types of interactions, a crossing and a
turning, are observed depending on the initial lateral separation AY, of the platelet
center-of-mass relative to the RBC. In a crossing-type interaction (Figure 3.2(a)), the
platelet comes close to the RBC, rolls over it, and continues to move in the same

direction. During the process, the rigid platelet causes some amount of deformation
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Figure 3.2: Simulation results showing the sequence of two different types of interac-
tions in presence of a tank-treading RBC. Here Ca = 0.7 is corresponding to ¥ ~ 1000
1/s. (a)—(e) Crossing-type interaction. (f)—(j) Turning interaction. Marker points are
shown in the cell surface which rotates along the surface indicating a tank-treading
motion of the RBC. ¢* = 30 corresponds to a 30 msec interaction.

of the relatively flexible RBC as visible in the figure. After the interaction, the lateral
separation AY is higher than the initial offset AY,. In a suspension of many parti-
cles, such increased separation due to binary interaction leads to the shear-induced
diffusion. In a turning-type interaction (Figure 3.2(b)), the platelet first approaches
the RBC, but then reverses its motion and turns away without coming close to the
RBC. The turning event illustrates a long-range interaction as it occurs when the
platelet is several diameters away from the RBC.

The trajectory of the platelet relative to the tank-treading RBC is shown in Figure

3.3 for several runs in which the initial lateral separation AY, is varied. It is observed
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Figure 3.3: The trajectory of the platelet center-of-mass relative to a tank-treading
RBC. The initial location of the platelet is marked by o here and hereafter. Results
from seven simulations are presented with different initial lateral separation AY,.
The turning trajectory is observed for AY, < 0.56 um, and the crossing trajectory is
observed for AY, > 0.7 pm.

that the crossing events occur for AY, > 0.7 yum, and the turning events occur for
AY, < 0.56 pum. The results suggest that there is a critical separation AYj .i;
the turning events occur when AY, < AY, .;;, and the crossing events occur when
AY, > AY, it

In Figures 3.2 and 3.3, the initial orientation of the RBC and platelet major
axis with respect to the flow direction was set to /4. For nonspherical particles,
as is the case, the relative orientation at the time of collision is expected to affect
their trajectory. Hence, we explore the effect of the initial relative orientation A#, =
0o rbe — 0o p1t Detween the platelet and RBC major axes, where 6, 1. and 0, 1 are the
initial orientation of the RBC and platelet, respectively.

It should be mentioned that the tank-treading RBC considered here aligns at a
mean angle of approximately 17° with the flow direction which is independent of the

initial orientation of the RBC at the start of the simulations. In other words, the
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RBC has a preferred orientation in the tank-treading motion [163-165]. In contrast,
the platelet has no preferred orientation due to its flipping motion, although it tends
to spend longer in the horizontal orientation [169]. Hence, different values of Ad,
were considered. For each Af,, a range of initial separation AY, is considered. For
each run, the crossing or turning events are noted. These results are shown in a
phase plot in the Af#,-AY, plane in Figure 3.4(a). As the figure demonstrates, a
crossing event is observed for all values of Ad, if AY, > 0.7 um. For AY, < 0.6
pm, a turning trajectory is observed regardless of the value of Af,. The value of
the critical separation AY, . is found to lie between 0.6 and 0.7 pum for the tank-
treading RBC. The occurrence of the turning or crossing event is independent of the
relative orientation of the RBC/platelet pair, but depends on the initial separation
AY,. However, the actual trajectory is dependent on Ad,. Figsure 3.4(b) and (c)
show representative platelet trajectories for crossing and turning events, respectively,
for different values of Af,. As these figures demonstrate, the exact trajectory is
indeed dependent on A#,, but the occurrence of the turning or crossing event is not.

Another important observation in Figures 3.4(b) and (c) is the wide variability
of the platelet trajectory over the range of A6, for a fixed AY,. For the turning
trajectories shown in Figure 3.4(b) for four different values of Ad,, the platelets are
deflected in to different regions of the flow. This happens because the tank-treading
RBC undergoes a small-amplitude shape and angular oscillation that introduces a
weak time-dependency of the streamlines. This result is remarkable as it shows how
the platelets can be dispersed by the RBC via a long-range interaction. A wide
variability of the platelet trajectory can also happen during the crossing events as

shown in Figure 3.4(c). Here a small change in the initial separation AY, can lead to
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a wide variation in the post-interaction separation. It is also evident in Figure 3.4(c)
that a monotonic change in AY, does not cause a monotonic change in the post-
interaction separation. In other words, a platelet released at a smaller AY, can end
up at a larger post-interaction separation, whereas a platelet released at a larger AY,
can end up at a smaller separation. In some simulations, we observe that the post-
interaction separation does not reach a steady value even when the platelet has moved
away from the RBC. It is interesting to compare these results with that of deformable
sphere-sphere interaction for which a sample trajectory obtained from our simulations
is shown in Figure 3.4(c). For the sphere-sphere interaction, a crossing event always
leads to an increased lateral separation, and a monotonic change in AY, leads to
a monotonic change in the post-interaction separation [40, 170], unlike what is seen
here for the RBC—platelet interaction. Thus the wide variability of the trajectories
observed in the RBC-platelet interaction is absent in the sphere-sphere interaction,
and is essentially due to the nonspherical shapes of these cells. This observation also
suggests that the shear-induced diffusion process in the RBC—platelet suspension is
more complex with a significantly greater amount of anisotropic mixing than that in
a spherical particle suspension.

For the crossing-type interactions for which the post-interaction lateral separation
AY} reaches a steady value, the deflection of the platelet trajectory can be quantified
as 0 = AY;—AY, which can be considered as an indirect measure of the platelet drift
arising from the crossing-type collisions (see inset of Figure 3.5(a) for definition).
Figure 3.5(a) shows ¢ as a function of AY, for different Af, for the tank-treading
RBC. For a deformable sphere-sphere collision, § continually decreases with increasing

AY, as noted earlier. While this trend is generally observed for the RBC—platelet
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Figure 3.4: Effect of initial relative orientation A6, on turning and crossing events
in presence of a tank-treading RBC. (a) Phase plot in Af,~AY, plane. (b) and
(c) sample trajectories obtained with different Af, for turning and crossing events,
respectively. The wide variability of the platelet trajectory is illustrated in (c) that
is absent in deformable sphere-sphere interaction.
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interaction, the data in Figure 3.5(a) shows a more complex trend that § has a non-
monotonic dependency on AY, with a local minimum at AY, ~ 1.3 — 1.8 ym. While
the actual value of § is dependent on A6, resulting in the scatter of the data, all
curves for different Af, show the similar qualitative trend.

It should be mentioned that the above results for § are obtained for the RBC—
platelet pair located away from a wall. The positive (or, negative) values of ¢ in the
figure do not imply whether the platelet move away from (or, toward) the wall. It
simply means the amount of additional lateral (or, cross-stream) displacement of the
platelet upon interaction.

The non-monotonic variation of § can be understood by recalling that during
the crossing-type interactions, the platelet can cause a deformation of the RBC as
observed in Figure 3.2(a). Analysis of the RBC shape suggests that the platelet
causes a dimple upon collision near the RBC center, and thereby it is drawn closer
to the cell resulting a reduced value of AY;. The time-dependent RBC deformation
during the collision process can be quantified by the Taylor deformation index D =
(L — B)/(L + B) where L and B are respectively the longest and shortest end-to-
end lengths of the RBC in the shear plane passing through the center-of-mass. The
deformation index which is plotted in the inset of Figure 3.5(b) as a function of time
shows an increase at the time of collision. The change in the deformation index AD,
defined as the difference in the maximum value of D reached during the collision and
the value of D before the collision is shown in Figure 3.5(b) as a function of AY,. A
comparison of Figures 3.5(a) and (b) readily suggests that the minimum § occurs at
the same AY, at which AD is maximum implying that the non-monotonic nature of

the platelet deflection ¢ is due to the collision-induced deformation of the RBC. For
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larger separation, the platelet does not come close enough to impart any deformation,
and its deflection follows that of the streamlines. Hence, in this range,  continually
decreases with increasing AY, since the streamlines away from the RBC deflect less
than those near the RBC.

We have also simulated transport of passive tracers as massless point-particles
in presence of the tank-treading RBC. The deflection of the tracer particles is plot-
ted in Figure 3.5(a) which shows a continuous decrease with increasing AY,, unlike
the non-monotonic trend observed for the platelet. Except the local minimum near
AY, ~ 1.3—1.8 um, the platelet deflection is generally higher than the tracer particle
deflection. The peak deflections of the platelet at AY, ~ 0.8 ym and 2.2 um are

nearly two-fold higher than that of the tracer particle.

3.3.2 Tank-Treading versus Tumbling RBC

Next we consider the RBC-platelet interaction when the RBC is in tumbling motion.
As in case of a tank-treading RBC, here we also observe two types of interaction,
crossing and turning. However, it is observed that the critical separation AYj, . is
higher for the tumbling RBC. Thus, the turning event occurs more often when the
RBC is tumbling than when it is tank-treading. For the same values of AY,, ., near
the critical value, a crossing trajectory is observed when the RBC is tank-treading,
but a turning trajectory is observed when it is tumbling. In addition to the turning
and crossing, a third type of interaction is observed in presence of the tumbling
RBC. Here the platelet first approaches the RBC in a way that resembles a crossing
interaction. But as it gets closer, it appears to ‘ride’ on the RBC with its major

axis staying parallel to that of the RBC. After about a half tumble of the RBC, the
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Figure 3.5: (a) Deflection § of platelet trajectory for the tank-treading RBC as a
function of AY, and for different values of A, = 7/4 (A), 0 (¢), —7/4 (O), —7/2
(o). The dashed line represents the deflection of passive tracers. (b) The change in
RBC deformation index AD upon collision with the platelet is plotted. Inset shows
the time-dependent deformation index D increases during the collision.
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platelet starts to move away in the manner of a turning event. Note that the riding
event is a close-range interaction unlike a turning event.

In presence of the tumbling RBC, the initial relative orientation Af, makes a
greater effect on the platelet motion in two different ways. First, for a given initial
separation AY,, it is possible to have three different types of interaction, namely,
crossing, turning and riding, depending on the values of Af,. This is in stark contrast
to the tank-treading RBC for which turning and crossing events were determined by
AY, only. As a result, critical separation AYj, .. has a greater margin of uncertainty
in tumbling RBC. The phase plot in the Af,~AY, plane for the tumbling RBC is
shown in Figure 3.6(a). A crossing event is observed for all values of Af, if AY, 2 2.0
pm, and a turning event is observed if AY, < 0.7 ym. But in the range AY, ~ 0.7—2.0
pm, all three types of interaction is possible depending on A#,. Two examples are
shown in Figure 3.6(b) where the platelet trajectory is plotted relative to the RBC for
different values of A#, but two fixed values of AY,, 0.85 and 1.3 ym. For AY, = 0.85
pum, a crossing trajectory is observed when Af,/m = —0.25, a turning trajectory is
observed when Af,/m = —0.5 and 0.25, and a riding trajectory is observed when
Af,/m = 0. Secondly, in the crossing-type interaction, a wider variation in the post-
interaction separation is observed in the tumbling RBC runs than that observed before
in the tank-treading runs.

The deflection ¢ of the platelet trajectory for the crossing-type interactions in
presence of the tumbling RBC is plotted in Figure 3.6(c) as a function of AY, for
different Af#,. While the general trend that § decreases with increasing AY, is ob-
served, a significantly larger scatter in the data is evident here than that observed

earlier for the tank-treading RBC due to the wider variation of the platelet trajectory.
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In some cases, 0 is found to be negative when the post-interaction lateral separation
is smaller than the initial separation. Also plotted are the deflection of the tracer
particles which show even more scatter and larger negative values. Evidently, the

tumbling RBC creates a greater mixing than the tank-treading RBC.

3.3.3 Near-Wall Interaction

Next we consider the effect of wall proximity on the RBC—platelet interaction. The
pairwise interaction is simulated in the linear shear flow by releasing the RBC-—platelet
pair at different distances Yo from one wall. The turning and crossing events are
obtained from the simulations by varying the initial lateral separation AY,. The
results are shown in Figure 3.7 as a function of Y and AY,. This figure shows that
the critical separation AY, ..; separating the crossing and turning events increases
significantly near the wall with nearly a 3-fold increase from about 0.6 yum to 1.8
pum as Ye is reduced from 18 to 4 um in presence of the tank-treading RBC (Figure
3.7(a)). This increase in AY, .;; is due to an increase in the lateral extent over which
closed streamlines occur as the wall is approached. The increased AY, .;; near the
wall suggests that the turning events have a higher probability to occur than the
crossing events. We also observe that the deflection in the platelet trajectory due to
the turning events is greater when it happens near the wall than away from the wall.
It will be argued later that this increased AY,, .. provides a mechanism of continual
platelet dispersal from the RBC-rich region of the vessel to the RBC-depleted plasma
layer near the wall. The near-wall effect during a tumbling motion is presented in
Figure 3.7(b) which shows that AY, . is higher than that obtained for the tank-

treading RBC.
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Figure 3.6: Effect of initial relative orientation Af, on turning, crossing and riding
events in presence of a tumbling RBC. (a) Phase plot in Af,~AY, plane. (b) sam-
ple trajectories obtained with different Af, and AY,. Turning, crossing and riding
trajectories are observed for the same AY, at different Af,. (c) Platelet and tracer
particle deflections ¢ in presence of a tumbling RBC.
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Figure 3.7: Effect of wall proximity on turning and crossing events in presence of (a)
tank-treading and (b) tumbling RBC. The RBC/platelet interaction is simulated by
releasing the RBC-platelet pair at various distances Y from the wall and for varying
initial vertical separation AY,. Open symbols indicate turning and filled symbols
indicate crossing events.

When the RBC-—platelet interaction occurs far away from a wall, the occurrence of
the turning or crossing events depends only on the relative velocity between the RBC
and the platelet, and hence, on the initial lateral separation AY,, but not on the initial
separation between the cells and the wall, Yo or Ypr7. One important consequence
of the wall proximity is that the interaction depends not only on AY,, but also on
Yo and Yprpr. The results shown in Figure 3.7 correspond to the scenario when the
platelet is released further away from the wall than the RBC, i.e., Yprr > Yo. We
have also performed simulations when the platelets are released closer to the wall than
the RBC, i.e., Yo > Yprr. Figure 3.8 compares the platelet trajectories for these two
configurations at three values of the lateral separation |AY,|. Our simulations show
that for the same value of |AY,| a turning event occurs when Ypr 7 > Yo, but a

crossing event occurs when Yo > Yprr. This result suggests that the value of the
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Figure 3.8: Differential effect of wall proximity: For the same |AY,|, a turning tra-
jectory is observed when the platelet is located further away from the wall than the
RBC (Yprr > Yo), and a crossing trajectory is observed when the platelet is located
closer to the wall (Yo > Yprr).

critical separation AY, . strongly depends on whether the RBC or the platelet is
located closer to the wall. It also suggests that, near the wall, the turning events have
a higher probability to occur when Yprr > Y, but the crossing events have a higher

probability to occur when Yo > Yprr.

3.3.4 Streamlines and Forces

The different types of interaction observed here can be partly explained by analyzing
the streamlines around the RBC as shown in Figure 3.9(a-c). For the tank-treading
case, the streamlines remain unchanged in time as the RBC motion is nearly steady.
There is a critical lateral length y, below which the streamlines turn around, and
above which they extend from —oo to +00. The crossing event usually occurs when

the platelet is released above this critical y,, and a turning occurs when it is released
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below the critical y,. It should, however, be mentioned that unlike a passive tracer,
a platelet because of its finite size is not going to follow a streamline exactly. Unlike
in the tank-treading case, the streamlines around a tumbling RBC are highly time-
dependent due to the changing orientation of the RBC. The closed streamlines are
observed at some instants but not always. Hence the turning and crossing events in
this case would depend on the instantaneous location and orientation of the platelet
relative to those of the RBC. Further, closed streamlines can exist in a narrow region
around the RBC. If the platelet is trapped in this region, a riding trajectory would
occur. The dynamic nature of the streamlines around a tumbling RBC leads to a
more complex platelet trajectory than that observed in presence of a tank-treading
RBC.

The forces acting on the platelet during different types of interactions are shown
in Figure 3.9(d). These forces are computed by spatially averaging the membrane
forces over the cell surface. It may be noted that there are only two types of forces
that are experienced by the platelet-RBC: the hydrodynamic force, and the collision
force. No other types of force (e.g. electrostatic repulsion, adhesion) are considered
here. In case of turning behavior, the RBC and the platelet do not come close to each
other; so there is no collisional force. The platelet trajectory is entirely determined
by the deflection of the streamlines due to the presence of the RBC as shown earlier.
In this case, the force on the platelet is purely hydrodynamic. In case of crossing and
riding behaviors, the collisional force arises in form of the lubrication force (which
is again hydrodynamic in nature) generated in the narrow gap between the RBC
and the platelet. Our data shows that the force magnitude increases significantly

during the encounter which implies that the collisional force is much higher than
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Figure 3.9: (a)-(c): Streamlines around a tank-treading RBC (a), and a tumbling
RBC (b—c) showing closed (indicated by the arrow) and open streamlines. The thick
dash lines in (b) and (c) indicate the instantaneous alignment of the RBC major axis.
(d): Spatially averaged force on the platelet as a function of time for a representative
crossing (—) and riding (- - - - - ). (e)-(f): Contours of pressure for riding at two
time instances.

the hydrodynamic force. Our data further shows that the force magnitude is much
higher during the riding interaction than the crossing interaction. This is because the
platelet nearly sticks to the RBC for a longer time during the riding interaction. In
order to see the origin of these forces, we plot the contours of pressure in the shear
plane for a riding interaction in Figure 3.9(e-f). This clearly shows that the pressure
in the gap between the RBC and the platelet increases significantly during the close

interaction leading to the lubrication force as the fluid is squeezed during the collision.



69

3.4 Conclusion

In this chapter we presented three-dimensional numerical simulations of hydrody-
namic interaction between an RBC and a platelet in a wall-bounded shear flow.
Instead of considering a suspension of multiple cells, we focused on an isolated RBC—
platelet pair to quantify the influence of the tank-treading and tumbling dynamics
and the wall proximity on the deflection of individual platelet trajectory without the
‘noise’ from other cells. Our results suggested the existence of two types of inter-
action. In a crossing-type interaction the platelet comes in close proximity to the
RBC, rolls over it, and continues to move in the same direction. In a turning-type
interaction, the platelet turns away before coming close to the RBC. The occurrence
of any one of these events depends on the initial lateral separation AY, between the
platelet and RBC centers-of-mass. The crossing events occur when AY, is above a
critical separation AY, ., and the turning events occur when AY, is below AY, ...
Similar crossing and turning events have been observed during the interaction of two
identical (homotypic) RBCs and liquid drops in shear flow [40, 166, 170]. The work
presented in this chapter deals with heterotypic particles.

The presence of a bounding wall is observed to have a significant influence on the
crossing and turning events. When the RBC—platelet interaction occurs far away from
a wall, the occurrence of the turning or crossing events depends only on the relative
velocity between the RBC and the platelet as determined by their initial separation
AY, in a linear shear flow. In presence of a wall, the interaction depends not only on
AY,, but also on the lateral separation between the cells and the wall, Yo and Ypr 7.
When the RBC is released closer to the wall than the platelet, i..e. Yprr > Ye, the

critical separation AY, . is observed to increase almost 3-fold. This result implies
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that the turning events have several-fold higher probability to occur than the crossing
events when the RBC is flowing closer to the wall than the platelet. On the contrary,
if the platelet is initially located closer to the wall than the RBC, i.e., Yprr < Ye,
the critical separation AY, ..; was observed to be significantly lower, implying that
the crossing events are more likely to occur in this scenario.

We now propose a mechanism of continuous platelet dispersal from the core of the
vessel towards the wall based on the trajectory deflection. Consider the RBC flowing
at the edge of the plasma layer as shown in Figure 3.10. If a platelet is initially located
in the RBC-rich region (scenario ‘(A)’ as marked in the figure), i.e., Yprr > Yo, a
turning event is likely to occur (since AY, ..; is large as found by the simulations
and shown in Figure 3.7) which will bring it in to the plasma layer. At this time,
the platelet is located closer to the wall than the RBC (i.e., Yprr < Yo). Now if
another pairwise interaction occurs, that would likely result in a crossing event (since
AY, it 1s small) bringing the platelet even closer to the wall (scenario ‘(B)’ as marked
in the figure). Our numerical trajectory in Figure 3.8 showed that after the event
‘(B)’ the platelet center-of-mass can be within one micron from the wall giving it the
opportunity to bind to the wall. Thus, the turning and crossing events, when occur
in succession as shown here, provide an effective mechanism to continually drive the
platelets away from the RBC-rich region of the vessel in to the RBC-depleted plasma
layer and further towards the wall.

The influence of RBC deformation and the finite cell size is most noticeable in the
computed lateral deflection ¢ which can be considered as an indirect measure of the
platelet drift due to the crossing events. While ¢ is generally observed to decrease with

increasing initial RBC—platelet separation AY,, it shows a pronounced local minimum
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Figure 3.10: A proposed mechanism of continuous platelet dispersal from the RBC-
rich region of the vessel towards the wall based on the trajectory deflection by a
succession of turning and crossing events occurring due to the interaction with an
RBC flowing near the edge of the plasma layer. When the platelet is initially located
farther away from the wall than the RBC, a turning event has the higher probability
to occur (since AY, .. is large) that would bring the platelet from the RBC-rich
region to the plasma layer (scenario ‘(A)’ in the figure). If a subsequent interaction
occurs, a crossing event is likely to occur (since the platelet is now located closer to
the wall than the RBC and AY, ., is small), bringing the platelet even closer to the
wall (scenario ‘(B)’).

at AY, ~ 1.3 — 1.8 pum. This nonmonotonic trend of 9 is due to the deformation of
the RBC caused by the platelet upon collision. We showed that the local minimum
in ¢ is accompanied with an increase in the RBC deformation index. The finding
that a platelet can impart a considerable deformation to the RBC underscores the
importance of considering the finite size of the platelet in any theoretical model of
platelet drift [28,29]. It also has other biological implication as RBC deformation was
shown to increase ATP release [171], and the presence of ATP is known to initiate
platelet aggregation [20]. Additionally, the non-monotonic trend of ¢ is not observed
for deformable sphere-sphere collision, and for tracer particle deflection. The platelet
deflection is generally observed to be higher than the tracer deflection, except near
the local minimum, and is likely caused by an increased volume exclusion due to the

finite platelet size.
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The different dynamics of the RBC, i.e., the tank-treading and the tumbling mo-
tion, are observed to cause considerable differences in the platelet motion. Most
notably, the critical lateral separation AYj .. is found to be higher for the tum-
bling RBC. This finding is important as the tank-treading motion occurs at relatively
high shear rates while the tumbling motion occurs at low shear rates. The tumbling
motion can also occur due to the loss of deformability caused by various patholog-
ical conditions of the RBC, which is believed to be associated with higher risk of
thrombogenesis [167].

Another important result is the wide variability of the platelet trajectory observed
over the range of initial inclination and lateral separation that is absent in the de-
formable sphere-sphere interaction. For the deformable sphere-sphere interaction, a
crossing event always leads to an increased lateral separation, and a monotonic change
in AY, leads to a monotonic change in the post-interaction separation. In contrast,
such a monotonic change is not observed for the RBC—platelet interaction. In some
simulations, we observed that the post-interaction separation was less than the initial
separation leading to a negative value of §, in a stark contrast to the sphere-sphere
collision. This result not only underscores the importance of incorporating the ef-
fect of the nonspherical shapes and finite size of the RBC and platelet in any drift
model [28,29], it also suggests that the shear-induced diffusion process in the RBC—
platelet suspension is more complex than that in a spherical particle suspension.
The variability of the platelet trajectory is observed to increase significantly when
the tumbling RBC is considered resulting in a larger scatter in 6. This result is in
qualitative agreement with the experimental observation that the platelet diffusivity

increases with decreasing RBC deformability [21].
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The numerical data can be used to make an approximate estimate of the enhanced
platelet diffusion coefficient in presence of the RBCs. Taking the value of § to be ~ 1
pm from Figure 3.5(a), a shear rate in the range of 100-1000 s~! for which a normal
red blood cell would be tank-treading, and the interaction time of t ~ 0.01 — 0.1 s
obtained from the simulations (corresponding to a dimensionless time of t* ~ 10),
we find a diffusion coefficient D.s; ~ 6%/t = 107% — 1077 cm?/s. Although this is
a simple estimate, and is based on a single cells rather than an actual suspension,
this value is surprisingly similar to the ones reported in experiments [23,24,158], and
computer simulations with multicellular suspension [37], and nearly 2 to 3 orders of
magnitude higher than the Brownian diffusion coefficient of ~ 1072 cm?/s [172].

In conclusion, we have presented three-dimensional numerical simulation of hydro-
dynamic interaction between a platelet and an RBC. We observed a wide variability in
the platelet trajectory under the influence of the tank-treading and tumbling motion
of the RBC, and proposed a mechanism of continual platelet removal from the core
of a vessel towards the plasma layer. While the realistic blood flow is a dense suspen-
sion, and the platelet drift is the result of the multicellular interaction, understanding
the two-body interaction as presented here is a first step before addressing the more
complex problem of platelet drift in whole blood (which is the subject of Chapter 4).
The work presented in this chapter shows that even the two-body interaction could
be quite complex due to the nonspherical cellular shape, RBC deformation, and tank-
treading and tumbling motion. Nevertheless, the numerical methodology is extended
to consider multiple cells in order to study the mechanism of platelet/microparticle

drift in a suspension, as presented in the following two chapters (Chapters 4 and 5).
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Chapter 4

Platelet Transport and Dynamics in Blood Flow

4.1 Introduction

As mentioned in Chapters 1 and 3, platelets or thrombocytes constitute an essential
component of human blood due to their role in the formation of hemostatic plug
and thrombus [9-11]. These phenomena require the platelets to come within a close
proximity to the vessel wall, initiating platelet—wall contact followed by adhesion.
Experiments with flowing blood showed an elevated platelet concentration near the
wall [12-15]. It has long been known that the RBCs play a critical role in platelet
margination and near-wall excess [17-20]. As mentioned in Chapter 1, normal healthy
RBCs are extremely deformable [5,21]. In a shear flow, the RBCs experience a wall-
normal force which arises due to their deformation, and propels them away from
the wall. By volume exclusion, the platelets marginate towards the wall [17-21,23,
24,159]. The migration also causes a nonuniform RBC concentration in the wall-
normal direction, and, hence a spatially varying RBC-platelet collision rate resulting
a collision-induced platelet margination [23,24, 28,29, 159]. Once marginated, the
dynamics of the platelets within the near-wall CFL can also be affected by the flowing
RBCs at the edge of the CFL. The dynamics of the marginated platelets inside the
CFL, in turn, determines the probability of platelet—wall contact. The importance of

RBC-platelet interaction is aptly emphasized in a recent theoretical work in which the
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platelet adhesion was shown to be controlled by the RBC—platelet pairwise collision
and the finite size of the platelets [28,29].

Quantification of the RBC-platelet interaction at the cellular scale and its con-
nection to the macroscale platelet transport through experimental observation in
whole blood is a difficult task. High-fidelity computer simulations which model blood
as a suspension of finite-size cellular components provide an alternative approach.
Several 2D models, e.g. Refs. [34-39], have emerged over the past years using this
approach. In addition to reproducing many experimental observations, these studies
have provided new insights on the RBC—platelet interaction. For example, AIMomani
et al. [34] showed that the fluctuations in the hydrodynamic stresses imparted by the
RBCs also resulted in platelet margination. Crowl and Fogelson [36,37] found that the
platelet diffusivity was spatially varying, which along with the volume exclusion could
partly explain platelet margination. Moreover, they proposed an additional spatially-
varying drift which enhanced the RBC-induced margination and also prevented the
platelets from re-entering into the RBC-rich zone thereby acting as a barrier. More
recently, Skorczewski et al. [38] considered platelet dynamics near a thrombus, and
observed that platelet tumbling near the vessel wall was strongly influenced by nearby
RBCs, and that the thickness of the CFL was greatly reduced near the thrombus.

While the aforementioned 2D models have provided a wealth of understanding on
platelet-RBC interaction, one major limitation was the absence of platelet movement
in the transverse direction, i.e., along the direction of the vorticity of the shear flow.
The RBC-platelet collision is fundamentally three-dimensional in nature. Prior 3D
model studies of pairwise collision of deformable particles in shear flow showed that

a significant displacement of the particles could occur in the transverse direction
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[40]. In case of platelets, such movements can collectively lead to a diffusion in
the transverse direction. Therefore, consideration of platelet motion in the vorticity
direction can greatly influence their near-wall dynamics and adhesion. The first 3D
simulation of RBC—platelet suspension was reported by Zhao and Shaqfeh [41] and
Zhao et al. [42] who observed that the margination was irreversible and that the
platelet diffusivity was inhomogeneous in the wall-normal direction. Additionally,
their 3D model supported the notion of the additional drift proposed by the 2D
model of Fogelson and coworkers [36,37]. However, as noted in [41,42], the 2D model
overpredicted the platelet diffusivity.

Evidently, there is a need for further understanding of platelet dynamics in whole
blood based on 3D simulations. In addition to the translational diffusion in the
third dimension, the 3D nature of the RBC-platelet collision can result in a rota-
tional diffusion about the flow direction leading to a variation in the off-shear plane
orientation of the platelets. Quantification of such off-shear plane rotation and its
influence on platelet dynamics does not exist in the literature. Furthermore, in a
shear flow, deformable particles, such as the RBCs, often form clusters leading to a
local anisotropy in the RBC concentration [130]. How such anisotropic RBC concen-
tration affects platelet margination, and how the anisotropic platelet diffusion affects
the near-wall platelet dynamics are not known. To that end, in this chapter we
present a high-fidelity cellular-scale 3D computational model of platelet dynamics in
whole blood. The dynamics and the large deformation of the RBCs are resolved with
high accuracy in our model. From the simulation results, we show that the RBC
distribution in whole blood becomes naturally anisotropic and results in a fast and

discontinuous platelet margination. The platelet translational diffusion inside the
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CFL is observed to be anisotropic, and as a result, leads to platelet cluster formation,
and increases the likelihood of clot formation. This study demonstrates the ability
of the cellular-scale 3D models of whole blood in understanding platelet margination

and near-wall platelet dynamics.

4.2 Problem Setup

Margination of platelets and their near-wall dynamics are simulated in whole blood in
3D. The whole blood is represented as a suspension of many RBCs and platelets. We
consider a linear shear flow u = {4y, 0,0} bounded between two walls mimicking a
parallel-plate Couette flow chamber. Here 7 is the shear rate, = is the flow direction,
y represents the velocity gradient direction, and z is the vorticity direction (Figure
4.1). More details on the computational domain and boundary conditions are given in
Chapter 2. The surface of each RBC is discretized using 20480 triangular elements (or,
10242 Lagrangian nodes), and platelet using 1280 triangular elements (or, 642 nodes).
Similar to Chapter 3, we use the radius of the equivalent sphere a, = (3V/4m)"/? as
the length scale, where V is the RBC volume, and the inverse shear rate 4~! as the
time scale. The RBC and platelet membrane shear moduli are 2.5 x 107% N/m, and
1.7 x 107* N/m, respectively. The dimensionless time is denoted by t* = t7. The
effect of inertia is small as the Reynolds number Re = pa?y/u, < 1072, where p, is
the plasma viscosity.

We performed a total of 18 simulations of whole blood suspension at a constant
shear rate ~ 1000 s~1, and hematocrit H, ranging from 9 to 36%. The channel lengths
considered are 36, 54, and 71 um, with heights 27, and 54 ym. One limitation of the

simulations is the relatively smaller computational domain compared to an actual
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Figure 4.1: Representative snapshots showing instantaneous cell distribution from
our whole blood simulation in shear flow at hematocrit H; = 23% in a channel of 71
pum length and 27 pm height. (a) and (b) are views along the vorticity (z) direction
at dimensionless time ¢* = 20 and 450, and (c) is the view from the bottom of the
channel at t* = 450. RBCs are shown in red and platelets in gray. (d) and (e) show the
average RBC (red, dash line, and bottom axis) and platelet (black, continuous line,
and top axis) concentration distribution across the channel height at times ¢* = 20
and 450. (f) shows the average thickness of the RBC-depleted region (CFL) near the
wall as a function of H;.
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blood vessel and the use of a periodic boundary condition, which are needed to make
the 3D calculations tractable for very long simulations. The Eulerian resolution is
~ 9 mesh points/pum in y direction, and 6.8 mesh points/pm in = and z directions.
There are at least 53 Eulerian points across one RBC diameter, which is sufficient
to resolve the cell dynamics. The number of RBCs in the computational box ranges
from 32 to 90, and platelets from 4 to 20. For normal blood, the RBC to platelet
count is ~16-20:1 [8]. We considered a higher platelet count that could occur locally

in a blood vessel under pathological and non-physiological conditions.

4.3 Results

4.3.1 Platelet Margination and the Role of RBC Suspension

Microstructure

Figure 4.1 shows three snapshots of platelet margination through flowing RBCs in
whole blood suspension. The RBCs and platelets are distributed randomly in the be-
ginning of the simulation. Figures 4.1(a) and (b) show the cell distribution at t* ~ 20
and 450. Accumulation of platelets near the walls is observed in Figure 4.1(b). The
RBCs are deformed significantly; the resting biconcave shape is no longer visible
and the cells assume a more elongated disk-like shape. The motion of each cell is
quite irregular due to interaction with the neighboring cells which results in further
deformation. Figure 4.1(b) reveals that the RBCs often flow in ‘clusters’ in which
they are stacked vertically. Note that there is no adhesion potential used in the cur-
rent model. Indeed, they are important if RBC aggregation and platelet coagulation

are considered. But our interest in this chapter is not aggregation or coagulation.
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Since cell aggregation is not considered in our model, these clusters are formed nat-
urally due to cellular motion driven by hydrodynamics forces. Furthermore, since
the RBCs are deformable, the lubrication force between adjacent cells prevents them
from physical contact. Thus, as long as there is sufficient Eulerian resolution (2 4
points) between adjacent membranes, simulations are stable. Also visible in Figure
4.1(b) are ‘cavities’ that are plasma-rich regions formed between adjacent clusters.
These clusters and cavities form the microstructures in the suspension, making the
instantaneous and local RBC distribution highly anisotropic. Prior studies of sheared
suspension flows have shown microstructure formation and resulting anisotropy [130].
As will be shown later, the RBC microstructure in whole blood has a significant role in
platelet margination. Figures 4.1(d) and (e) show the RBC and platelet concentration
distributions. Formation of an RBC-depleted region or CFL, and elevated platelet
concentration near the walls are evident. The average CFL thickness obtained from
the simulations is shown in Figure 4.1(f) and ranges from 2.5 to 8 pm for hematocrit
36 to 9%, respectively.

Sample trajectories of marginating platelets are shown in Figure 4.2(a). Two
different types of trajectories can be identified. In one type (marked by ‘A’ in the
figure), a continuous but slow diffusive motion of a platelet towards the wall occurs
throughout the entire margination process. This is the well-known shear-induced
diffusion that is a result of the interaction between a platelet and individual RBC [17-
19,21,159]. Tt is a rather slow process as the platelets undergoing such a motion are
rarely observed to reach the wall even after 500 dimensionless time in the simulation.
In the second type, marked by ‘B’ in the figure, the margination appears to be a

discontinuous process, and consists of three phases: A slow lateral diffusive motion
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Figure 4.2: (a) Sample platelet trajectories from simulations in channels of 27 pym
height. ‘A’ identifies platelets with a ‘continuous and slow’ diffusive motion, and
‘B’ identifies platelets with a ‘discontinuous and fast’” motion. For type ‘B’, the
margination consists of a slow diffusive motion (phase I), an abrupt and large change
in platelet lateral position (phase II), and a nearly wall-parallel motion inside the
CFL (phase III). (b) RBC (red, dash line, and bottom axis) and platelet (black,
continuous line, and top axis) concentrations distribution near the CFL. Marginated
platelets mostly concentrate just outside the RBC-rich zone. (c)-(e) Time resolved
snapshots to show that the phase II in type ‘B’ trajectory is a result of a platelet
(shown in black) first getting pushed by a RBC cluster and then entering into a
cavity, and finally marginated to the CFL. (f) The trajectory of the platelet (black
line, left axis) identified in the snapshots is shown along with the number of RBCs N
(red triangles, right axis) found instantaneously in a spherical volume of radius 3ag
surrounding the platelet.
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while the platelets remain within the RBC-rich region (marked as ‘I’ in figure). During
this motion, the platelets mostly drift longitudinally along the flow direction while
their lateral drift is small. This is followed by a fast lateral movement which brings
the platelets abruptly out of the RBC-rich layer and into the CFL (marked as phase
‘IT" in figure). Once within the CFL (phase III), the platelet trajectories are nearly
parallel to the vessel wall with fluctuations caused by their collision with the RBCs.
Figure 4.2(b) shows the RBC and platelet concentration near the CFL. Marginated
platelet mostly accumulate just outside the RBC-rich zone, and their concentration
decreases as the wall is approached. As a result, marginated platelets are subjected
to continuous collisions with the RBCs flowing at the CFL edge. As will be shown
later, such collisions dictate the platelet dynamics inside the CFL.

The discontinuous margination was noted recently by Lee et al. [55] in their exper-
imental study of submicron particle dispersion in mouse microvasculature. Platelet
trajectories presented in [42] also suggest the occurence of such fast margination. Our
simulations suggest that the discontinuous margination is due to the microstructures
formed by the RBCs. If a platelet is first hit by a cluster and then enters into a
cavity, a large and sudden change in its lateral position can occur. If the cavity ex-
tends from near the wall into the RBC-rich region, such an interaction can abruptly
bring the platelet out of the RBC-rich layer and into the CFL. Thus the platelet can
use the cavity as an ‘express lane’ for a fast margination towards the wall. Due to
the resemblance of the platelet trajectories we term this behavior as waterfall phe-
nomenon. Figures 4.2(c)-(e) show time-lapse snapshots illustrating the discontinuous
margination process. In Figure 4.2(c), a platelet interacts with RBC clusters (phase

I), following which it enters into a cavity in Figure 4.2(b) (phase II). A significant
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drop in its lateral position occurs during this phase. Thereafter, the platelet enters
into the CFL (phase III). To further elaborate the roles of microstructure, we com-
pute the local RBC count by considering a spherical volume of radius 3ag surrounding
the platelet (Figure 4.2(f)). The RBC count becomes higher before the onset of the
abrupt drop in platelet lateral position, implying an encounter with one or more RBC
clusters. Thereafter, both the RBC count and the platelet position drop rapidly im-
plying a fast lateral movement of the platelet through a cavity. We did not find any
correlation between the rapid platelet margination and hydrodynamics pressure or

stress field. The cavity-assisted margination is likely due to a volume exclusion effect.

4.3.2 Platelet Diffusion in the RBC-Rich Region and in the

CFL

The platelet trajectories in Figure 4.2(b) show that the marginated platelets do not
re-enter into the RBC-rich region. Thus the margination process is irreversible as
noted earlier [36,37,41,42]. The observation also supports the notion that the RBCs
flowing near the edge of the CFL provides a barrier against the platelets [36, 37].
Furthermore, trajectory inside the CFL suggests that the lateral (y) movement of the
platelets is significantly hindered due to the confinement effect from the wall and the
RBCs flowing at the CFL edge. As a result, the platelet motion inside the CFL is not
purely diffusive. To compare platelet diffusion inside the RBC-rich region and inside
the CFL, the mean-squared displacement (MSD) in y-direction is shown in Figure
4.3(a). Inside the RBC-rich region, the MSD is linear after the initial transience
suggesting a diffusive transport. The platelet diffusivity in the lateral direction inside

the RBC-rich region is obtained as ~ 3 x 1077 cm?/s at shear rates ~ 1000 s™*
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which is in agreement with previously reported values [24,41], and is 2 to 3 orders
of magnitude higher than the Brownian diffusivity, suggesting the RBC-augmented
diffusion. In contrast, the MSD inside the CFL does not grow with time after the
initial transience suggesting that the lateral motion of the marginated platelets is not
diffusive due to the confinement provided by the RBCs and the wall.

As a further quantification of the platelet diffusive motion, root-mean-squared
(rms) velocity fluctuations for the wall-normal direction (v') and for the vorticity
direction (w’) are computed. Note that in our 3D model, platelets can move in z
direction due to platelet-RBC interaction although there is no mean flow in z. Figure
4.3(b) shows the rms fluctuations inside the RBC-rich zone as functions of hematocrit.
Both ¢ and w’ increase with increasing hematocrit due to increasing platelet-RBC
collisions. Interestingly, though w’ values are smaller than v’, they are comparable,
suggesting a significant diffusion in the transverse direction. By considering separate
simulations of an interacting RBC and a platelet in a shear flow, we have verified
that such interaction can often result in a significant platelet displacement in the z-
direction although there is no mean flow in 2. Similar observation has been obtained
in the past for pairwise interaction of deformable particles in 3D in shear flow [40].
Therefore, our 3D simulations show that in whole blood, platelet diffusion in the
transverse direction is comparable to that in the wall-normal direction.

Figure 4.3(c) compares v' and w’ inside the CFL. Here v’ is significantly less than
that in the RBC-rich zone, due to the hindered lateral motion of the platelets. w’
is also less than that obtained inside the RBC-rich zone, but it is higher than ¢/,
and increases with decreasing CFL thickness. This is because reducing the CFL

thickness results in more frequent RBC-—platelet collision; while the platelets cannot
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Figure 4.3: (a) Mean-squared-displacement (y?) for lateral (wall-normal) motion for
platelets inside the RBC-rich zone (thick solid line) and inside the CFL (thick dash
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zone and inside the CFL, respectively, in wall-normal direction (v/, ¢) and transverse
direction (w', O).
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move in the wall-normal direction due to confinement, they can easily move in the
transverse direction. This result implies that platelet diffusion inside the CFL is
anisotropic; diffusion is hindered in the wall-normal direction, but could be higher in

the transverse direction.

4.3.3 Formation of Platelet Clusters

As a result of the transverse motion, marginated platelets come close to each other
and form clusters as shown in Figure 4.4(a). Such cluster formation could be a
precursor to clot formation if the platelets are activated. We observe clusters of
varying size, and of multiple numbers. Figure 4.4(b) shows the size and number of
clusters over time in a simulation with 17% hematocrit and a CFL thickness of 6
pm. A cluster is identified when the surface-to-surface distance between adjacent
platelets is less than ~750 nm. Using this criterion we determine the cluster size, i.e.,
the number of platelets in a given cluster, and also track the number of clusters in
the simulations. Figure 4.4(b) shows that the size and number of clusters are highly
dynamic and varying from zero to five, and from zero to four, respectively, over time
for the specific simulation considered. Note that the platelets are randomly drawn to
each other and the cluster formation is entirely due to RBC—platelet interaction and
platelet diffusion, as our model does not consider platelet activation. Furthermore,
since our model does not consider platelet aggregation, these clusters exist for a short
time.

We find that the size and probability of formation of the platelet clusters are
highly dependent on the CFL thickness. Figure 4.4(c) shows the probability of finding

a cluster of size three to five in two different groups based on the thickness of the
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CFL as < 6 um, and > 6 pm. A thinner CFL significantly increases the probability
by increasing both the size and the number of clusters. For CFL thickness > 6 um,
the largest cluster observed consists of three platelets, whereas for CFL thickness < 6
pm the largest cluster contains five platelets. The probability of finding a cluster of
three platelets is ~4% for CFL thickness > 6 pum and 17% for CFL thickness < 6
pm. The probability decreases significantly with increasing cluster size. Thus, the

large clusters form only occasionally and are short-lived.

4.3.4 Comparison of Platelet Dynamics in the RBC-Rich

Zone and the CFL

In absence of the RBCs, an isolated platelet flowing near a wall executes either a
tumbling or a sliding motion [173,174]. The tumbling is characterized by a rotational
(flipping) motion like a rigid ellipsoid. Far from a bounding wall, the tumbling dy-
namics is described by the theoretical work of Jeffery [169]. Near a wall, the period
of tumbling increases due to an additional drag induced by the wall. Very close to
the wall, a full tumbling is no longer possible; instead, the sliding motion occurs.
During sliding, the platelet long axis remains nearly parallel to the wall and oscillates
slowly with a small amplitude. If an isolated platelet is released in the flow with its
axis of revolution normal to the wall, our simulation predicts that the sliding motion
occurs when the platelet center y, < 1.5-1.7 um, and the tumbling occurs above this
distance.

Figure 4.6 shows how platelet dynamics is affected in presence of RBCs in 3D

whole blood simulation. Apart from lateral location of the platelet center (y,), two
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Figure 4.5: (a) Definition of the off-shear plane angle ¢, and the tumbling angle 6;
¢ is the angle between the major axis of the platelet contour in y-z plane and the z
axis, and # is the angle between the major axis of the platelet contour in the shear
plane (x-y plane) and the flow direction, x. (b) Examples showing the platelet inside
the the shear plane (top) and along the vorticity axis (bottom).

angles are used to illustrate the platelet dynamics: an angle 6 (tumbling angle) be-
tween the major axis of the platelet contour in the shear plane and the flow direction
(x), and an angle ¢ (off-shear plane angle) between the major axis of the platelet con-
tour in y-z plane and the z axis (see Figure 4.5). ¢ = 0 means the axis of revolution
is in the shear plane so that the platelet is oriented parallel to the wall. For ¢ # 0
the axis of revolution tilts out of the shear plane. Thus, ¢ quantifies platelet rotation
about the flow direction that is absent in a 2D model. For tumbling, # varies between
+7/2, and for sliding both 6 and ¢ are ~ 0.

Figure 4.6 shows that platelet dynamics in presence of RBCs is very irregular,
unlike the periodic motion of an isolated platelet. Within the RBC-rich zone, the
tumbling dynamics occurs but in an irregular manner (Figure 4.6(a)). Within the
CFL, both tumbling and sliding are observed depending on the platelet center-to-wall

distance. In addition, an intermittent dynamics is observed in which the tumbling
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Figure 4.6: (a)-(e) Platelet dynamics in 3D whole blood simulation. Shown here are
lateral location of the platelet center (y,, dotted line, left axis), tumbling angle (0,
solid line, first right axis), and off-shear plane angle (¢, dashed line, second right
axis). (f) Probability of platelet sliding motion as a function of CFL thickness for
platelets distributed within the entire CFL (o), and for platelets that are located just
outside the RBC-rich zone (e).
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is converted to sliding and vice versa. Figure 4.6(c) shows a sliding-to-tumbling
transition, and Figure 4.6(d) shows a tumbling-to-sliding transition. Figure 4.6(e)
shows a tumbling to sliding conversion, and then back to tumbling. We find that
such transitions are due to the collisions of the marginated platelets with the RBCs
flowing at the edge of the CFL. In 3D, such collisions result in large off-shear plane
angle ¢. Our own modeling and prior 3D modeling showed that for an isolated platelet
the sliding can change to tumbling if it is released with a large ¢ [173]. Therefore, in
whole blood, the 3D nature of platelet—-RBC interaction results in platelet rotation
out of the shear plane, which in turn converts the sliding to tumbling. As noted
earlier in Figure 4.2(b), the concentration of marginated platelets peaks just at the
CFL edge, resulting in frequent collisions with the RBCs. Furthermore, often times
the marginated platelets accumulate in the plasma-rich cavities near the CFL, and
tumble due to reduced confinement.

To quantify the role of the CFL thickness on platelet dynamics, we compute the
probability of sliding (Figure 4.6(f)). The results are grouped in two sets: in the first
set, platelets distributed throughout the CFL are considered, and in the second set
marginated platelets flowing near the edge of the CFL are considered. For the first set,
Figure 4.6(f) shows that the sliding motion occurs when the CFL thickness becomes
comparable to the platelet size (~ 3.5 ym). Note that this CFL thickness corresponds
to a platelet center-to-wall distance of ~ 1.75 um, which is close to the length scale
below which an isolated platelet exhibits the sliding motion, as mentioned above. The
probability of sliding increases with decreasing CFL thickness as platelet tumbling is
increasingly impeded due to confinement. However, the collision effect seems to be

dominant; even for a CFL thickness as small as 2.5 pum (36% hematocrit), only ~40%
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Figure 4.7: Platelet orientation in 3D: Probability distribution of the off-shear plane
angle ¢ (a) and tumbling angle 6 (b) for platelets inside RBC-rich zone (magenta
bars), for platelets inside CFL of thickness 6-8 um (unfilled bars), for platelets inside
CFL of thickness 3 pum (black bars), and for isolated platelet far from a wall (line).

platelets are observed to slide. For the second set, for which the CFL thickness is ~ 3
pum, less than 5% platelets is observed to slide. Therefore, the RBC—platelet collision
significantly reduces the probability of sliding even when the CFL thickness is small.

To quantify platelet orientation in 3D, we plot the probability distribution of
the off-shear plane angle ¢ and the tumbling angle 6 in Figure 4.7 for three sets of
platelets: for platelets inside the RBC-rich zone, and for marginated platelets inside
the CFL of thickness 3 pm and 6-8 pum. Inside the RBC-rich zone, the distribution
of ¢ is relatively uniform although it is higher as ¢ — 0. The distribution becomes
more biased towards ¢ = 0 when marginated platelets are considered. For the higher
CFL thickness, the RBC—platelet collision is less frequent, and hence a significantly
higher probability near ¢ = 0 is observed. For the reduced CFL thickness, increased
collision with the RBCs results in platelet axis tilting out of the shear plane, and

reduces the the probability of ¢ ~ 0. The probability distribution of the tumbling
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Figure 4.8: (a) Platelet tumbling frequency in dimensionless form as 27/97T as a
function of distance from the wall in whole blood (filled squares) at 25% hematocrit,
and for an isolated platelet (A). The CFL thickness is 3 um as shown. (b) RMS
of off-shear plane angle ¢ as a function of hematocrit. Shown here are the data for
platelets flowing inside the RBC-rich zone (¢), and for tumbling platelets flowing
inside the CFL (O). Also marked below the bottom axis is the thickness of the CFL.

angle 6 is shown in Figure 4.7(b) for the above three sets, and also for an isolated
platelet based on Jeffery’s theory [169]. The probability at 6 ~ 0 is higher for the
marginated platelets than those in the RBC-rich zone, and increases with decreasing
CFL thickness due to the increasing number of sliding platelets.

The platelet tumbling frequency in whole blood is shown in Figure 4.8(a) as a
function of the distance from the wall for H;, = 25%. Also shown is the tumbling
frequency of a platelet in absence of the RBCs which approaches Jeffery’s theory
[169] far from the wall, but decreases rapidly as the wall is approached due to a
wall-induced drag. This qualitative picture is significantly affected in whole blood.
Figure 4.8(a) shows that within the RBC-rich zone the average tumbling frequency
is significantly below that of an isolated platelet. The reduced frequency is likely

due to the geometrical confinement imparted by the surrounding RBCs. As the
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CFL is approached, the frequency increases due to a reduction in the local RBC
concentration. Inside the CFL, the wall effect becomes more important, and the
frequency decreases as the wall is approached in a qualitatively similar manner of an
isolated platelet. Thus, in whole blood, the highest tumbling frequency occurs for the

platelets that are flowing near the edge of the CFL.

4.3.5 Angular Fluctuation and Rotational Diffusion

To further quantify the 3D nature of platelet-RBC interaction, we obtain the rms of
the fluctuations of the off-shear plane angle ¢ (Figure 4.8(b)). Inside the RBC-rich
zone, the rms increases with increasing hematocrit, due to increasing platelet—-RBC
collisions. Fluctuations are significant, and the rms is as high as 0.45 radian. For
H; 2 25%, the rms appears to reach a plateau due to increased RBC confinement.
Inside the CFL, the rms is reduced compared to that inside the RBC-rich zone,
and shows a nonmonotonic trend with respect to the CFL thickness. The rms first
increases with decreasing CFL thickness due to more platelet—RBC collisions, but then
decreases as a result of increasing confinement as the CFL thickness becomes very
small. We compute the mean-squared angular displacement (A¢™), and obtain the
platelet rotational diffusivity as Dy = (A¢?)/2t ~ 1-4 s~ for shear rate ~ 1000 1/s,
which is nearly one to two orders of magnitude higher than the rotational Brownian

diffusion [175].

4.3.6 Implication in Platelet-Wall Adhesion

As a measure of platelet-wall adhesion likelihood, the minimum distance Y,,,;,, between

a platelet surface and the wall over time is shown in Figure 4.9(a) for a marginated
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Figure 4.9: Minimum distance Y,,;, (black line, left axis) between a platelet surface
and the wall over time for a marginated platelet. Also shown are tumbling angle 6
(green line), and off-shear plane angle ¢ (blue line). (b) Average and lowest values of
Ynin for tumbling (filled bars) and sliding (unfilled bars) platelets.

platelet. The time history shows that Y,,;, varies significantly over time. In general,
our results show that in presence of the RBCs, Y,,;, is reduced more when a platelet is
tumbling than when sliding. This result is consistent with earlier studies on isolated
platelet which found that a tumbling-like dynamics termed as ‘pole-vaulting’ brings
the platelets closest to the wall [173]. However, we find that in whole blood, large
fluctuations in the off-shear plane angle ¢ can also bring a sliding platelet very close
to the wall (Figure 4.9(a)). To quantify how tumbling and sliding dynamics affect
the wall-platelet proximity, we obtain the average of Y,,;, by averaging over time
and number of platelets (~ 50), and the lowest value of Y,,;,, from simulations with
H, ranging from 25-35%. We obtain the average Y,.;, = 1060 nm for the tumbling
platelets, and 860 nm for the sliding platelets. In contrast, the lowest Y,,;, found is
~ 420 nm for tumbling platelets, and 625 nm for the sliding platelets (Figure 4.9(b)).
The platelet—wall adhesion is mediated via vWF molecules [9-11,38]. Our results
imply that the initial contact between a platelet and the wall may occur during the

tumbling phase and by the ultralarge vVWF molecules with a length scale of 250 to 750
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nm. However, these bonds can easily break due to large wall-normal and transverse
velocity fluctuations, and due to higher tumbling frequency as noted earlier in Figure

4.8(a). The sliding platelets are more likely to form stable adhesion with the wall.

4.4 Conclusion

We presented a 3D modeling study of platelet dynamics in whole blood. Our model
successfully predicts the formation of the RBC-depleted zone (CFL) and the near-
wall excess of platelets. We focus on the platelet dynamics close to and inside the
CFL, and show that this region plays a critical role in clot formation by affecting
the near-wall platelet motion, and platelet-wall contact. We found that the cellular
microstructures formed by the RBCs in a shear flow play a critical role in platelet
margination. These microstructures are formed by the RBCs stacked along the wall-
normal direction making the instantaneous RBC distribution highly anisotropic. The
anisotropy occurs naturally by hydrodynamic forces and creates local ‘cavities’ in
RBC distribution. A platelet can enter a cavity and use it as an ‘express lane’ for
a fast margination towards the wall. While it is known that platelets experience
an augmented diffusion due to their interaction with the RBCs [17-20], the present
finding suggests a further augmentation that is a result of the local anisotropy in the
RBC distribution.

Inside the CFL, platelets motion in the wall-normal direction is severely hindered
as they are confined between the wall and the RBCs flowing at the edge of the CFL.
As a result, the wall-normal motion of the platelets is not purely diffusive inside the
CFL. In contrast, inside the RBC-rich zone, the platelet diffusivity in the wall-normal

direction is found to be 2 to 3 orders of magnitude higher than the Brownian diffusion.
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An important outcome of our 3D simulation is the quantification of platelet motion
in the transverse (vorticity) direction. The 3D nature of the platelet-RBC interaction
results in a significant platelet movement in the transverse direction. This observation
is consistent based on prior 3D model studies of pairwise collision of deformable
particles in shear flow which showed a significant displacement of the particles in the
vorticity direction [40]. In whole blood, such movements collectively lead to platelet
diffusion in the transverse direction that cannot be predicted from a 2D simulation.
We find that inside the RBC-rich zone, platelet velocity fluctuations in the transverse
direction are comparable to that in the wall-normal direction. Relating the rms of
the velocity fluctuations to the diffusivity (D =~ v"*7), we infer that inside the RBC-
rich zone the platelet diffusivity in the transverse direction is slightly smaller but
comparable to the diffusivity in the wall-normal direction. Inside the CFL, the results
are completely different: the platelet movement is severely hindered in the wall-normal
direction, but not in the transverse direction. As a result, the rms fluctuation is
significantly higher in the transverse direction than that in the wall-normal direction.
Therefore, our 3D model shows that platelet diffusion in whole blood is not only
inhomogeneous in the wall-normal direction, it is also anisotropic, particularly inside
the CFL. The anisotropy increases with decreasing CFL thickness as the latter causes
an increase in the platelet-RBC collision rate and at the same time an increased
confinement. The anisotropy is likely to play an important role on the platelet motion
near a thrombus where the thickness of the CFL is greatly reduced [38].

We find that the the strong anisotropy in platelet motion inside the CFL leads to
platelet cluster formation, even in absence of any platelet—platelet aggregation. Al-

though short-lived, such hydrodynamically-driven clusters may serve as the precursor
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to the formation of a hemostatic plug and thrombus. The size and number of clusters
are found to increase with decreasing CFL thickness in a qualitatively similar way
that the transverse velocity fluctuation increases. The increasing platelet diffusion in
the transverse direction with decreasing CFL thickness leads to higher probability of
platelet cluster formation. Such a mechanism of cluster formation is absent in a 2D
model.

Our model further shows that due to the 3D nature of the RBC-platelet collisions,
the platelet axis of revolution continually moves out of the shear plane leading to a
strong rotational diffusion that increases with increasing hematocrit. The rotational
diffusivity is estimated to be one to two orders of magnitude higher than the Brownian
rotational diffusivity. Our simulations show that the platelet dynamics in whole blood
differs significantly from that of an isolated platelet. Inside the RBC-rich zone, the
platelet tumbling frequency is well below that of an isolated platelet. The highest
frequency is attained just outside the RBC-rich zone. The tumbling motion is highly
irregular due to RBC-platelet collision. Inside the CFL, the platelet dynamics is
determined by two competing effects, namely, the confinement by the wall and the
RBCs at the edge of the CFL, and the collisions with the RBCs. While the former
induces a sliding motion of the marginated platelets, the latter induces the tumbling.
While most marginated platelets are observed to tumble just outside the RBC-rich
zone, we find that the platelets further inside the CFL flow with an intermittent
dynamics that alters between sliding and tumbling. The transition from sliding to
tumbling and vice versa is a result of the off-shear plane rotational diffusion, and
hence, less likely to happen in a 2D simulation. As a result of the transition, we

find that platelet sliding occurs less frequently than tumbling. A platelet in tumbling



99

motion instantaneously comes closer to the wall than a sliding platelet, but the average
wall-to-platelet surface distance is found to be higher in tumbling than in sliding.

In conclusion, 3D simulations of whole blood presented here demonstrate the
importance of finite cell size, anisotropy, and three-dimensionality in platelet—RBC
interaction, platelet margination, and platelet—wall adhesion. The overall picture
that arises from this study is as follows: The local anisotropy in RBC distribution in
whole blood results in a fast and discontinuous platelet margination, which we termed
as waterfall phenomenon (this will be further discussed for platelet-sized particles of
different shapes in Chapter 5). The anisotropic nature of the platelet translational
diffusion inside the CFL leads to platelet cluster formation, and increases the like-
lihood of clot formation. The rotational diffusion of the platelets with respect to
their off-shear plane orientation converts the motion of the marginated platelets from
sliding to tumbling and bring them closer to the wall increasing the likelihood of
platelet—wall contact. This study underscores the significance of platelet motion in
the transverse direction, and warrant further experiments in which platelet motion in

whole blood can be tracked over time and simultaneously in all three dimensions.
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Chapter 5

Microparticle Shape Effects on Their Transport

and Dynamics in Blood Flow

5.1 Introduction

As mentioned in Chapter 1, intravascular injection is one of the most widely used
routes for drug administration and biomedical imaging. To lower the side effects of
drug molecules and contrast agents, targeted delivery is desired. This is achieved
by accompanying the agents with ligand molecules that specifically bind to overex-
pressed receptors on targeted cells. Since micro- and nanoparticles can be engineered
to carry different molecules, they are ideal candidates for vascular carriers [32,33].
While the carrier—cell binding is essential for the targeted delivery, such goal can-
not be achieved unless the carrier particles flow in close proximity to the wall of the
blood vessels and make frequent contacts with the wall. A well-designed drug car-
rier is the one that can quickly drift or ‘marginate’ from the center of a blood vessel
towards the wall, make physical contact with the wall, and eventually form a stable
adhesion with the targeted cell linings. As such, considering the latest advances in
fabrication of micro/nano- particles, significant research efforts have been directed in
recent years towards optimal design of the carrier particles. It has been recognized
that the particles’ geometrical features, namely, their size and shape, are key design

parameters, among others, as they strongly influence the motion of such particles
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in a flowing medium [43-47]. Typical particle shapes considered are spherical, disk-
like (oblate) and rod-like (prolate). Efforts are currently directed to understand the
margination and adhesion characteristics of such particles under flowing conditions.
For instance, through experiments in laminar shear flow, Gentile et al. [48] showed
that discoidal microparticles outperformed spherical ones in terms of margination.
Doshi et al. [49] showed that the adhesion propensity of microparticles in bifurcat-
ing networks increased with particle size and nonsphericity, especially for rod-like
particles. Adriani et al. [50] demonstrated a higher adhesion propensity of disk-like
particles than rod-like particles in parallel-plate flow chambers. Shah et al. [51] con-
sidered a computational study and observed that nanorods had a significantly higher
wall binding probability compared to nanospheres. Similar results were obtained by
Toy et al. [52] through an experimental study in which it was shown that nanorods
exhibited higher margination rates compared to nanospheres in parallel-plate flow
chambers. Anselmo et al. [53] designed nanoparticles that mimick platelets in terms
of geometrical, physical and biochemical properties, and demonstrated that such par-
ticles exhibited enhanced surface-binding compared to spherical particles. Similar
results were obtained by Decuzzi and Ferrari [54] in a theoretical study in which it
was shown that oblate particles adhered more effectively to the biological substrate
than spherical particles of same volume.

The aforementioned studies were, however, conducted in cell-free environments.
As mentioned in Chapter 1, at the scale of carrier particles, blood must be considered
as a suspension of RBCs, rather than a single-phase fluid. It has been recognized
that margination and adhesion of carrier particles are strongly dependent on their

interaction with the RBCs. As such, several studies considered particle shape and
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size effects on margination and adhesion in flowing blood, in vivo and in vitro. As
mentioned in Chapters 1, 3 and 4, it was well known from earlier experimental studies
that blood platelets marginate towards the vessel wall due to their interaction with
the RBCs [12-15].

Lee et al. [55], Namdee et al. [56], and Charoenphol et al. [57] observed that mi-
croparticles outperform nanoparticles in terms of margination. van de Ven et al. [58]
observed that disk-like microparticles exhibited a higher near-wall accumulation com-
pared to other shapes in tumor, and that an optimal size existed for such particles.
Thompson et al. [59] observed a higher margination rate for microrods than spher-
ical particles. In an in-vivo study, Muro et al. [60] studied the effect of micro- and
nanoparticles geometry and observed that disk-like particles exhibited higher target-
ing specificity compared to spherical ones. Muller et al. [61] considered a computa-
tional study of margination of micro- and nanoparticles in flowing RBC suspensions,
and observed that the margination was enhanced with increasing particle size, and
that spherical particles exhibited a slightly higher margination rate compared to el-
lipsoidal particles. Additionally, they proposed that ellipsoidal shape was a better
candidate for drug delivery compared to spherical shape.

While the aforementioned studies generally tend to suggest that micro-scale par-
ticles of nonspherical shapes are better candidates than spherical particles for in-
travascular drug carriers, they do not seem to agree whether disk-like or rod-like
particles would provide a superior performance. Furthermore, it is important to note
that in many experimental studies the margination is measured based on the number
of particles adhered to the walls, although margination and adhesion are different

phenomena. As mentioned above, the delivery of carrier particles to specific targets
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occurs in three sequential sub-processes: (i) margination from the center of the blood
vessel towards the wall, (ii) contact with the wall, and (iii) firm adhesion to the wall.
The biophysical mechanisms underlying these three sub-processes are different. This
point can be further illustrated by considering blood as a suspension of RBCs. As
mentioned in Chapter 1, normal healthy RBCs are extremely deformable. In a shear
flow, the RBCs experience a wall-normal force which arises due to their deformation,
and propels them away from the wall creating a cell-free layer (CFL) near the wall
and a cell-rich region in the core of the vessel. The flow of the carrier particles in the
vessel core is governed by their collisions with the RBCs which lead to shear-induced
diffusion of such particles. As mentioned in Chapters 1, 3 and 4, classical experimen-
tal studies attribute such RBC-induced dispersion to volume exclusion due to RBC
migration away from the wall [5,17-21,23,24,159]. However, such migration also
causes nonuniformity in RBC concentration in the lateral direction and consequently
a spatially varying RBC—platelet collision rate which further affects the margination
[32-36]. In this regard, in a theoretical work, Mehrabadi et al. [63] explained the
platelet margination by their RBC-induced dispersion in the RBC-rich core and their
near-wall entrapment inside CFL. In a 2D computational study, Crowl and Fogel-
son [36,37] show that only volume exclusion cannot entirely explain the microparti-
cles near-wall excess. Therefore, they proposed a spatially varying RBC-induced drift
that enhances the margination of microparticles. The first 3D simulation of micropar-
ticle transport in RBC suspension was performed by Zhao and colleagues [41,42] who
also confirmed the notion of additional drift due to RBC-particle hydrodynamic in-

teractions. They also considered the effect of particle size and shape and showed that
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spherical and platelet-like microparticles exhibit higher shear-induced diffusivity com-
pared to tracer particles. Once marginated, the carrier particles flow inside the CFL
where they are ‘sandwiched’ between the wall and the layer of RBCs, but experience
less frequent encounters with the RBCs. Finally, once they make an initial adhesion
with the wall, the stability of the adhesion is dictated by the balance between the
hydrodynamic force, occasional collisions with the RBCs, and adhesion strength. Fv-
idently, margination and adhesion are separate events which were not unambiguously
differentiated in many experimental studies. As such, a carrier particle exhibiting a
higher margination rate may not be the one that would firmly adhere to the wall. For
instance, in a computational study by Reasor et al. [62], higher values of margination
rate was obtained for spherical microparticles compared to disk-like ones, although it
is well known that discoidal particle outperform spherical ones in terms of adhesion
to endothelium due to their larger contact area [48,50,53, 54].

We hypothesize that the carrier particles’ shape influences their dynamics differ-
ently in different sub-processes of the margination-adhesion cascade, namely, margina-
tion, wall contact and adhesion, due to differences in the underlying biophysical mech-
anisms. A specific shape exhibiting a superior performance in one sub-process may
not exhibit a superior performance in another. The superiority of a drug carrier of a
specific shape can only be established by understanding its behavior separately in the
three sub-processes. Quantification of the carrier particle dynamics and RBC-carrier
particle interaction at the cellular scale through experimental observation in whole
blood is a difficult task. High-fidelity computer simulations which model blood as
a suspension of RBCs provide an alternative approach. To that end, in this chap-

ter we consider a high-fidelity cellular-scale 3D computational modeling approach to
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study the transport, margination and adhesion of micro-scale particles of different
shapes (spherical, oblate and prolate) in whole blood represented as a suspension
of deformable RBCs. We show that microparticles of different shapes interact differ-
ently with the RBCs leading to their different behaviors during margination, near-wall
dynamics, and adhesion. Specifically, we show that microparticles’ rotational orienta-
tion in three-dimensional space and the frequency of their collisions with the flowing
RBCs in presence of a bounding wall are the key factors that dictate their differential
behavior in the margination-adhesion cascade. Quantification of such micro-scale dy-
namics of individual particle and their influence on particle margination and adhesion

in whole blood does not exist in the literature, and is the focus of this chapter.

5.2 Problem Setup

Margination of microparticles, their near-wall dynamics, and adhesion to wall are
simulated in suspension of flowing RBCs. The flow is a linear shear flow described
as u = {#y,0,0} and bounded between two plates mimicking a parallel-plate flow
chamber (Figure 5.1). More details on the computational domain and boundary
conditions are given in Chapter 2. The surface of each RBC is discretized using
20480 triangular elements (or, 10242 Lagrangian nodes), and particle using 1280
triangular elements (or, 642 nodes). The Eulerian resolution is ~ 9 mesh points/um
in y direction, and 6.8 mesh points/pum in = and z directions. There are at least
53 Eulerian points across one RBC diameter, which is sufficient to resolve the cell
dynamics based on our prior studies. We use the radius of the equivalent sphere
a, = (3V/4m)'/3 as the length scale, where V is the RBC volume, and the inverse

shear rate 4! as the time scale. The dimensionless time is denoted by t* = t5. The
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Figure 5.1: Representative snapshots showing instantaneous red blood cell (colored
red) and microparticle (colored green) distribution in shear flow in a channel. (a) and
(b) are views at dimensionless time t* = 20 and 300, and (c) is the view from the
bottom of the channel.

effect of inertia is small as the Reynolds number Re = pa?y/u, < 1072, where p, is
the plasma viscosity.

We performed a total of 27 simulations of RBC suspensions along with micropar-
ticles of different shapes (oblate, prolate and spherical) flowing in channels of heights
27 and 54 pm and lengths 36, 54, and 71 um at a constant shear rate ~ 1000 s~!, and
hematocrit H; = 24%. The volume of the microparticles is kept constant at 7.238
pum3 which is same as the volume of a normal, inactivated platelet. The particle shape
is characterized by the aspect ratio (AR) which is defined as the ratio of the minor to
major axis. Thus, AR — 0 for rod- and disk-like particles, and AR = 1 for spheres.
We consider five different particle shapes: spheres, oblates of AR = 0.3 and 0.5, and
prolates of AR = 0.3 and 0.5. The number of RBCs in the computational domain
ranges from 42 to 90, and microparticles from 6 to 20. As such, the volume fraction

of microparticles ranges from ~ 0.02 to 0.04%.
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5.3 Results

5.3.1 Particle Shape Effect on Near-wall Accumulation

Figures 5.1(a) and (b) show snapshots from one simulation at t* ~ 20 and 300. The
RBCs are deformed significantly; the resting biconcave shape is no longer visible
and the cells assume a more elongated disk-like shape. The motion of each cell is
quite irregular due to interaction with the neighboring cells which results in further
deformation. The initial arrangement is quickly disturbed, and cell and particle
distribution reaches a pseudo-random nature. While the RBCs mostly align their
major axis with the flow, microparticles have a wider orientation distribution as seen
in the figure. Figure 5.1(c) shows a view from the bottom of the channel resembling
a close-packed distribution of the RBCs along the vorticity direction.

Figure 5.2(a) compares the concentration profiles of oblate particles of AR = 0.3
and RBC across the channel at t* =~ 450. Microparticles and cells are uniformly
distributed at the beginning of simulations. As the simulations progress, a cell-free
layer (CFL) develops near the walls. At the same time, microparticle concentration
near the walls increases indicating particle margination and near-wall accumulation.
Over time, more particles marginate towards the wall resulting in an increasing near-
wall concentration of microparticles. Simulations are stopped between ¢* = 300 and
450 when sufficient number of particles are marginated to the CFL. There are still
particles inside the RBC-rich zone which are expected to marginate if simulations are
to be continued. In most cases, particle margination is irreversible, i.e., marginated
particles rarely come out of the CFL and re-enter in to the RBC-rich zone.

We now compare the concentration profiles of microparticles of different shapes.
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Figure 5.2: Microparticle concentration profiles across channel height. (a) Concen-
tration of oblate particles of AR = 0.3 (®,, black solid line, top axis) is compared
with that of RBC (®,, red dash line, bottom axis) at t* ~ 450. (b) Comparison
of concentration profiles for different microparticle: microspheres (black solid line),
oblate of AR = 0.3 (red dash line), prolate of AR = 0.3 (blue dash-dot line). (c)
Comparison of concentration profiles for different microparticle: microspheres (black
solid line), oblate of AR = 0.5 (red dash line), prolate of AR = 0.5 (blue dash-dot
line).
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Figure 5.2(b) shows the concentration profiles of oblate (AR = 0.3), prolate (AR =
0.3) and spherical particles, and Figure 5.2(c) shows the results for AR = 0.5, all
at t* ~ 300. As seen in Figure 5.2(b), the near-wall concentration of the oblate AR
= 0.3 and spherical particles are nearly same, but higher than that of the prolate
particles. It may seem, therefore, that the prolate particles underperform compared
to the oblate and spherical particles in terms of near-wall accumulation. This result is
in contradiction to several experimental studies which observed a greater number of
disk-shaped and rod-like particles adhered to the walls compared to spherical particles
[48-50, 56, 57]. This apparent contradiction will be further elucidated in following
sections. In Figure 5.2(c), which is for AR = 0.5, the oblate particles have the highest
near-wall concentration, followed by the prolate and spherical particles. Hence, the
oblate particles in our simulations outperform other shapes in terms of near-wall
accumulation. By comparing Figure 5.2(b) and (c), we observe that both oblate and
prolate particles with AR = 0.5 show a greater near-wall accumulation than their
counterparts with AR = 0.3. Hence, the near-wall accumulation is observed to be
less for particles of large asphericity compared to those of moderate asphericity.

The second important observation in Figure 5.2(b) is that there is a significant
drop in particle concentration near the edge of the RBC-rich region (marked as zone
B in the figure). A high particle concentration is present also in the interior of the
RBC-rich zone (marked as zone C). Note that particles were distributed uniformly at
the beginning of simulations. Therefore, the particles that are flowing relatively close
to the edge of the RBC-rich zone, are able to quickly marginate to the CFL resulting
a near-zero particle concentration in zone B, but those located further interior of the

RBC-rich zone, are much slower to migrate laterally. These results suggest that a ‘fast’
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Figure 5.3: (a) Sample microparticle trajectories from our simulations. Trajectories
showing a continuous and slow lateral diffusion are marked by ‘A’, and trajectories
showing a large abrupt lateral displacement (the ‘waterfall effect’) are marked by ‘B’.
For type ‘B’, the margination consists of a slow diffusive motion (phase I), the abrupt
large change in lateral position (phase II), and a nearly wall-parallel motion inside
the CFL (phase III). (b) Fraction of microparticles exhibiting the waterfall effect in
different sections of the channel. (c¢) Time resolved 2D snapshots to show that the
waterfall effect is a result of the RBC (red) microstructures. A microparticle (black)
finds its way to the CFL through an RBC-void region while being pushed by an RBC
cluster on top.

margination occurs for particles that flow near the CFL-edge, and a much ‘slower’
margination occurs for particles residing further away from the wall. In what follows,
we illustrate these two margination processes and their dependence on microparticle
shape, and eventually explain the observed differences in near-wall accumulation for

particles of different shapes.
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5.3.2 Waterfall Phenomenon

We start by considering sample particle trajectories which are shown in Figure 5.3(a).
The lateral position of the particle center over time is plotted here. Similar to the
results presented in Chapter 4 for platelets, two different classes of trajectories, ‘A’
and ‘B’ as identified in the figure, are observed in our simulations. In type ‘A’
microparticles mostly flow along the longitudinal direction while slowly moving in
the lateral direction due to repeated collisions with the flowing RBCs. This type
of motion occurs mostly in the interior of the RBC-rich zone, and represents the
so-called shear-induced diffusion. It is a rather slow process as particles flowing in
the interior of the RBC-rich zone would take a long time to reach the CFL using
this process. In type ‘B’ trajectories, particles undergoing the shear-induced ‘slow’
lateral drift suddenly exhibit a large lateral displacement that brings them inside the
CFL. Hence, type ‘B’ provides a fast and discontinuous pathway for margination. As
such, type ‘B’ consists of three phases as marked in the figure. Phase I is the slow
diffusive motion as in type ‘A’. Phase II is the large, abrupt lateral drift bringing the
particles out of the RBC-rich layer and into the CFL. Once within the CFL (phase III),
trajectories are nearly parallel to the wall with fluctuations caused by their collision
with the RBCs. Similar to Chapter 4, the large, abrupt lateral drift associated with
phase II of type ‘B’ trajectories is termed here as the ‘waterfall phenomenon’. As will
be shown later, the microparticles’ shape affects the waterfall phenomenon which, in
turn, causes the shape-dependency of the near-wall accumulation.

Figure 5.3(b) shows the fraction of particles that exhibit the waterfall effect within
the simulation window of ¢* ~ 0-300. Here we divide the channel height in to three

sections: one around the edge of the CFL (y < 15 um), an intermediate region 15
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2y < 25 um, and one farther interior of the RBC-rich zone (y 2 25 pum). In the
first section, more than 21% of all particles flowing in this region exhibit the waterfall
effect, while 5.7% show this effect in the intermediate region. For the farthest region,
only 0.1% particles exhibit such behavior. Thus the waterfall effect is dominant within
certain distance from the edge of the CFL. Hence, particles that are flowing just above
the CFL edge, may rapidly marginate and move into the CFL by this mechanism,
which in turn creates a particle-depleted region above the CFL edge as observed in
Figures 5.2(b) and (c). For particles located in the interior of the RBC-rich zone,
the waterfall effect is nearly absent. Hence, these particles must first drift using the
slow diffusion process (type ‘A’ trajectory) to reach closer to the CFL edge; once they
reach closer to the CFL edge, the rapid margination by the waterfall mechanism may
occur.

Before proceeding further on microparticle shape effects, we briefly present the
physical origin of the waterfall phenomenon. The discontinuous margination was
noted recently by Lee et al. [55] in their experimental study of submicron particle
dispersion in mouse microvasculature. Platelet trajectories presented in [42] also
suggested the occurrence of the fast margination as noted in Figure 5.3(a). Although
these authors conjectured that such a process is most likely associated with RBC-
particle interaction, the physical origin of it was not discussed. In Chapter 4 we
proposed that the waterfall effect is due to the microstructures formed by the RBCs.
In the simulations, we observe that the RBCs often flow by forming ‘clusters’ in which
they are stacked vertically, while there are ‘cavities’ between adjacent clusters that
are depleted in RBCs. These clusters and cavities form the microstructures in the

suspension making the instantaneous and local RBC distribution highly anisotropic.
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More cavities form near the CFL edge due to decreasing RBC concentration towards
the wall. Often times, these cavities can extend from the wall into the RBC-rich
region. A particle may find its way to the wall through such cavity while being
pushed by one or multiple RBCs (cluster) on the top, as illustrated by a sequence of
snapshots in Figure 5.3(c). An abrupt drop in the particle lateral position is a result
of its fast lateral movement through the cavity causing the waterfall phenomenon.
Similar notion on the enhancement of margination by RBC cluster formation can
be found in the context of RBC aggregation (rouleaux) in flowing blood: Formation
of rouleaux was shown to enhance WBC margination and adhesion in experimental
[100,101,104,176] and computational studies [126,177].

Until now, we establish that the lateral motion of the microparticles located fur-
ther interior of the RBC-rich zone is due to the ‘slow’ shear-induced diffusion process
(type ‘A’ trajectory). To compare the particle shape effect on such lateral diffusion,
we plot in Figure 5.4(a) the mean-squared displacements (MSD) in wall-normal (y)
direction. While all different shapes show nearly linear behavior of the MSD, no
strong conclusion can be drawn from this result about the role of particle shape on
diffusion. Rather, it appears that the range of particle shapes considered here does not
have a strong influence on shear-induced diffusion of microparticles. From this plot,
diffusivity for all shapes is obtained as D = (y°) /2t ~ 4-5x10~7 cm?/s at shear rates
~ 1000 s~!. The range of diffusivity is in agreement with previously reported values
for platelet diffusion in RBC suspension [24,41], and is 2 to 3 orders of magnitude
higher than the Brownian diffusivity, suggesting that collisions of microparticles with
the flowing RBCs ‘augment’ their diffusion. However, the RBC-augmented diffusion

is nearly the same for microparticles of different shapes. Hence, based on this result,
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Figure 5.4: (a) Mean-squared-displacement (y’?) for lateral (wall-normal) motion of

microparticles inside the RBC-rich zone. (b) Percentage of particles showing the
waterfall phenomenon.

it can be stated that the shear-induced diffusion alone cannot be the sole reason for
the observed shape-dependency of the near-wall accumulation.

In order to see whether the near-wall accumulation is related to the waterfall
phenomenon, we plot in Figure 5.4(b) the fraction of particles of different shapes
that exhibit this phenomenon. The figure shows that indeed the probability of the
waterfall phenomenon depends on the particle shape. Oblate particles of AR = 0.5
yield the highest probability, followed by oblate of AR = 0.3, sphere, prolate of AR =
0.5, and prolate of AR = 0.3. This trend of the particle shape effect on the probability
of the waterfall phenomenon is quite similar to the trend observed in the near-wall
accumulation. Therefore, this result together with the MSD plots of Figure 5.4(a)
lead to two important conclusions: (i) the RBC-augmented diffusion interior of the
RBC-rich region does not strongly affect the shape-dependency of the microparticles’
near-wall accumulation, and, (ii) the shape effect is important once a particle is
relatively closer to the CFL edge as it strongly affects the probability of the waterfall

phenomenon which provides a mechanism for rapid margination.
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5.3.3 Effect of Individual Particle Dynamics and RBC-Microparticle
Binary Interaction on Margination

In order to understand why microparticles’ shape affects the probability of the wa-
terfall phenomenon as reported in Figure 5.4(b), we analyze the dynamic behavior of
individual particles flowing in the RBC suspension and their binary interaction with
the RBC. First, we consider the three-dimensional orientation dynamics of the oblate
and prolate particles in the suspension which is shown in Figure 5.5. In absence of
the RBCs, and far from a bounding wall, an isolated rigid particle in a shear flow
executes a 3D orbital rotation that can be described by the theoretical work of Jef-
fery [169] which predicts that the particle would assume any one of infinite numbers
of time-invariant orbits depending on the initial orientation and precess about the
vorticity axis of the background shear flow. Jeffery mentioned that the degeneracy of
his solution was due to the linearity of the Stokes flow, and proposed that in case the
degeneracy was broken, the axes of revolution of prolate ellipsoids would eventually
align with the vorticity axis, and those of oblate ellipsoids would align in the plane
of the shear flow. Several studies have demonstrated that if nonlinearity was intro-
duced, e.g., due to particles’ inertia or deformability, they indeed adopted a preferred
orientation [179-182].

The three-dimensional orientation of an ellipsoidal microparticle in space can be
quantified by an off-shear plane angle ¢, which is the angle between the axis of
revolution of the particle and the shear plane of the flow. When ¢ = /2, the axis
of revolution is aligned with the vorticity axis (z), and when ¢ = 0, it is aligned
in the shear plane (z-y plane - see Figure 5.5). Figures 5.6(a) and (b) show the

probability distribution of ¢ for particles of different shapes that are flowing in the
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Figure 5.5: (a) Definition of the off-shear plane angle ¢, and the shear plane inclination
0; ¢ is the angle between the axis of revolution of the particle and the shear plane of
the flow (z-y plane), and 6 is the angle between the flow direction and the projection
of the particle’s axis of revolution onto the shear plane. (b) Examples showing the
oblate (left) and prolate (right) inside the shear plane (top row) and along the vorticity
axis (bottom row).
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Figure 5.6: (a), (b) Probability distribution of the off-shear plane angle ¢ which is
the angle between a particle’s axis of revolution and the plane of shear (z-y plane).
Here ¢ = 0 represents the axis lying in the shear plane, and ¢ = 7/2 represents the
axis aligned along the vorticity direction (z2). (c), (d) Sample time trace of a particle’s
axis of revolution for prolate and oblate, respectively.
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RBC suspension just above the CFL edge. The data suggest that oblates of AR =
0.3 and 0.5 mostly align their axes in the shear plane as the peaks occur at ¢ = 0
for these particles. In contrast, for prolate particles, the distribution is wider and the
peaks shift to higher values of ¢. For prolates of AR = 0.3, the peak is at around
0.27. For prolates of AR = 0.5, the distribution is significantly flatter.

Figure 5.6(c) and (d) show the time trace of a particle’s axis of revolution. Here
each dot represents the location of a point on the axis at a specific time. For the
prolate, the dots are concentrated around the vorticity (z) axis, whereas for the
oblate they are concentrated near the z-y plane. The dynamic behavior is a precessing
motion of the axis of revolution about the vorticity axis in case of the prolate, and
a back-and-forth oscillation about the shear plane in case of the oblate. Together,
the data in Figure 5.6 suggest that the oblates preferentially orient their axis of
revolution close to the shear plane while for the prolates the axis shifts towards the
vorticity direction but with a wider angular distribution. As will be shown below,
this difference in the 3D orientation of oblate and prolate microparticles has a strong
effect on the way they interact with the flowing RBCs and consequently on their
near-wall accumulation.

Evidently, the degeneracy of the Jeffery’s orbit is broken for the microparticles.
Since these particles are small, the effect of inertia is negligible. We hypothesize
that the degeneracy is broken due to nonlinearity arising from repeated collisions
of these particles with the RBCs, and due to the wall effect as our computational
domain is relatively small and wall-bounded. In order to illustrate that the preferred
orientations of the prolates and oblates are indeed due to repeated collisions with the

RBCs and the wall effect, we consider a series of simulations where binary collisions
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Figure 5.7: Simulation of repeated binary collisions between a microparticle and an
RBC near a wall. (a) Time history of the off-shear plane angle ¢ is shown for a
prolate (blue dash-dot line) and an oblate (red solid line). At the beginning of the
simulations, the axis of revolution of the oblate was aligned close to the vorticity axis
(¢ ~ 7/2), while that of the prolate was aligned close to the shear plane (¢ = 0).
Due to repeated collisions with the RBC, the axis of the oblate eventually aligns close
to the shear plane, and that of prolate aligns close to the vorticity axis. (b) Lateral
trajectories of oblate, prolate and spherical microparticles obtained from repeated
binary collision simulations.

between a microparticle and an RBC is simulated in wall-bounded shear flow (see
Figure 5.8(b) for a schematic). The microparticle is released with a slight offset in
the lateral direction with respect to the RBC. Due to a non-zero relative velocity, the
particle approaches the RBC. After the interaction, the particle moves away from the
RBC and leaves the domain. Since the domain is periodic in the streamwise direction,
the same particle re-enters the domain and approaches and interacts with the RBC
again. Figure 5.7(a) shows the time history of the off-shear plane angle ¢ due to such
repeated collisions for an oblate and a prolate. At the beginning of the simulations,
the axis of revolution of the oblate was aligned close to the vorticity axis (¢ ~ 7/2),
while that of the prolate was aligned close to the shear plane (¢ ~ 0). Due to repeated
collisions with the RBC, and the fact that the microparticle is ‘sandwiched’ between

the RBC and the wall, the axis of the oblate eventually aligns close to the shear plane,
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and that of prolate aligns close to the vorticity axis. This result further illustrates
that oblates and prolates are preferentially oriented due to their interaction with the
RBCs and the wall effect, and that their respective orientations are different. Figure
5.7(a) further shows that while the oblate reaches a steady orientation near the end
of the simulation, the prolate exhibits more fluctuations in ¢ and would take a longer
time to reach a steady orientation. Thus, the probability distribution of ¢ would show
a narrower distribution and a strong peak near ¢ = 0 for the oblates, but a much
wider distribution and a weaker peak towards ¢ = 7 /2 for the prolates. Therefore,
the results of the binary collisions agree with the distribution of ¢ obtained from our
suspension simulations as shown earlier in Figure 5.6(a)-(b).

Due to their different preferential orientations in cellular suspensions, micropar-
ticles of oblate and prolate shapes perform different dynamics as illustrated earlier
in Figure 5.6(c)-(d): Prolates perform precessing motion about the vorticity axis of
the flow, while oblates, with their axis of revolution in the shear plane, undergo flip-
ping motion. As it will be shown later, these two different dynamics affect differently
on how an individual microparticle interacts with an RBC, and consequently on its
margination.

Figure 5.7(b) shows the lateral trajectories of microparticles of different shapes
obtained in the simulations of repeated binary collisions between a particle and an
RBC. Each collision results in an increase in lateral separation between the two. The
figure shows that after several collisions the spherical and oblate particles are laterally
displaced more than the prolate particles. If such repeated collisions occur near the
CFL in a multi-cell suspension, the oblate and spherical particles would marginate at

a higher rate than the prolate particles. Therefore, this result can partly explain the
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Figure 5.8: (a) Frequency of collisions between microparticles and RBCs obtained
from our suspension simulations for particles flowing near the CFL edge. (b)
Schematic of a binary cell-particle collision simulation. The initial lateral offset
between the centers of the cell and particle is denoted by dy, and the final lateral
displacement is 9.

higher near-wall accumulation of oblate particles and spherical particles compared to
prolate particles as observed earlier in Figure 5.2(b)-(c) for our suspension simulations.

One limitation of the repeated binary collision simulations is that the lateral
distance between the microparticle and the RBC gradually increases reducing the
influence of the RBC on the particle after a few collisions. In contrast, in the sus-
pension, the particles are always in close proximity to the RBCs. As a result, the
binary interactions are close-range and have a much greater influence on particle’s
lateral displacement. The lateral displacement resulting from each individual close-
range binary interaction collectively leads to particle margination. We hypothesize
that particle margination is determined by two factors: (i) The frequency of collisions
between a particle and an RBC, and (ii) the lateral displacement resulting from each
individual collision. A microparticle can significantly move in the lateral direction
either due to very frequent collisions with the RBCs, or due to a large lateral dis-

placement resulting from individual collisions that are occurring less frequently. In
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what follows, these two hypotheses are validated.

From our suspension simulations, we extracted the frequency of collision between
microparticles and RBCs and present the data in Figure 5.8(a). The maximum col-
lision frequency is obtained for oblates of AR = 0.5 and the minimum for prolates of
AR = 0.3, while intermediate and nearly similar frequencies are obtained for spheri-
cal particles, oblates of AR = 0.3, and prolates of AR = 0.5. This trend in collision
frequency for different particles is similar to the trend observed for near-wall accu-
mulation shown earlier in Figure 5.2(b)-(c). Hence, this result confirms our first
hypothesis that the frequency of particle-RBC collision is a factor in determining the
margination rate of microparticles.

To verify the second hypothesis, we simulated binary collision between a micropar-
ticle and an RBC in a shear flow. Since a tank-treading RBC naturally aligns at an
angle with the flow direction [178], such a collision would laterally deflect the particle
further away from the RBC (see Figure 5.8(b) for a schematic). The amount of the
lateral deflection §, defined by the center-to-center lateral separation, is of interest
here for various particle shapes. It is important to note that the final displacement
0 depends on the initial lateral separation between the particle and the RBC, i.e., 9,
as illustrated in Figure 5.8(b). It also depends on the initial three-dimensional ori-
entation of the microparticle since that would dictate the relative orientation of the
particle and the RBC at the time of collision (See Chapter 3). The initial orientation
of the microparticle is characterized by two angles: the initial off-shear plane orienta-
tion angle ¢, which is the angle between the particle’s axis of revolution and the shear
plane, and the initial shear-plane inclination angle 6, which is the angle between the

flow direction and the projection of the particle’s axis of revolution onto the shear
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Figure 5.9: Results from binary collision simulations between an RBC and a mi-
croparticle. (a), (b) Lateral displacement ¢ of microparticles of different shapes as a
function of off-shear plane angle ¢,. The error bars represent the range of § obtained
in the simulations for the range of initial shear-plane inclination angle 6, (0 to 2m).
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plane (see Figure 5.5). We simulated binary collisions for different values of ¢, and
0, while keeping ¢, constant at 1.13 um. Figure 5.9 shows the lateral separation o
as a function of ¢, and for various particle shapes. Here each data point represents
an average of the values of § obtained over a range of 6,, from 0 to 27r. The error
bars represent the range of 4. Figure 5.9(a) shows that for ¢, = 0.2, the oblate
particles have higher lateral displacement than the spherical particles. Moreover, for
¢, > 0.357 the oblates of AR = 0.5 yield higher values of § than the oblates of AR
= 0.3. We further note from the earlier results of Figure 5.6 that the oblates of AR
= 0.5 have a higher probability of orientation at ¢ 2 0.37 than the oblates of AR
= 0.3. Hence a higher number of oblates of AR = 0.5 would have a larger lateral
displacement than AR = 0.3. A larger lateral separation for AR = 0.5 also means a
larger relative velocity between the particle and an RBC upon collision, and hence,
a higher collision frequency. Therefore, a higher lateral separation along with the
highest collision frequency lead to the maximum near-wall accumulation for oblates
of AR = 0.5 as shown earlier in Figure 5.2.

Figure 5.9(b) shows ¢ for the prolate particles obtained from binary collision
simulations. For all ¢, and 0,, the prolates of AR = 0.3 yield a significantly lower o
compared to other shapes considered. A lower value of § also means a smaller relative
velocity between the RBC and the microparticle upon collision, and, hence, a lower
collision frequency. Therefore, this observation of the binary collision simulations
agrees with the collision frequency data obtained in our suspension simulation, and
explains why the prolates of AR = 0.3 yield the lowest near-wall accumulation as

noted earlier in Figure 5.2.
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5.3.4 Shape Effect on the Initial Particle-Wall Contact

In the previous section, our results on multicell suspension showed that the oblate
particles of moderate aspect ratio (AR = 0.5) have the highest near-wall accumulation,
while more elongated prolate particles (AR = 0.3) have the lowest accumulation.
Ultimately, the efficacy of these particles will be determined by whether they can
establish physical contacts and firm adhesion to the wall. In this section we present
results on microparticle shape effects on particle-wall contact initiation. The initial
contact with the wall can be established by the particles which are accumulated in
the near-wall region, i.e., inside the cell-free layer. Dynamics of such particles are
considered in this section.

Figure 5.10(a) shows the trajectory of a sample particle (prolate, AR = 0.3)
that has marginated out of the RBC-rich zone, and is flowing inside the CFL. The
lateral location of the particle center and the off-shear plane angle ¢ are shown, which
fluctuate in time due to interactions of the particle with the RBCs flowing near the
CFL edge. Of interest is the minimum separation distance ¢ between the surface
of a particle and the wall. A smaller value of ( indicates a higher probability of
particle-wall contact. From our simulations we extracted the distribution of { for the
marginated particles and presented the data in Figure 5.10(b) for different particle
shapes. The result implies that a greater number of prolate particles of AR = 0.3
come closer to the wall than particles of other shapes. The peak of the distribution
for the prolates of AR = 0.3 occurs at { &~ 700 nm, which is within the length scale
of large adhesive molecules, e..g., ultralarge von-Willebrand factor. Thus, although
the prolates of AR = 0.3 had the lowest near-wall accumulation compared to other

microparticles considered, they are more likely to make the initial contact with the
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wall.

As before, the dynamics of individual particles inside the CFL explains why pro-
lates of AR = 0.3 are more likely to make the initial contact with the wall. Figures
5.10(c) and (d) show the distribution of the off-shear plane angle ¢ for the marginated
particles. The data suggests that most oblates flow with their axes of revolution
aligned in the shear plane. In this orientation, a freely suspended oblate would per-
form a continuous flipping motion. But such a flipping motion is hindered for oblate
particles flowing close to the wall. Instead, the particles undergo a sliding motion
in which they flow almost parallel to the wall while their axis of revolution remain
normal to the wall [61,173]. The flipping motion is further prevented as the oblates
are sandwiched between the wall and the RBCs. Such a restricted motion prevents
the oblate particles from coming closer to the wall. For the prolate particles, the
peak distribution is towards larger values of ¢, meaning that their axis of revolution
is shifted towards the vorticity axis, and hence aligned parallel to the wall. However,
the distribution is flatter for prolate particles, meaning that there are significant fluc-
tuations in ¢. Because of their rod-like shape, even a relatively small fluctuation can
bring the surface of a prolate particle closer to the wall.

The above results suggest that the rod-like elongated particles are more likely to
form the initial contact with the wall, although they have a much lower near-wall
accumulation compared to the spherical and disk-shaped particles. This result is
consistent with a previous experimental study which noted a higher wall-adhesion

rate for rod-like particles [56].
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Distribution of off-shear plane angle ¢.

(), (d)



128

5.3.5 Shape Effect on Particle Adhesion

Once microparticles establish the initial contact, they must then firmly adhere to
the wall. In this section, we address the microparticle shape effects on particle-wall
adhesion. We have simulated adhesion between the flowing microparticles and the
wall in presence of multiple flowing red blood cells by combining our multi-RBC-
multiparticle model with the stochastic adhesive dynamics model described in Chap-
ter 2. Microparticles under the combined action of the fluid shearing force, collision
with the RBCs, and the force from the bonds undergo adhesive rolling motion along
the wall. Figure 5.11(a) shows a snapshot from our simulations for spherical parti-
cles undergoing adhesive rolling motion in the shear flow while the RBCs flow above
them. For different particle shapes, we observe steady rolling motion, intermittent
stop-and-go type of motion, and firm adhesion. We observe that microspheres, and
prolates of AR = 0.5 undergo a steady rolling motion. Most prolates of AR = 0.3 also
undergo a steady rolling motion albeit with a reduced velocity, while some are firmly
adhered to the wall. Oblates of AR = 0.5 exhibit an intermittent motion in which
they are mostly adhered but occasionally flip on the wall, resulting in a stop-and-go
motion. Oblates of AR = 0.3 are mostly firmly adhered.

The average rolling velocity obtained from our time-sequence data and averaged
over similar class of particles is shown in Figure 5.11(b). Also shown is the average
number of adhesive bond-sites that are observed on particle surfaces. The rolling
velocity is maximum for the spherical microparticles, and it decreases progressively for
prolates of AR = 0.5, oblates of AR = 0.5, prolates of AR = 0.3, reaching the minimum
for the oblates of AR = 0.3. The number of bond sites shows exactly opposite trend

of the rolling velocity. This result suggests that the disk-shaped particles are more
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Figure 5.11: (a) A snapshot from our simulations on microparticles (colored in green)
rolling along and adhering to a surface in the shear flow with flowing red blood cells
(colored in red) above. Active (instantaneous) bonds formed between the particle
surface and the wall are also indicated. Here the flow is from left to right. (b)
Average rolling velocity (scaled by 7a,, left axis, filled bars) and average number of
active bond sites (right axis, unfilled bars) for microparticles of different shapes.
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likely to form a firm adhesion with the wall. Unsurprisingly, this result is related
to the particle surface area-to-volume ratio and its near-wall dynamics. Due to its
flipping motion, when an oblate particle makes a contact with the wall, its major axis
is nearly perpendicular to the wall. In this configuration it experiences a significant
drag from the flow which, in turn, makes it flip and lie parallel to and on the wall
providing a significant surface area for adhesion. If enough bonds are formed, the
particle firmly adheres. In contrast, a sphere rolls along the surface and makes a
point contact with the surface, while a prolate flows parallel to the wall without any
flipping and makes a line contact. Consequently, the number of bond sites is reduced
for the prolates and is minimum for the spheres, leading to the observed trend of the
rolling velocity.

It should be noted that while we presented the results for three different stages of
margination-adhesion cascade, we used the same simulation for the first two stages,
i.e. the accumulation and contact formation stages are obtained from the same sim-
ulations with homogeneously distributed particles. For the adhesion simulation, we
considered separate simulations due to time-step restriction. Nevertheless, we can
use these two sets of simulations to obtain an estimate of the overall probability of
microparticle adhesion starting from the homogeneous distribution. The first set of
simulations gives us the probability of accumulation and contact formation, while
the second set gives the probability of adhesion of the particles that are already near
the wall. The overall probability can be found as the product of the two which is
plotted in Figure 5.12. Now we observe that particle adhesion plays a major role
in determining the overall efficiency. Although spherical particles showed relatively

high margination rates (Figure 5.2), their overall efficiency is observed to significantly
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Figure 5.12: Overall probability of adhesion starting from the homogeneous distribu-
tion of microparticles.

decrease due to their higher rolling velocity along the surface. Oblates outperform
prolates due to their higher margination rate (in case of moderate AR) and their

superior adhesive dynamics (in case of low AR).

5.4 Conclusion

We presented a 3D modeling study of transport, margination, near-wall dynamics,
and adhesion of micro-scale particles of different shapes (spherical, oblate and prolate)
in whole blood represented as a suspension of deformable red blood cells. Quantifica-
tion of the shape effects on the micro-scale dynamics of RBC—particle interaction and
its influence on particle margination and adhesion in whole blood does not exist in
the literature, and is accomplished here for the first time. As such, this study comple-
ments the earlier experimental [48-50,52,53,55-60], and theoretical /computational

studies [36-38,41,41,51,54,61].
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The major finding of this study is that the microparticles of different shapes in-
teract differently with the RBCs leading to their differential behavior in different
sub-processes in the margination-adhesion cascade, that is, the margination from the
RBC-rich vessel core to the RBC-depleted CFL layer, the flow of the marginated
particles inside the CFL and their physical contact with the wall, and the firm adhe-
sion of such particles to the wall. Dynamics of individual particles of different shapes
are quantified separately in these three sub-processes. Specifically, we show that mi-
croparticles’ rotational orientation in three-dimensional space, and the frequency of
their collisions with the flowing RBCs are the key factors that dictate their differential
behavior in the margination-adhesion cascade.

We observe that the first stage of the margination process occurs in the core of
the RBC-rich region by the shear-induced diffusion process augmented by the RBC—
microparticle collisions. The augmented diffusion, although several times faster than
the Brownian diffusion, is a generally slow process, and has been known for platelets
in whole blood suspension [12-15]. Our results show that the RBC-augmented dif-
fusion is nearly the same for microparticles of different shapes, and, hence, cannot
explain the observed shape-dependency of the near-wall accumulation. Similar values
of microparticles diffusivity was also observed by Zhao et al. [42] for platelets and
platelet-size microspheres.

Once a drifting microparticle reaches within a certain distance of the CFL, a
fast and discontinuous margination process occurs during which the particle abruptly
and rapidly traverses a large lateral distance and move into the CFL. We termed

this event as the ‘waterfall effect’ due to the similarity in the particle trajectory.
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This phenomenon which has also been observed in a recent experiment [55], pro-
vides a mechanism of rapid particle margination from the RBC-rich region to the
CFL, and gives microscopic details on the inhomogeneous diffusivity or the spatially
varying additional drift proposed by previous studies to explain margination enhance-
ment [23,24,28,29,36,37,41,42,159]. Our simulations indicate that the waterfall effect
is a result of anisotropy in RBCs instantaneous configuration along the wall-normal
direction which is a consequence of formation of microstructures such as cavities by
RBCs stacks. Similar notion on the enhancement of margination by RBC cluster for-
mation can be found in the context of RBC aggregation (rouleaux) in flowing blood:
Formation of rouleaux was shown to enhance WBC margination and adhesion in ex-
perimental [100, 101,104, 176], and computational studies [126,177]. In the present
study, we focus on such phenomenon to explain the differences we observe in margina-
tion rate of different shaped particles. In fact, we observe that the frequency of the
waterfall incident strongly depends on the particle shape: oblate particles of moderate
aspect ratio exhibited the highest frequency, while very elongated prolate particles
exhibited the lowest frequency. Accordingly, the near-wall accumulation observed in
our simulations was highest for the moderate aspect ratio oblate particles, followed
by microspheres, and lowest for the very elongated prolate particles. Interestingly, a
recent computational study by Reasor et al. [62] observed a slower margination rate
for disk-like particles; they attributed this to the confinement of such flat particles
between RBC layers. However, they did not consider particles of moderate aspect
ratios. Their study combined with ours suggest that a higher margination rate is
likely to occur for moderately aspherical particles, rather than highly aspherical ones.

To provide further insight on the particle shape effect on the observed near-wall
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accumulation, we analyzed the dynamics of individual particles in the suspension.
We observed that due to repeated collisions with the flowing RBCs and the effect of
a bounding wall, an oblate particle aligned its axis of revolution close to the shear
plane, while a prolate particle aligned its axis close to the vorticity axis of the flow.
Because of such specific orientations, the frequency of RBC—microparticle collisions
and the lateral displacement resulted from each collision are maximum for the oblate
particles of moderate aspect ratio, followed by microspheres, and minimum for the
very elongated prolates. This trend of collision frequency and lateral displacement
follows the frequency of the waterfall phenomenon, and the near-wall accumulation,
thereby explaining the observed shape-dependency.

The particle shape, however, has an entirely different effect on establishing the
wall-particle contact. We observed that very elongated prolate particles flow with
their axis of revolution aligned close to the vorticity axis but with large fluctuations
in their orientation resulting in more frequent contacts with the wall. Thus, although
these particles exhibited the lowest near-wall accumulation rate, they are most likely
to form the initial contact with the wall. This phenomenon which is directly observed
in our study has been proposed earlier in an experimental study on margination of
rod-like microparticles [56]. Microspheres slightly underperform the elongated prolate
particles, while the oblate particles exhibited the poorest performance in terms of wall
contact due to the fact that their tumbling motion is considerably hindered by wall
effects. The observed decrease in oblate particles’ tumbling frequency near the wall
is consistent with prior studies on platelets [38], and ellipsoidal particles [61].

We further simulated adhesion between flowing microparticles and wall in presence

of multiple flowing red blood cells by combining our 3D deformable cell suspension
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model with the stochastic adhesive dynamics model. We observed that the oblate
particles are more likely to form a firm adhesion due to their large surface area. In
contrast, the prolate particles mostly perform slow rolling motion as they make line
contacts with the wall, although firm adhesion was observed for a few very elongated
prolate particles. The microspheres did not make a firm adhesion, and they exhibited
the highest rolling velocity among all particles. When overall probability of adhesion
starting from initially homogeneous distribution is considered, we observed that ad-
hesion plays a major role. As such, microspheres exhibited lower overall probability,
while oblates exhibited the highest overall probability. As noted in Section 5.1, many
experimental studies [48-50,52, 53] considered micro- and nano-particle adhesion un-
der cell-free environments. Such a simplification might be valid for nanoparticles,
but not for microparticles considering the typical CFL thickness observed. Other
studies [55-60] considered particle adhesion using whole blood; however, the effects
of diffusion and margination are combined because of the macroscopic measurements
provided. It should be noted that the objective of this study is not to identify the
optimal shape for the drug carriers. Instead, we intended to shed light on the physics
of microparticle dynamics as they interact with the RBCs. Although the general
conclusion that asphericity increases microparticles’ performance in the prior studies
and the present work agrees, the latter provides more physical insights by considering
individual particle dynamics at different stages of the margination-adhesion cascade.

It should be noted that in a real circulatory system, the flow is pressure driven,
while we have considered flows with a constant shear rate. The present set-up is
relevant if the interest is in a region relatively closer to the wall in larger arteries,

e.g. near regions prone to atherosclerotic plaque formation which typically occur in
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larger vessels. Given the size of microparticle and RBCs compared to vessel size, and
the fact that particle diffusion is linearly dependent on shear rate, we expect that the
curvature of the velocity profile can only have a secondary effect. Additionally, in
circulatory systems there are vessel bifurcations, tapering, and uneven vascular wall.
It is unclear whether these effects play less dominant role than the velocity profile
curvature effect in the near-wall region.

In summary, this study shows that the shape of the carrier particles affects their
dynamics differently at different stages in the margination-adhesion cascade. While
oblate particles of moderate aspect ratio show the highest near-wall accumulation,
very elongated particles are more likely to form initial wall contact. Once the contact
is established, disk-like particles are more likely to firmly adhere. Consequently, the
optimum shape of the intravascular drug carriers depends on the hemorheological
conditions at the targeted site. For example, for a blood vessel with a small cell-free
layer thickness and a large flow rate, the disk-like particles may be a better candidate
due to their higher accumulation rate and large surface area. In contrast, for a large
CFL thickness and a reduced flow rate, very elongated prolate particles may be a
better candidate as they are more likely to form the initial contact with the wall.
Therefore, one must consider the specific vascular conditions at the targeted site

while designing and selecting the optimum shape of the drug carriers.
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Chapter 6

Blood Flow in Stenosed Microvessels

6.1 Introduction

Vascular stenosis is a term that is commonly used to describe narrowing of blood
vessels as a result of plaque formation. When the stenosis occurs in a large artery, for
example, aorta, coronary and carotid arteries, the disease is referred to as atheroscle-
rosis, or large vessel disease [64]. Research over the past several decades has estab-
lished the important role of fluid flow in mediating atherogenic cascade [11,65-67].
In recent years, however, there is an apparent paradigm shift in our understanding
of vascular stenosis. It has been established now that stenosis can and often occur
in smaller arteries (arterioles) with internal diameters ranging up to a few hundred
microns [68,69]. The condition, known as arteriosclerosis or microvascular disease,
could have severe consequences such as blockage of microvessels supplying blood to
heart muscles, in which case it is referred to as the coronary microvascular disease
or CMVD [70,71]. Additionally, microvascular stenosis is known to cause lacunar in-
farcts or blockage of smaller arteries supplying blood to the deep interior of the brain,
as well as blockage of retinal and renal arteries [69,72,73]. Flow blockage in small
vessels can occur also by adherent leukocytes, gas emboli, etc. [74-77]. Apart from
physiological examples, in vitro microstenosis geometry are utilized in biomedical

devices, e.g., for cell separation [78,79].
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Fluid mechanics of a microvascular stenosis is expected to be very different from
that of a macrovascular stenosis since blood behaves as a Newtonian fluid in large
arteries but as a non-Newtonian fluid in microvessels [80]. While shear-thinning fluid
models of blood have been used by several studies [81,82] to address hemodynam-
ics in micro-vascular stenosis, these continuum models have several limitations. For
example, such models require specifying the characteristics of the cell-depleted re-
gion (CFL) near the vascular wall. Although experimental data on CFL thickness
exists for non-stenosed vessels [83], no such data exist for stenosed vessels, rendering
the applicability of the continuum models quite limited. As mentioned in Chapter
1, the cell-free layer forms due to the migration of the RBCs away from the wall,
which in turn is caused by a hydrodynamic lift acting on these highly deformable
cells. The thickness of the CFL is expected to greatly vary over the length of a steno-
sis, unlike a constant CFL thickness observed in non-stenosed vessels and assumed
in the continuum models. Studies using microfluidic conduits with severe constric-
tions showed greatly enhanced plasma and cell separation and increased downstream
CFL thickness [78]. As such, the cellular nature of blood must be considered in
any modeling study of microvascular stenosis. As mentioned in previous sections,
illustrations of the cellular nature of blood flow in small vessels are the well known
Fahraeus-Lindqvist and Fahraeus effects, which refer to a reduction of the apparent
blood viscosity and RBC volume fraction or hematocrit, respectively, with decreasing
vessel diameter [80,86-88]. What is the apparent viscosity of blood in stenosed mi-
crovessels? How are the Fahraeus-Lindqvist and Fahraeus effects altered in presence

of a stenosis? Could the apparent viscosity of blood obtained in vessels of uniform
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cross-section be used to predict the Fahraeus-Lindqvist effect in stenosed microves-
sels? Answering these questions requires addressing cellular blood flow in stenosed
vessels.

While the apparent viscosity is a useful average quantity that dictates the pump-
ing power required for the heart, it is the local hemodynamic condition at the stenosis
that dictates the growth and progression of the plaque [11,64-67,89]. Endothelial
cells (ECs) lining the inner wall of blood vessels are known to respond to local hemo-
dynamic conditions, such as the wall shear stress, and mediate atherogenesis via, e.g.,
suppression of nitric oxide (NO) release [90,91]. EC response, along with complex
flow conditions near a stenosis trigger thrombus formation via platelet aggregation
and adhesion [92-94]. Not only the mean shear stress, the flow oscillations and shear
gradients also affect the EC response [91,93]. Unlike in large blood vessels where
flow oscillations and shear gradients arise primarily from the interaction between flow
pulsatility and stenosis geometry [11,64-67]. in small vessels the motion of individual
blood cells causes temporal and spatial variations leaving ‘footprints’ on ECs [86].
While temporal and spatial flow oscillations in non-stenosed microvessels have been
measured experimentally [83], and also predicted via full numerical simulations [86],
they are nonexistent for stenosed microvessels. Are these quantities enhanced or
suppressed in stenosed microvessels compared to non-stenosed vessels?

To address the questions raised above, we consider a computational study of the
flow of deformable RBCs in stenosed microvessels. It is shown that the discrete na-
ture of the cell motion significantly affects the flow physics in microvascular stenosis
with apparently different physiological consequences than in macrovascular stenosis.

Not only the Fahraeus and Fahraeus-Lindqvist effects are observed to be significantly
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affected by the interaction of the cells and stenosis geometry, several nonintuitive phe-
nomena, such as a transient upstream flow reversal and several folds increase in flow
fluctuations, are also observed. These new findings also question the applicability of

the continuum two-phase flow models of blood to the study of microvascular stenosis.

6.2 Problem Setup

We simulate the motion of multiple deformable RBCs through constricted tubes. The
vessel geometry is shown in Figure 6.1. We consider both axisymmetric and asym-
metric constrictions. The axisymmetric constriction is defined by a cosine function
of wavelength L, and amplitude A rotated about the centerline of the tube. For the
asymmetric constriction, the amplitude of the cosine function is varied as the function
is rotated. We consider a fixed Ls = 2D /7 where D is the tube diameter away from
the constriction, but vary the amplitude A. An area blockage B, defined as the ratio
of the blocked cross-sectional area at the throat of the constriction to the nominal
cross-sectional area of the vessel far away from the constriction, is varied up to 84%.

As noted before, RBCs exhibit large and complex deformation while flowing
through small blood vessels. The membrane shear modulus and bending stiffness
used in the simulations are about 2.5 x 1075 N/m, and 6x107 J, respectively. The
surface of each RBC is discretized using 20480 triangular elements (or, 10242 La-
grangian nodes).

The flow in the vessels is driven by a mean pressure gradient, and governed by
the Stokes equation as inertial effects are neglected. Based on the results of our
simulations, the Reynolds number at the stenosis throat remains in the order of 1072,

which justifies the above assumption. The length of the vascular segment simulated
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Figure 6.1: Geometry of a stenosed microvessel considered in the study. (I)-(VI) are
streamwise locations where some flow quantities are measured for analysis.

is L = 4D. More details on the computational domain and boundary conditions are
given in Chapter 2. The vessel diameters considered are 11, 17, and 25 um, and the
Eulerian resolution used are 320 x 80 x 80, 480 x 120 x 120, and 640 x 160 x 160,
respectively. The relevant parameters are the vessel diameter D, the area blockage
B as defined above, the volume fraction or hematocrit H; of the red blood cells,
and the driving mean pressure gradient which is defined in dimensionless form as
B =—(dP/dz) | (16p,U./D?), where U, is an arbitrary velocity and s, is the plasma
viscosity. The number of cells ranges from 5 to 132, depending on vessel size and
hematocrit. Hematocrit ranges from 0 to 24%, the lowest limit corresponding to
the flow of cell-free plasma fluid, and the upper limit corresponding to physiological
conditions in small arterioles. The mean pressure gradient 3 ranges from 1 to 4. The
mean flow rate increases with increasing 3. For each D, H; and (3, cell motion in
non-stenosed vessels (i.e., vessels of uniform circular cross-section) is also simulated

for comparison with stenosed vessels.

6.3 Results

Figure 6.2 shows instantaneous visualization of the RBCs flowing through the stenosed

vessels for a few representative cases. Some general observations can be made here.
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Figure 6.2: Snapshots showing instantaneous RBC distribution from a few represen-
tative simulations for non-stenosed (left column) and 84% stenosed (right column)
vessels at H; ~ 22-24%. (a), (b) 8 =1, (¢)-(h) 8 = 4. From the top row to the
bottom one, D = 25 ym, D = 17 pm, and D = 11 pm, successively.

Cells deform significantly in smaller vessels where they assume the slipper and parachute
shapes as observed in experiments [4]. In larger vessels, the resting biconcave shape
is somewhat maintained at low flow rates, but not at high flow rates. For the range of
vessel size considered here, the RBCs flow in multifiles. Formation of the CFL near
the vessel wall is also clearly observed throughout the vessel segment in non-stenosed
tubes and away from the stenosis in the stenosed tubes. The CFL thickness is ob-
served to increase with increasing flow rate, in agreement with prior experimental

and numerical studies of non-stenosed vessels [83,184, 186].
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The presence of a stenosis causes a geometric focusing of the cells. For the smallest
tube considered (D = 11 um), the multi-file motion that would occur without a
stenosis is now converted to a single-file motion. Cells are significantly deformed as
they squeeze before entering the stenosis, and bounce back upon exit. While most
cells assume the slipper shape in the non-stenosed tube (D = 11 um), nearly all
assume the parachute shape in the stenosed tube. The discrete motion of cells results
in large oscillations in flow rate over time. The flow rate drops immediately before
a cell enters the stenosis, and regains as it bounces out. The squeezing and recovery
of the cells result in a higher CFL thickness upstream the stenosis but a lower CFL
thickness downstream. As the vessel diameter is increased, cells are able to follow the
contour of the stenosis. Multiple cells can simultaneously flow through the stenosis.
As many cells simultaneously enter the stenosis, a momentary reduction in the flow
rate and a downstream region devoid of cells are observed. At a lower flow rate,
crowding of the cells upstream the stenosis is also observed in larger vessels which

causes a significant reduction of the CFL thickness there.

6.3.1 Enhancement of the Fahraeus-Lindqvist Effect

The most striking result from this study is that the Fahraeus-Lindqvist effect is sig-
nificantly enhanced in stenosed vessels as shown in Figure 6.3 where the apparent
viscosity is plotted with respect to vessel diameter. The apparent viscosity is defined
as jirel = @Qp/Q where Qp is the flow rate of plasma (i.e., no RBC) in a non-stenosed
vessel, and @ is the mean flow rate in presence of the cells. To illustrate the enhance-
ment effect, four cases are considered in the figure: the non-stenosed tubes with the

RBCs, the 84% stenosed tubes with the RBCs, the 84% stenosed tubes with plasma,
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and with Newtonian fluids of the viscosity equal to the apparent viscosity of blood
in a non-stenosed tube of the same diameter. For the non-stenosed tubes with cells,
the computed values of . increase from 1.2 to 1.8 as the vessel diameter increases
from 11 to 25 pm, in agreement with in-vitro measurements [187]. Therefore, the
simulations faithfully reproduce the Fahraeus-Lindqvist effect in tubes of constant
diameters. A significant increase in i is observed in the stenosed vessels in pres-
ence of RBCs. For the nominal diameter of 25 pum, g, in the 84% stenosed tube is
more than four times that in the non-stenosed tube. Not only the flow resistance has
increased dramatically, the rate of increase of . with increasing D, as evident from
the slope of the curves, is also much higher in the stenosed tubes compared to the
non-stenosed tubes.

In order to see if the large increase in . in the stenosed tubes can be accounted
for by geometric blockage only, we plot ¢ in the 84% stenosed tube that would occur
when only plasma fluid is driven without any cell (dash line in the figure). While
lrel 1S Observed to increase due to the blockage effect, it is significantly below the
values obtained in presence of the RBCs. Then, we consider the flow of Newtonian
fluids of viscosity equal to the apparent viscosity of the cellular blood obtained from
the simulations of the non-stenosed tubes (dash-dot lines in the figure). Even with
this higher apparent viscosity, which accounts for the macroscopic effects of the cells,
the values are significantly less than those predicted in the simulations with cells.
Evidently, the significantly elevated values of i, in the stenosed tubes are due to the
interaction between the vascular geometry and the blood cells, the latter being the
cause of non-Newtonian nature of blood in microvessels.

The augmentation of the Fahraeus-Lindqvist effect due to the interaction of blood
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Figure 6.3: Apparent viscosity of blood showing a significant enhancement of the
Fahraeus-Lindqvist effect in the stenosed vessels. Lines with unfilled symbols are for
non-stenosed tubes with RBCs, and lines with filled symbols are for stenosed tubes
(B = 84%, H; ~22-24%) with RBCs, for various values of 8 = 1 (O, blue), 2 (A,
green), 3 (O, black), 4 (V, red). Dash line is for stenosed tubes with plasma only.
Dash-dot lines are for stenosed tubes with Newtonian fluids having viscosities same
as the apparent viscosity of blood in non-stenosed tubes of the same diameters (colors
are for different values of 5 as before).
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cells and vascular geometry can be further corroborated by simulating the motion of
the RBCs through an asymmetric stenosis. The geometric feature of the asymmetric
stenosis was mentioned previously. A snapshot from such a simulation is shown in
Figure 6.4(a) for an area blockage of 84% and stenosis length L, = 2D /7, same
as those considered for the symmetric cases. The relative viscosity variation with
increasing tube diameter for symmetric and asymmetric stenosis is compared in Figure
6.4(b). As much as 40% increase in the relative viscosity is observed in the asymmetric
stenosis compared to the symmetric one. Also shown in the figure is relative viscosity
obtained in the asymmetric stenosis for a Newtonian fluid having viscosity equal
to the apparent blood viscosity in the non-stenosed tubes of the same diameter.
As before, here also the Newtonian fluid significantly underpredicts the apparent
viscosity obtained in the asymmetric stenosis in presence of the RBCs. Furthermore,
the slope of the curve in the asymmetric stenosis in presence of the RBCs is higher
than that obtained for the Newtonian fluid, and also for the symmetric stenosis,
implying additional augmentation of the Fahraeus-Lindqvist arising from the complex
interaction between the RBCs and vascular geometry.

Another important observation in Figure 6.3 is the dependence of p. on the
driving pressure gradient 5. In general, u,q is observed to decrease with increasing
pressure gradient, as a result of the shear-thinning nature of blood. Since increasing
pressure gradient causes the mean flow rate, and hence the mean shear rate, to in-
crease, the latter in turn causes a decrease in j.. What is more striking, though,
is that the sensitivity of . to changes in 3 increases with increasing diameter for
both stenosed and non-stenosed vessels. Consider first the non-stenosed vessels for

which pi,e is observed to increase by 6% in D = 11 um tube and 25% in D = 25 um
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Figure 6.4: (a) RBCs flowing though an asymmetric stenosis (B = 84%, D = 25 um,
B =1, and H; = 24%). (b) Comparison of the Fahraeus-Lindqvist effect in symmetric
(continuous line, @) and asymmetric (continuous line, <) stenosis. The dash-dot line
is the relative viscosity obtained in the asymmetric stenosis for a Newtonian fluid
having viscosity equal to the apparent blood viscosity in non-stenosed tubes of same
diameter; similarly, the dashed line corresponds to a Newtonian fluid in the symmetric
stenosis.

as ( is reduced from 4 to 1. On the other hand, if the vessel diameter is significantly
increased, e.g., = 300 um, the blood is known to behave as a Newtonian fluid, and
hence, iy in that limit would be independent of the applied pressure gradient. Thus,
for small to medium size arterioles, for which D is in the range of 15-100 pm, the
apparent viscosity is dependent on the pressure gradient. Hence, there is no unique
trel Vs. D curve (i.e., the Fahraeus-Lindqvist curve) in this range of vessel diameter.
Furthermore, since ¢ increases with decreasing pressure gradient, it is expected that
the Newtonian limit of u,q as D — oo would be approached at a faster rate at lower
pressure gradients than at higher pressure gradients.

The effect of 8 on e is more enhanced in the stenosed vessels. In 84% stenosis,
the apparent viscosity increases by 11% for D = 11 pym and 31% for D = 25 pym

tube as [ is reduced from 4 to 1. The increased influence of pressure gradient in

the stenosed tubes also comes from the shear-thinning nature of blood: A reduced
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Figure 6.5: (a) Effect of mean pressure gradient § and (b) hematocrit H; on the
apparent viscosity for non-stenosed (continuous lines with unfilled symbols), and 84%
stenosed tubes (continuous lines with filled symbols) for D = 11 (O), 17 (A), and
25 pm (). In (a) Hy = 24% is kept constant and 3 is varied; in (b) 8 = 3 is kept
constant and H, is varied.

flow rate in the stenosed tubes causes a reduction in the mean shear rate, and hence
a decrease in . In Figure 6.5(a), pe is plotted against g for different vessels,
which further illustrates the strong dependence of ., on S for the stenosed tubes.
The figure also shows that the influence of 5 on i increases with increasing D
for both stenosed and non-stenosed vessels. Additionally, the figure shows that the
slope of the curves decreases with increasing pressure gradient at a faster rate in
larger vessels and with stenosis, as expected for a shear-thinning fluid and could be
understood by considering the nature of RBC deformation. Since the volume and
surface area of a cell remain constant, it can be deformed up to a certain limit. In
the case of the smallest D, the cells are significantly deformed due to the geometric
blockage even at the lower values of 5. Increasing [ for the smallest D does not
significantly increase the amount of RBC deformation, and consequently, ji. reaches

a saturation. For larger D, the intercellular space allows the suspension to compress
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more with increasing S and, hence, allows a greater change in u.,. The saturation
of pire1 with increasing flow rate was also noted in [184] for RBCs flowing in capillary
vessels.

Variation of fiq with hematocrit H; is shown in Figure 6.5(b). In general, fi
increases with increasing Hy; however, the rate of increase is significantly higher for
the stenosed vessels at larger diameter. As noted earlier in Figure 6.2, the RBCs flow
in a single-file manner in the smallest stenosed tube. Here H; can be increased only
up to a certain limit, and increasing H; does not alter the single-file motion. The
thickness of the cell-free layer decreases by a lesser amount, and the fluid energy is
spent to deform and move the increasing number of cells against the viscous force.
For the larger vessels, increasing H; causes a greater reduction in the CFL thickness.
In addition, the RBCs crowd upstream the stenosis (Figure 6.2) further reducing the
CFL, and, hence, rapidly increasing the flow resistance.

The Fahraeus effect is shown in Figure 6.6 where the ratio of the tube hematocrit
to discharge hematocrit H,;/H, is plotted against vessel diameter. The hematocrit
ratio is computed as the ratio of the average blood velocity to the average RBC
velocity. In general, H,/H, is reduced in presence of a stenosis compared to its values
in non-stenosed vessels. The difference in H;/H, values in the stenosed and non-
stenosed vessels is greater in smaller vessels due to the conversion of the multi-file
motion to single-file motion as noted before in Figure 6.2. The difference decreases
with increasing vessel diameter, as the multi-file motion of the RBCs is recovered in
the stenosed vessels, and CFL is reduced due to cell crowding. Also interesting is to
note the effect of the mean pressure gradient 5 on H;/H,. For the smallest vessel,

the effect of 5 is less as the cells are maximally deformed by the geometric blockage
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Figure 6.6: Comparison of the Fahraeus effect in 84% stenosed (filled symbols) and
non-stenosed (unfilled symbols) vessels. Here hematocrit ratio H;/Hp is shown as a
function of tube diameter D for 8 =1 (O, blue), and 3 (O, black), for H; = 24%.

of the vascular wall. As the vessel diameter is increased, the multi-file motion is
established and the intercellular space allows the suspension to be compressed more

with increasing [ leading to a reduction in the hematocrit ratio.

6.3.2 Asymmetry in the CFL and the Flow Characteristics

Quantitative results on the RBC spatial distribution and CFL thickness are shown
in Figure 6.7 after averaging in time and azimuthal direction. The cell distribution
is not symmetric up- and downstream the stenosis. For D = 11 um, there exists a
large cell-free layer upstream, the extent of which increases in radial direction with
increasing pressure gradient. As noted previously in Figure 6.2, the RBCs flow in
single file in D = 11 pm tube in presence of the stenosis. Immediately before entering
the stenosis, a cell squeezes creating a wide CFL. Cell deformation increases with
increasing pressure gradient, which in turn widens the CFL. As the cell squeezes out

of the constriction, it bounces back to regain the parachute shape, thereby causing a
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reduction in the CFL downstream, and an asymmetry in the cell distribution along the
length of the stenosis. The nature of asymmetry is reversed in the D = 25 pm vessel
where the upstream CFL is smaller than the downstream one due to cell crowding.
The spatial variation of the CFL thickness in the stenosed and non-stenosed vessels is
also presented in Figures 6.7(c), (f), and (i), which quantitatively show the asymmetry
of the CFL thickness along the stenosis, and the reversal of the trend as the vessel
diameter is increased. Here it can be noted that the CFL thickness increases ahead
of the stenosis throat, but decreases significantly at the throat. Also shown in Figure
6.7(j) is the RBC distribution for an asymmetric stenosis. Here the CFL is observed
to decrease near the vascular wall opposite to the stenosis, which also contributes to
additional increase of e for asymmetrically stenosed vessels.

The variation of the CFL and cell distribution helps us to understand the en-
hancement of the Fahraeus-Lindqvist effect. The driving pressure gradient is spent
on deforming and moving the cells against the fluid drag. For the stenosed vessels, a
part of the external energy is spent on additional deformation that the cells experience
as they squeeze through the stenosis. The reduced intercellular distance as multiple
cells simultaneously squeeze through the stenosis also causes additional frictional loss.
The CFL on the other hand provides a near-wall layer of a low viscosity fluid and al-
leviates the loss. For the smaller vessels, the large increase in CFL thickness observed
upstream the constriction (Figures 6.7(c) and (f)) compensates for the decrease in
the CFL at the throat. In contrast, such a compensating effect is not observed in the
larger vessels, where, instead the upstream CFL is reduced due to cell crowding. As a
result, the flow resistance increases at a greater rate as the vessel diameter increases,

and a much higher slope is observed for the Fahraeus-Lindqvist curve for the stenosed
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Figure 6.7: Time- and azimuthally-averaged RBC distribution at 5 = 1 (a,d,g) and
4 (b,e,h), and spatial variation of CFL thickness /R (c,f)i) for D = 11 pm (a,b,c),
17 pm (d,e,f), and 25 pm (g,h,i). (j) shows RBC distribution for an asymmetric
stenosis. For the RBC distribution, contours are plotted from 0 (blue) to 0.5 (red)
with 0.01 increment. For the CFL thickness, dotted lines are for non-stenosed vessels,
continuous lines for stenosed vessels, 8 = 1 (blue) and 4 (red). Here B = 84%, and
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vessels than for the non-stenosed vessels as noted earlier in Figure 6.3.

The flow asymmetry up- and downstream the stenosis is also evident in average
velocity profiles as shown in Figure 6.8. The well-known plug-flow profile is observed
far up- and downstream the stenosed region (location I as marked in Figure 6.1).
However, differences exist between up- and downstream velocity profiles (e.g., at
locations II and VI in the figure) near the stenosed region. At similar distances
from the throat, the downstream profile is flatter than the upstream profile due to
the differences in the CFL thickness. It should be emphasized that the velocity
asymmetry arises due to the presence of cells. If instead, the flow of a Newtonian
fluid is considered, the velocity profiles up- and downstream would be symmetric as
there is no inertia. The asymmetry in the velocity profiles also leads to an asymmetry
in the average wall shear stress (WSS) up- and downstream in the vicinity of the
stenosed region. At similar distances from the throat, downstream WSS is higher
than upstream WSS. Higher velocity and reduced CFL result in a large WSS at the
throat; conversely, a wider CFL around locations II and VI results in a region of
low shear. The rapid variation of WSS over the stenosis length causes a large shear
gradient. For the two larger diameters, the average WSS in the vicinity of the stenosis
in presence of the RBCs is also less than that when pure plasma is considered. The
reduction of WSS is more pronounced in case of an asymmetric stenosis. Such a
low shear region and large shear gradients in the vicinity of the stenosis along with
asymmetric WSS up- and downstream can have a significant physiological impact in

terms of endothelial cell response and, hence, further growth of the plaque.
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Figure 6.8: Average velocity profiles for symmetrically stenosed vessels (a,b,c) at
different locations. D = 11 um (a), 17 pm (b) and 25 pm (c). The dash line is the
velocity profiles for pure plasma. (I) to (VI) correspond to different locations in the

vessel as shown in Figure 6.1. Here B = 84%, 5 =1, and H; = 24%. Results for the
asymmetric vessel (D = 17 pm, 5 = 3) are shown in (d).
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6.3.3 Temporal Variations in the Flow Characteristics

The asymmetry in velocity along the stenosis is even more pronounced if instantaneous
velocity profiles are considered as shown in Figure 6.9. Surprisingly, a flow reversal
upstream the stenosis is observed from time to time. In contrast, no flow reversal is
observed downstream. Furthermore, no flow reversal occurs in absence of the RBCs.
As shown in the figure, the reverse flow is highly transient and is observed at different
azimuthal locations: At one instant a reverse flow is observed near the upper surface
(Figure 6.9(a)), and at a later instant it is observed near the bottom surface (Figure
6.9(b)), while at other times it may not occur. Such transient flow reversals make
the instantaneous WSS also highly fluctuating and, at times, negative, which in turn
are known to play a significant physiological role in terms of endothelial cell response
leading to further growth of the stenosis. Additionally, the flow reversal also causes an
increase of the residence time of flowing platelets, WBCs, and macromolecules near
the upstream section of the stenosis. It should be re-emphasized that the flow reversal
is not observed in absence of the RBCs for the range of stenosis geometry considered
here. The reverse flow occurs when cells squeeze through the stenosis displacing the
near-wall fluid both up- and downstream. Additionally, cell jamming upstream the
neck causes an instantaneous build-up of a high pressure and, hence, a local adverse
pressure gradient leading to the observed flow reversal.

Time-dependent flow rates Q)(t) for representative simulations are shown in Fig-
ure 6.10(a) for stenosed and non-stenosed vessels. Flow rate oscillates in time for
both cases; however, for the stenosed vessels oscillations have higher magnitude and

they occur at higher frequencies. The rms (root-mean-square) of flow rate oscilla-

tions defined as (\/fT (Q(t) — @)th/T) /Q, where @ is the mean flow rate, and T
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Figure 6.9: Upstream flow reversal in presence of RBCs: Shown here are instantaneous
velocity profiles up- and downstream a symmetric stenosis (D = 25 um, B = 84%,
B =3, H =24%). (a), (b) and (c) refer to three different time instants. Continuous
lines represent upstream velocity profiles at locations (II) or (III) as indicated (see
Figure 6.1 for locations), and dash lines represent downstream profiles at locations
(V) or (VI).

is the averaging time window, is shown in Figure 6.10(b). The rms fluctuation could
be one order of magnitude higher in the stenosed vessels than in the non-stenosed
vessel. Also, it is interesting to note that the fluctuation intensity increases with
decreasing pressure gradient as the cell motion transforms from a continuous to a
more discrete flow. Fourier spectra of Q(t)/Q are plotted in Figure 6.10(c), which
also shows that while for the non-stenosed vessels the fluctuation energy decays con-
tinually with increasing frequency, for the stenosed vessel the energy increases at
intermediate frequencies before decaying at higher frequencies leading to nearly an
order of magnitude higher amplitude of oscillations at moderate to high frequency

range. It may be noted again that a steady flow is established in absence of the cells.

The oscillations in flow rate arises from the discrete nature of the cell motion
though the stenosis. This is further illustrated in Figure 6.11 where a close-up of

the cell motion is shown at two time instants corresponding to the local extrema
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Figure 6.10: (a) Representative time-dependent flow rate Q(t) in stenosed (——) and
non-stenosed (- - - - - ) vessels; (b) RMS of fluctuations of Q(t)/Q versus vessel
diameter for § = 1 (0O), 2 (A), 3 (O), and 4 (V); filled symbols are for stenosed
vessels, and unfilled symbols for non-stenosed vessels. (c) Representative FF'T of flow
rate Q(t)/Q for stenosed (——) and non-stenosed (- - - - - ) vessels.

of Q(t). The flow rate reaches a local minimum when multiple cells simultaneously
attempt to enter the throat thereby blocking the flow area. The instantaneous flow
rate can be further reduced if there is a reverse flow as discussed before. A small
region downstream the throat that is void of the RBCs is observed at this instant.
As the cell cluster squeezes out of the throat, the flow rate increases. The flow
oscillations become more regular (but still aperiodic) for the smallest diameter due
to the single-file motion, but the overall picture remains the same, i.e., the flow rate
drops momentarily just as a cell is about to squeeze through the neck, and increases
as it bounces out.

As shown previously in Figure 6.10(a), flow oscillations also exist in non-stenosed
vessels, albeit of much reduced magnitude, and for a different reason. The flow
oscillations in the non-stenosed vessels is due to the formation of cell clusters as
shown in Figures 6.11(d), (e), and (f). The fast moving cells near the center of the
vessels push the slower moving cells further towards the wall reducing the thickness

of the CFL and thereby reducing the flow rate momentarily.
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Figure 6.11: (a),(b) Cell distribution in the vicinity of the stenosis at two instances
corresponding to local extrema in instantaneous flow rate Q(¢) shown in (c). (d), (e)
and (f) are for a non-stenosed vessel where flow rates drop momentarily as the slower
moving cells flowing near the wall are pushed further towards the wall by the faster
moving cells flowing near the center, thereby reducing the CFL.
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Further insights of the flow physics can be obtained by considering instantaneous
Eulerian velocity at certain locations. Figure 6.12(a) shows the streamwise component
of the Eulerian velocity at a fixed distance of 2.4 pum from the wall of the vessel,
which is close to the edge of the CFL and at three different streamwise locations: one
far upstream (location I as defined in Figure 6.1), at the beginning of the stenosis
(location IT), and end of stenosis (location VI). The velocity is scaled by the local time-
averaged velocity ug as uf, = ug/ug. Of interest are the fluctuations in the Eulerian
velocity. They are significantly high near the stenosis compared to those far upstream.
Furthermore, close to the stenosis, the fluctuations at the upstream location II are
higher than those at the downstream location VI, although both locations are at
equal distance from the throat of the stenosis. Also note that the instantaneous
velocity at location II becomes negative quite often, but that at location VI remains
mostly positive, suggesting that frequent flow reversals occur immediate upstream
while the flow remains unidirectional downstream. The RMS of fluctuations of uj; is
shown in Figure 6.12(b) for the above three locations, and also for a far downstream
location. The RMS at the far up- and downstream locations are nearly the same
but significantly smaller than those in the vicinity of the stenosis. Additionally,
the RMS obtained at location II is higher than that at location VI. The Fourier
spectra of uj, for the three locations are shown in Figure 6.12(c). A continuous
decay of uj, is observed far from the stenosis. In contrast, the spectra at locations
IT and VI show higher energy at intermediate to high frequency range. Between
locations IT and VI, the former shows higher energy than the latter at higher frequency
range. These results further illustrate the role of the RBCs in creating the up- and

downstream asymmetry along the length of the stenosis, which is not observed without
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Figure 6.12: (a) Representative time-dependent Eulerian velocity uj, at a fixed dis-
tance of 2.4 pm (near the edge of the CFL) from the wall but at three different
streamwise locations: At a location far upstream (red thick line, location (I) as de-
fined in Figure 6.1), at the beginning of stenosis (black thin line, location II), and
at the end of stenosis (blue dotted line, location VI). The Eulerian velocity has been
scaled by the time-averaged velocity at the same location as uj, = ug/ug. (b) RMS
of fluctuations of u}, for the cases shown in (a). Also added is the RMS at a location
far downstream marked as (VII). (c) Spectra of u}, for the three cases shown in (a).
Here D = 25 pm, 8 = 3, and H; = 24%.

the cells. Additionally, these results further corroborate the previous observation that
the presence of a stenosis increases the flow oscillations significantly over and above

that in non-stenosed vessels.

6.4 Conclusion

A study of the flow of RBCs in stenosed microvessels representing small arterioles
was presented in this chapter. The major finding of the study is that the Fahraeus-
Lindqvist effect, which refers to an increase in apparent blood viscosity with increasing
vessel diameter in the range ~10-300 pm, is significantly enhanced due to the presence
of a stenosis. Not only the apparent viscosity (1) of blood is observed to increase
by several folds compared to that in non-stenosed vessels, the rate of increase of the
apparent viscosity with increasing vessel diameter D is also higher than that in non-

stenosed vessels. When an asymmetric stenosis is considered, the apparent viscosity
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and the slope of the pu.-D curves increase even further. The apparent viscosity is
observed to be more strongly dependent on the flow rate (or, the driving pressure
gradient) in stenosed vessels, but weakly on non-stenosed vessels. The increase in fiy
and the slope of the pi,- D curve is higher at low flow rates. Additionally, the Fahraeus
effect, which refers to an increase in hematocrit with increasing vessel diameter, is
also affected. The hematocrit is reduced in presence of a stenosis by a significant
amount in smaller vessels and by a lesser amount in larger vessels.

The large increase in i in stenosed vessels cannot be predicted by using the
apparent viscosity of blood in non-stenosed vessels of same nominal diameters. Fur-
thermore, the shear-thinning models of blood, such as the Casson fluid model, are
inapplicable as these models assume a uniform thickness of the cell-free layer along a
vessel [81]. The present study shows that the CFL thickness greatly varies along the
length of a stenosis, unlike in a non-stenosed vessel of uniform diameter where the
thickness of the time-averaged CFL remains constant.

The distribution of the RBCs in stenosed vessels, in addition to their large de-
formation while moving through a stenosis, is observed to play a major role in the
enhancement of the Fahraeus-Lindqvist and Fahraeus effects. The presence of a steno-
sis results in a geometric focusing [78], and, hence, an asymmetric distribution of the
cells along the length of the stenosis. While the cell-free layer thickness is reduced
significantly at the throat of a stenosis in all vessels, it is increased significantly but
not equally immediate up- and downstream a stenosis. In smaller vessels, the pres-
ence of a stenosis converted the multi-file arrangement of the cells into a single-file

arrangement. The cells squeeze before entering the stenosis, but bounce back upon
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exit, leading to a higher CFL upstream than downstream. The increased CFL pro-
vides a wider low-shear region and partly compensates for the frictional loss at the
throat. In contrast, in larger vessels, cells crowd upstream, and thereby significantly
reduce the CFL thickness leading to a large increase in the apparent viscosity.

The up- and downstream asymmetry in the cell distribution also results in an
asymmetry in average velocity and wall shear stress (WSS) along the length of a
stenosis. The average velocity profiles downstream are flatter than those upstream.
Consequently, the WSS upstream is less than that downstream. Furthermore, the
WSS near the beginning and end of a stenosis is significantly below that observed far
away from the stenosis, while it is several folds higher at the throat. As a result, a
large WSS gradient is generated in the vicinity of the stenosis that is not identical
up- and downstream. Note that the average velocity profiles and the WSS up- and
downstream would be identical in absence of the cells since inertia is neglected.

The discrete motion of the cells through a stenosis causes large time-dependent
fluctuations in flow properties. In particular, the rms of flow rate fluctuations in
presence of a stenosis could be an order of magnitude higher than that in non-stenosed
vessels. The flow rate drops when cells are about to enter the stenosis reducing the
available flow area, and increases when they come out of the stenosis. In contrast,
a steady flow is established in absence of the cells. Similarly, several folds increase
in Eulerian velocity fluctuation is observed in the vicinity of the stenosis than that
far away and also in non-stenosed vessels. Furthermore, the velocity fluctuation
immediate upstream is much higher than that downstream. Surprisingly, a transient
flow reversal is observed upstream a stenosis but not downstream. Such a flow reversal

would not occur in absence of the cells.
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The results presented here highlight the important role of cellular microstructure
of blood in understanding fluid mechanics of microvascular stenosis, and the inap-
plicability of the two-phase flow models in predicting not only the time-dependent
variations in flow quantities and their asymmetric distribution along the length of a
stenosis, but also in average quantities, such as the apparent viscosity and hematocrit.
The present findings are also physiologically important: A significantly elevated ap-
parent viscosity and reduced hematocrit in stenosed vessels as predicted here imply
a reduced tissue perfusion and oxygenation in downstream capillary vessels, a condi-
tion that is referred to as ischemia and that could lead to organ failure [68-74]. The
elevated flow oscillations along with the transient flow reversal, and the reduced fluid
velocity and WSS upstream the stenosis are likely to favor an increased residence time
for platelets, WBCs, and macromolecules, and, hence, a greater likelihood of plaque
growth upstream than downstream [89-94].

The present results can be further appreciated by putting them in perspective
of macrovascular stenosis where blood behaves as a Newtonian fluid and the flow is
inertia dominated. Under these conditions, a flow reversal which is often sustained
for long time typically appears downstream the stenosis [11,64-67], as opposed to the
upstream flow reversal observed here in microvascular stenosis. Thus, the growth and
progression of the plaque are likely to occur in the downstream region in a macrovas-
cular stenosis, but in the upstream region in a microvascular stenosis. Furthermore,
the flow and WSS oscillations in the macrovascular stenosis arise mostly due to the
pulsatile nature of blood flow and, to some extent, a weakly turbulent nature of the
flow present at high inertia [11,65-67]. In contrast, in case of microvascular steno-

sis, the oscillations arise entirely due to the discrete motion of the cells. While fluid
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mechanics of the macrovascular stenosis has received attention for more than three
decades, the paradigm is now shifting towards microvascular disease which is thought
to progress in a ‘silent’ manner. The present study apparently is the first one to

consider the cellular blood flow in microvascular stenosis.
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Chapter 7

Adhesion of microparticles in microvessels — role of

RBCs and microparticle deformability

7.1 Introduction

As mentioned in Chapter 1, one of the most common ways in drug administration for
disease treatment is intravascular delivery. Targeted delivery of drug to the site of dis-
ease is desired in order to reduce the adverse effects on healthy tissues while imparting
the maximum lethality to the diseased cells. Drug molecules are generally encapsu-
lated in nano-/micron-sized drug carrier particles decorated with receptor molecules
that can bind to the ligand molecules expressed on targeted cells. Significant research
efforts have been directed in recent years towards optimization of the chemical and
physical properties of vascular drug carriers. Similarly, particles carrying contrast
agents for biomedical imaging have been subjected to research studies (see Chapters
1 and 5).

As discussed in details in Chapter 5, there is a significant effect of particle ge-
ometrical properties, namely size and shape, on their adhesion propensities, which
has been recognized through numerous experimental studies [43-51,55-60]. These
studies have established the essential effects of RBCs as well as particle geometry on
their adhesion efficiency. It is known that due to collisions with RBCs, micropar-

ticles marginate towards the wall and into the CFL [23,24,159]. Inside the CFL,
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further interactions with RBCs bring the microparticles closer to the wall, where
binding reaction between adhesion molecules results in the capture of particles on the
endothelium [28,29]. Tt has also been shown that asphericity enhances particle adhe-
sion by increasing the surface area exposed to the vessel wall [54-57,60]. Following
adhesion, particles start adhesive rolling on the vessel wall.

The aforementioned studies are focused on rigid particles. Utilization of de-
formable carrier particles such as capsules and vesicles (liposomes) is also common,
and has been suggested to improve targeting properties [95,96]. However, most of
the studies on adhesion of deformable particles are solely limited to white blood cells
(WBCs) [97-106,113-121]. These studies have shown a number of observations sim-
ilar to that of adhesion of rigid particles. For instance, experiments by Abbit and
Nash [104] showed that RBCs enhance WBC adhesion by causing margination, WBC
wall-contact, and formation of initial adhesive bonds. The results of an in-vivo study
by Melder et al. [120] confirmed that RBCs increase the number of adhering and
rolling WBCs in the range of physiological shear rate. Munn et al. [120] demon-
strated that the presence of RBCs increases the WBC-wall collision and binding
frequencies. Bagge et al. [188] observed that in the absence RBCs, WBC adhesion to
post-capillary venules does not occur.

Several important observations that are specific to WBCs because of their de-
formability have also been obtained through previous studies. For example, Subra-
maniam et al. [98] hypothesized that WBC recruitment is enhanced due to deforma-
tion and consequent increase in surface area of adhesion. Yago et al. [123] showed
that deformability of WBCs causes the adhesive rolling velocity to decrease, and that

it increases the resistance against detachment that occurs due to wall shear stress.
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Firrell and Lipowsky [122] suggested that the rolling velocity of WBC is insensitive
to shear because of the increased WBC deformation at elevated shear which results in
an increased surface area of adhesion. Similarly, a theoretical model proposed by Lei
et al. [124] predicted that WBC rolling velocity versus shear stress reaches a plateau
as the shear increases.

The above studies indicate the importance of deformability in particle adhesive
rolling motion. The effect of particle deformation on its wall-contact and initial for-
mation of adhesive bonds is also of great importance. As mentioned in Chapter 1,
a deformable microparticle in shear flow in close proximity of the wall experiences a
driving force towards the vessel centerline [5]. Such deformation-induced lift, which
is dependent on particle size and deformability as well as the shear rate, could poten-
tially resist against RBC-induced microparticle adhesion. In close proximity of the
vessel wall, larger particles experience a larger lift in shear flow [189]. Also, an increase
in the shear rate or particle deformability results in an increase in particle deforma-
tion, and consequently the lift. Collision with RBCs is required to overcome the lift so
that the microparticle wall-contact and then the adhesion takes place. Therefore, the
RBC hematocrit is also of great importance. Each of the parameters mentioned, vary
significantly in different physiological/pathological conditions and biomedical appli-
cations. The effect of each parameter on the RBC-induced microparticle adhesion is
of great interest. However, as mentioned earlier, most of the relevant studies in this
regard are limited to WBCs, in which the size effect is not considered. Furthermore,
the aforementioned studies are mostly focused on adhesive rolling rather than the

effect of RBCs on particle wall-contact and formation of initial adhesive bonds.
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Besides, the majority of the in-vitro experimental studies on adhesion use parallel-
plate channel flow setup to collect the data. Although extensive insight and informa-
tion have been provided through these studies, several limitations motivate further
investigation.

Firstly, in most of the experiments, the number of particles adhered to the flow
chamber walls are used to measure adhesion efficiency, margination propensity and
diffusivity at the same time. However, as was shown in Chapter 5, each of these pro-
cesses can be differently affected by the properties of cellular /particulate components.

Secondly, a parallel-plate setup can model hemodynamics in larger microvessels
where the cell /particle size is negligible against the vessel wall curvature. The ap-
plicability to smaller vessels such as capillaries and small arterioles, though, is lim-
ited since the effect of tubular geometry and significant wall confinement is partly
neglected. The importance of such a limitation is understood by considering the
targeting of tumor cells. Tumor microvasculature consists of numerous branching
microvessels with an average diameter of 10 pm [125]. This is despite the fact that
the channel height in experiments generally ranges between few hundreds of microm-
eters [55-57,59,104,120]. The confined geometry of small arterioles and capillaries is
expected to affect the microparticle deformation and consequently the RBC-induced
adhesion and the following adhesive rolling. In this regard, the results of a computa-
tional study by Khismatullin and Truskey showed that a decrease in channel height
results in an increase in the contact area of adhesion, and suggested that chamber
studies underestimate WBC adhesion in microcirculation [103].

Thirdly, experimental observation of individual cell-cell/cell-particles interaction

is a very difficult task. Such observation is, however, necessary in many cases to
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confirm the hypotheses that are based on experimental results on the collective be-
havior of cells/particles. For instance, a study on adhesion of rigid microparticles by
Namdee et al. [56] demonstrated an interesting biphasic behavior in dependence of
particle adhesion propensity on RBC hematocrit. The authors hypothesized that as
the CFL thickness is decreased (with an increase in hematocrit) to values less than the
particle size, particle adhesion is reduced due to their negative collisions with RBCs.
The nature of such negative collisions is, however, unclear as the experimental ob-
servation of RBC-particle interactions during wall-contact and the following adhesive
rolling encounters technical complications.

The above discussion suggests that high-fidelity computer simulations could be
used as a potential alternative approach. Few computational studies on WBCs in
which hydrodynamic cellular interactions are simulated in micro-tubular geometry
can be found in the literature. For instance, Fedosov and Gompper [126,127] showed
that efficient WBC margination is found in an intermediate range of hematocrit and
relatively low flow rates. Isfahani and Freund [77] demonstrated a significant aug-
mentation of streamwise forces imparted by RBCs on a wall-bound WBC model.
They also showed a considerable dependence of those forces on hematocrit and WBC
shape. In the above two studies, however, the deformability of WBC was neglected.
In a more recent study by Takeishi et al. [121], WBC deformability has been taken
into consideration and shown to be of great importance at higher shear rates cor-
responding to arterioles. In this work, it is demonstrated that at high shear rates,
the WBC—wall separation becomes significant due to WBC deformation. Therefore,
WBCs would not adhere to the vessel wall at such high shear; despite they move in

close proximity of the wall due to interactions with RBCs. It should be noted that
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the adhesive interactions between receptor/ligand molecules was not considered in
any of the mentioned computational works.

Evidently, in order to improve our understanding of microparticles adhesion in mi-
crocirculation, a computational study that integrates the confined tubular geometry of
microvessels, the microscale hydrodynamic interactions between cellular/particulate
components, and the nanoscale reactions between the adhesion molecules into one
model is needed.

To that end, in this chapter, we use our three-dimensional multiscale multiphysics
model to study the adhesion of microparticles in microvessels. We focus on the
hydrodynamic interactions between RBCs and microparticles during the formation of
initial adhesive bonds, and thereafter during adhesive motion of the microparticle on
the vessel wall. The effects of microparticle size and deformability, as well microvessel
diameter, hematocrit, and pseudo-shear rate on such interactions are studied in a
quantitative manner. The results of this study show that the interaction between
RBCs and microparticles is highly dependent on particle size and deformability, as
well as microvessel pseudo-shear and diameter. Therefore, it is suggested that in
order to efficiently benefit from the superior properties of deformable particles in
adhesive rolling, the particle size and deformability should be chosen based on the

local hemorheological conditions of targeted site.

7.2 Problem Setup

The adhesion of deformable and rigid spherical microparticles is simulated in the flow
of RBC suspension inside microvessels. The particle diameter considered here ranges

from 2 to 14 ym. The RBC hematocrit varies between H; ~ 0 — 23%. The particle
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deformability spans from perfectly rigid particles to deformable capsules with shear
moduli ranging from 2.5 x 1078 to 8.3 x 1077 N/m. The deformable particles under
consideration do not have bending rigidity. The RBC membrane shear modulus and
bending stiffness used in the simulations are 2.5 x 107¢ N/m, and 6x1071° J, respec-
tively. Similar to RBCs, our deformable microparticles resist against area dilatation
in such a way that the change in their total surface area remains less than 1%. The
surface of microparticles and RBCs are discretized using 5120, and 20480 triangular
elements, respectively (or, 2562, and 10242 Lagrangian nodes).

The flow is pressure driven, and governed by the Stokes equation. The vascu-
lar segment length is L = 4D7, where Dr is the vessel diameter. More details on
the computational domain and boundary conditions are given in Chapter 2. The
microvessel diameters considered here are 8, 11, 14 and 17 pm, and the Eulerian res-
olution used are 240 x 60 x 60, 320 x 80 x 80, 400 x 100 x 100, and 480 x 120 x 120,
respectively. The relevant parameters are the vessel diameter Dp, the particle diam-
eter Dp, the volume fraction or hematocrit of the RBCs Hy, the capillary number of
deformable microparticles defined as Cap = p, U./G; p, and that of RBCs defined
as Cag = o U./Gs r, where G5 g and G, p are the shear elastic moduli of RBCs and
microparticles, respectively; u, is the plasma viscosity, and U, is an arbitrary char-
acteristic velocity. The driving mean pressure gradient is defined in dimensionless
form as 8 = — (dP/dz) / (16p1,U./D3). Such pressure gradient is applied along the
microvessel length in x-direction (see Chapter 2). The number of microparticles and
RBCs ranges from 1 to 3, and 4 to 40, respectively, depending on the microvessel size
and hematocrit. The mean pressure gradient § ranges from 3 to 5. The pseudo-shear

rate can be defined as the average flow velocity (flow rate divided by microvessel cross
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Table 7.1: Adhesion parameter values used in the simulations [148-150].

Parameter Value Units
Bond free length () 600 nm
Spring constant (k) 5 pN/nm
Reactive compliance (r¢) 0.73 nm
Reverse reaction constant (k%)  0.12 st

Receptor density (on particle)  1.207 num. of molec./um?
Ligand density (on vessel wall) 10.866 num. of molec./um?

section area) divided by Dr. The flow rate is determined by RBC capillary number,
Cag, and the mean pressure gradient, 5. Most of the simulations were performed
at Car = 0.3, 8 = 4, H, = 23%, and in case of deformable microparticles, at shear
modulus of 2.5 x 1078 N/m; therefore, unless indicated explicitly, these values hold
for the results presented in this chapter. The adhesion parameters used in the simu-
lations are listed in Table 7.1 (see Chapter 2 for definition of each parameter). The
values for adhesion parameters can vary significantly for different adhesion molecules.
Representative values determined from experiments as well as range of values for dif-
ferent cells and receptor-ligand pairs are found in [148-150]. The typical values in
those ranges were used for the adhesion parameters presented in Table 7.1.

The problem setup for two representative simulations can be seen in Figure 7.1.
The focus of this chapter is mainly the adhesion of microparticles rather than their

margination.

7.3 Results

The results are presented in the following two sections. In the first section, the role
of RBCs on microparticles wall-contact and formation of initial adhesive bonds is

studied. Effects of RBCs on adhesive rolling of microparticles on the vessel wall,
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which is followed by wall-contact, is the subject of the second section.

7.3.1 RBC-Induced Microparticle Adhesion

Figure 7.1 shows snapshots of the instantaneous flow configuration for two repre-
sentative simulations. Several observations, general to our simulations, are noticed.
Similar to what observed in Chapters 3 and 4, it is seen that the RBCs often flow in
clusters, in which they are laterally stacked. Since there is no adhesion potential for
RBCs in our model, the clusters are short-lived, and form and break solely due to
hydrodynamic interactions. Figure 7.1(a~c) shows the motion of deformable Dp = 6
pm particles in a Dy = 17 pm microvessel. It is observed that due to interactions with
an RBC cluster, the microparticle is pushed towards the wall into the adhesion region
(600 nm from the vessel wall), where it initiates bond formation and tethers to the
vessel wall. Motion of a similar microparticle in absence of RBCs is demonstrated in
Figure 7.1(d). It is observed that without interactions with RBCs, the microparticle
moves away from the wall and towards the vessel centerline. As mentioned in Chap-
ter 1, such motion is a result of particle asymmetric deformation and the consequent
lift imparted on it [5]. The trajectories of sample particles (deformable and rigid)
in presence and absence of RBCs are compared in Figure 7.1(h). In this figure, the
radial location of the particle centroid is denoted by r. As shown by the black lines,
in a cell-free flow, due to absence of any radial force imparted on the microparticle
towards the wall, the adhesion does not occur. However, as demonstrated by the
red lines, due to interactions with RBCs, the microparticle is adhered to the wall in
presence of RBCs.

The above observation indicates that RBCs induce microparticle adhesion to vessel



174

walls: through hydrodynamic interaction between RBC clusters and microparticle, it
is displaced towards the wall into the adhesion region where it forms initial adhesive
bonds.

Our results also demonstrate that the RBC-induced adhesion does not necessarily
occur for all of the microparticles under consideration. The motion of a deformable
Dp = 10 pm particle in a Dy = 14 pm microvessel is demonstrated in Figure 7.1(e-
g). The result of this simulation demonstrated that despite interactions with RBCs,
the microparticle does not adhere to the wall. Our results show that RBC-induced
microparticle adhesion is dependent on the microparticle size.

Comparing the snapshots shown in Figure 7.1(e-g) with the ones in Figure 7.1(a-c),
shows a major difference in terms of RBC-microparticle hydrodynamic interactions
between the two adhering and non-adhering cases. In the adhering case, the approach-
ing RBCs pass over the microparticle and displace it towards the wall. This kind of
interaction has been reported in the literature for WBC adhesion [121,190]. However,
in the non-adhering case, as shown for a sample simulation in Figure 7.1(e-g), the
approaching RBCs deform and move away from the microparticle. Such interaction,
along with the near-wall deformation that is observed in the microparticle membrane,
explain the size dependency of RBC-induced adhesion: deformation of the particle
in close proximity of the wall forms a wedge-like gap that keeps the particle surface
outside the adhesion region (see Figure 7.1(e)). Passing motion of the RBCs creates a
radial force that pushes the particle towards the wall and reduces that gap. Once the
gap thickness becomes less than adhesive bond free length, the microparticle surface
forms bonds with the wall and adheres. Geometrical blockage of large particles, as

shown in Figure 7.1(e-g), prevents the passing motion of RBCs, and consequently
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L;x 09 50 7 100 0
Figure 7.1: (a-c) Representative snapshots showing instantaneous configuration of
RBCs (colored red) and Dp = 6 pum deformable particles (colored green) in a Dr
= 17 pm microvessel; (d) lateral migration of the same particle in absence of RBCs
(particle is shown at t* = 2, 8, 14, and 19); (e-g) snapshots showing flow configuration
in a simulation with Dp = 10 um and Dy = 14 pm; (h) Representative trajectories
of particle centroid in presence (red lines) and absence (black lines) of RBCs: solid
lines show the case in which Dp = 7 um (deformable) and Dy = 14 pum (left y-axis),

dashed lines show Dp = 6 pm (deformable) and Dy = 11 pm (right y-axis), and
dotted lines show Dp = 6 pum (rigid) and Dy = 11 pm (right y-axis).

microparticle adhesion to the wall.

The passing motion of RBCs is facilitated by the separation space provided be-
tween the microparticle surface and the vessel wall. That separation is determined
by the particle size and the vessel diameter. Therefore, the RBC-induced adhesion
depends on size effects, in the sense that it occurs only when the diameter difference
between the microvessel and the particle provides large enough space for the passing
motion of RBCs. Figure 7.2 shows the effects of particle and microvessel size on RBC-

induced adhesion of deformable microparticles. Each data point is corresponding to
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Figure 7.2: Deformable microparticle adhesion map as a function of particle size and
vessel diameter. Filled squares indicate the cases in which the particle adheres to the
wall and empty ones indicate the non-adhering cases. The results remains the same
at Hy, = 11 and 17% for Dy = 11 and 14 pum.

a simulation. Filled and empty symbols indicate the occurrence of adhering and non-
adhering cases, respectively. It is observed that at each vessel diameter, there exists a
maximum size for deformable particles above which the RBC-induced adhesion does
not take place. The maximum size is defined as the ‘critical particle diameter’, and
denoted by Dp it

Interestingly, our results show that the critical particle size is non-existent for
perfectly rigid particles. All of the diameters considered for rigid particles resulted
in RBC-induced adhesion, and no non-adhering cases were observed. To explain this
behavior, interactions of a non-adhering deformable particle and an adhering rigid

particle of the same size with RBCs are compared in Figure 7.3. This figure shows
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such comparison between a Dp = 7 ym deformable (Figure 7.3(a-b)) and rigid (Figure
7.3(d-e)) microparticle in a Dy = 11 pm microvessel.

Figure 7.3(a-b) shows that despite the interactions with RBCs, which keep the
microparticle close to the vessel wall, the deformable particle is not adhered. As
explained earlier, this is because of the formation of a near-wall gap as a result of
microparticle membrane deformation, together with the inhibition of RBC passing
motion due to geometrical blockage. However, as demonstrated in Figure 7.3(d-e),
the absence of such a near-wall gap in case of a perfectly rigid particle leads to
its adhesion to the wall even without the passing motion of the RBC. Figure 7.3(f)
compares the membrane configuration of the rigid and deformable microparticle. It is
observed that the increased separation distance between the particle surface and the
vessel wall prevents the adhesion of the deformable microparticle. Figure 7.3(h) shows
sample trajectories of deformable and rigid microparticles of the same size. Variations
in the radial position of the particle centroid is shown in this plot. It is seen that
while rigid microparticles eventually adhere to the wall, deformable ones exhibit an
irregular oscillatory motion towards and away from the wall. Those fluctuations are
due to the balance between lift and hydrodynamic interactions with RBCs. The
former drives the particle away from the wall, and the latter brings it towards the
wall.

Another important observation in Figure 7.2 is the biphasic dependence of Dp, ¢
on Dp. As the vessel diameter is increased from 8 to 14 um, Dp..i; is increased.
Then, with an increase in Dy from 14 to 17 pm, the value of Dp.,;; is reduced. The

initial increasing trend is explained by the geometrical blockage created by the large
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Figure 7.3: Representative snapshots showing instantaneous flow configuration for
a deformable Dp = 7 pm microparticle (a-b) and a rigid particle of the same size
(d-e) in a Dy = 11 pm microvessel; (c) deformable (red line) and rigid (blue line)
microparticle centroid trajectory for Dp = 7 ym and Dy = 11 um (solid lines - right
y-axis), and Dp = 7 pym and Dy = 17 um (dashed line - left y-axis); (h) particle
membrane near the wall in case of a rigid and a deformable Dp = 7 pm microparticle
in a Dy = 11 pm microvessel

microparticles. In a larger vessel, a larger particle is required to inhibit the pass-
ing motion of RBCs. Therefore, Dp;; increases with Dr. However, the reduction
observed in Dp.y from Dy = 14 to 17 pm, seems surprising. Besides, the results
presented in Figure 7.2 indicate that the value of Dp ., is generally smaller than what
is predicted by the size of the separation space provided between the particle surface
and the wall for RBC passage (which is approximately equal to the thickness of an
RBC subtracted from Dr) For instance, Figure 7.2 shows that a 7 ym microparticle
does not adhere to the vessel walls in a 17 pgm microvessel, although enough space ex-
ists for the RBCs passing motion. Comparing the hydrodynamic interactions between
the RBC clusters and adhering and non-adhering microparticles of the same size in
two different microvessels explains the reason. Figure 7.4 shows such interactions for

Dp =7 pm and Dy = 14 and 17 pm.
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Figure 7.4: Deformable particle dynamics in close proximity of adhesion region in
case of Dp = 7 pym, and Dy = 14 pm (a), and Dy = 17 pm (b). v, denotes the
radial velocity of particle centroid towards the wall, and r denotes the centroid radial
position. The vertical dashed line shows the instant prior to adhesion in case (a), and
the instant in which the particle is closet to wall in case (b); flow configuration in
case (a) at t* ~ 116 and in case (b) at t* ~ 238 are shown in (c¢) and (d), respectively;
temporal variations in average microparticle-RBC cluster distance (e) and average
RBC-RBC distance in the cluster (f) for the cases presented in (a) and (b).
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The trajectory of particle centroid is shown by dashed lines for the two cases in
Figure 7.4(a-b). It is observed that in case of Dy = 14 pm, once the particle comes
in close proximity of the wall (vertical line at t* ~ 116 in Figure 7.4(a)), it adheres.
This is seen by the solid line in Figure 7.4(a), which shows the radial velocity of the
particle centroid towards the wall, v,. The value of v, rises significantly following
t* ~ 116, as the initial adhesive bonds are formed and the particle is pulled further
towards the wall. However, Figure 7.4(b) shows that in case of Dy = 17 pm, once
the particle radial position reaches its maximum (vertical line at t* ~ 238), i.e. the
separation distance between the particle and the wall becomes minimum, it does not
adhere; instead, it starts moving away from the wall. This is seen as a significant
decrease in the values of r and v, in Figure 7.4(b) following t* ~ 238. Note that the
hematocrit in both cases is same (H; = 23%).

The flow configuration in the above two cases is shown in Figure 7.4(c-d). Figure
7.4(c) corresponds to t* ~ 116 in Figure 7.4(a), and Figure 7.4(d) corresponds to t* ~
238 in Figure 7.4(b). The RBC clusters interacting with the microparticle are shown
in these figures. The clusters are identified based on the surface-to-surface distance
between the RBCs that are in contact with the microparticle. Due to formation of
a lubrication layer between the particulate components in our model, such distance
does not become less than 4 Eulerian grid points, which corresponds to about 600
nanometers. This value is used as a criterion to identify the RBC clusters. Figure
7.4(c-d) also schematically demonstrates two lengthscales that we defined to study
the differences between the two clusters in the adhering and non-adhering cases under
consideration. The average of center-to-center distances between each RBC in the

cluster and the microparticle is denoted by dj;p_grc; and the average center-to-center
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distance between the RBCs themselves is denoted by dge. Figure 7.4(e-f) compares
the variations of these parameters in the vicinity of time instants shown in Figure
7.4(c-d). It is observed that over the time interval under consideration, both param-
eters exhibit lower values in the adhering case (Dr = 14 pm) in comparison with the
non-adhering case (Dr = 17 pm). This shows that the RBC cluster that is interacting
with the microparticle when it is closest to the wall, is denser in the Dy = 14 um
microvessel than the one in the Dy = 17 pm microvessel (see Figure 7.4(f)). It also
shows that the RBCs are generally closer to the microparticle in the case in which
RBC-induced adhesion occurs (see Figure 7.4(e)).

The above observations indicate that the RBC-induced adhesion of microparticle
to vessel wall depends on the formation of dense RBC clusters that impart large radial
forces on the microparticle towards the wall. Similar values in variations of dyp_pgrc
and drc are obtained in other instants when the particle comes closest to the wall but
does not adhere. Hence, it is hypothesized that not only the passing motion of RBCs
is required for the RBC-induced adhesion of microparticles, but the formation of
dense enough RBC cluster is also needed to impart large enough radial force towards
the wall during the passing motion. In smaller vessels, transverse movement of RBCs
past one another during the intrection between the RBC cluster and the microparticle
is more difficult due to microvessel confinement effects. Therefore, the RBC cluster
is dense and exerts a large force on the microparticle towards the wall. On the other
hand, in larger vessels such transverse motion is easier, which in turn makes the

RBC-induced microparticle adhesion less likely.
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The above observation also indicates the potential enhancing role of RBC ag-
gregation (formation of rouleaux) on adhesion of deformable microparticles. Sev-
eral studies have shown the enhancing effect of RBC aggregation on WBC adhe-
sion [99-101,104, 126, 127,176,177,190,191].

So far it has been established that the RBCs induce microparticles adhesion to
the vessel wall; and that such RBC-induced adhesion is strongly affected by particle
deformability: while perfectly rigid particles of any size are adhered to the wall due to
interactions with RBCs, the adhesion of deformable particles depends on the passing
motion of RBCs as well as the formation of dense RBC clusters. Both of the mech-
anisms mentioned were shown to be dependent on size effects, i.e. the diameter of
microparticle against the one of microvessel. The importance of the passing motion
of RBCs has been mentioned in a recent computational study by Takeishi et al. [121]
on WBC margination in arteriolar shear rates. In what follows, the effect of RBC
hematocrit, particle deformability, and microvessel pseudo-shear rate is discussed.

As it is shown in Figure 7.2, our results on RBC-induced adhesion of deformable
particles remains the same for H, = 11, 17, and 23% in microvessels of Dy = 11 and
14 pm. This is rather surprising as the decrease in hematocrit implies a decrease in
RBC-microparticle interaction. Considering the lateral migration of microparticles
away from the wall, together with the previously mentioned importance of RBC clus-
ter formation, it is expected that a change in hematocrit would affect Dp.;;. Figure
7.5 shows an observation in our simulations that explains the insensitivity of Dp .,
to H; in our simulations. The flow configuration right prior to adhesion of micropar-
ticles with diameters close or equal to Dp i is shown in different cases with different

hematocrits. It is seen that prior to bond formation, the microparticle significantly
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Figure 7.5: Flow configuration prior to particle adhesion for a Dp = 7 pm deformable
particle in a Dy = 14 pm microvessel at H; = 11% (a) and H; = 6% (b), for a Dp
= 7 pm rigid particle in a Dy = 11 pm microvessel at H, = 23% (c), and for a Dp
= 8 pm rigid particle in a Dy = 11 pm microvessel at H; = 23% a while following
adhesion initiation (d).
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Figure 7.6: Effect of pseudo-shear rate (a) and microparticle deformability (b) on
microparticle critical size in different sized microvessels. In (b) Cagr = 0.3.

affects the RBC suspension microstructure by creating an RBC aggregate upstream
the microparticle and a cell-free region downstream. This phenomenon, which has
been mentioned in a number of previous studies on WBCs [190,191], explains the in-
sensitivity of microparticle critical size to hematocrit. As the particle size is increased
against the vessel diameter, due to the increased geometrical blockage accompanied
by reduced velocity of the near-wall particle, the RBC suspension upstream the mi-
croparticle is slowed down and an aggregate is formed. Such aggregate locally in-
creases the hematocrit and creates similar RBC-microparticle interaction conditions
as if the hematocrit was higher.

The effects of pseudo-shear rate and particle deformability on Dp,;; are presented
in Figures 7.6(a) and (b), respectively. As mentioned in Section 7.2 (problem setup
section), the pseudo-shear rate is controlled by Cag, and 3 in our simulations. Higher
values of C'ag and f result in higher flow rates and consequently higher pseudo-shear
rates and vice versa. Figure 7.6 shows that Dp,.; is increased by a decrease in

pseudo-shear rate and it is decreased by an increase in particle deformability. At lower
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shear rate, the RBC deformation is reduced and therefore the streamline deflection is
increased (see Chapter 3). This results in a higher level of RBC-induced microparticles
dispersal. Besides, due to decreased shear gradient, the near-wall deformation of
microparticles as well as the lift imparted on them are reduced. Therefore, larger
particles encounter less difficulty coming into the adhesion region. Figure 7.6(a)
shows that decreasing C'ag to values lower than 0.03, where RBCs behave more like
rigid disk-like particles rather than elongated deformable capsules, causes particles of
all sizes under consideration to adhere to the wall. In this case, similar to the case
of perfectly rigid microparticles, RBC passing motion is no longer required for RBC-
induced adhesion, due to significant decrease in microparticle near-wall deformation.
This result is in qualitative agreement with the physiological fact that WBC adhesion
in venules, where the shear rate is low, is significantly higher compared to that in
arterioles, where the shear rate is high [192].

As demonstrated by Figure 7.6(b), Dp.; is initially decreased by an increase
in particle deformability, and then reaches a plateau. The initial decreasing trend
is because of the increase in the deformation-induced near-wall gap between the mi-
croparticle membrane and the wall. However, since the particle elongation and conse-
quently its near-wall deformation is limited due to significant resistance against area
dilatation, such near-wall gap eventually saturates and so does the Dp.;; plot. Such
behavior is of great importance in terms of biomedical applications as it indicates
that smaller particles are adhered in a wider range of deformability than larger ones.
For instance, Figure 7.6(b) shows that a 5 yum particle flowing in a 14 ym microvessel
adheres only if Cap < 0.007; however, a 3 um particle adheres in all of the capillary

numbers under consideration.
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The results of this section were focused on the phenomena that are associated
with the initial bond formation between microparticles and the vessel wall. The
RBC-induced particle adhesion is followed by microparticle adhesive rolling on the

vessel wall. Such adhesive dynamics in presence of RBCs is the subject of next section.

7.3.2 Microparticle Adhesive Dynamics in Presence of RBCs

Figure 7.7(a-c) shows sample snapshots for the initial stages of adhesive motion of a
deformable microparticle after it reaches the adhesion region by hydrodynamic inter-
actions with RBC clusters. The snapshots presented in Figure 7.7 correspond to the
case in which Dp = 7 ym and Dy = 14 um It is observed that following the forma-
tion of the first bond between the particle surface and the vessel wall, the tethered
point becomes an anchor about which the microparticle rotates. (Figure 7.7(a-b)).
The rotation is due to the torque created by the hydrodynamic shear forces as well
as interactions with RBCs. Subsequently, the strong adhesive forces further pull the
microparticle membrane towards the wall. This results in a teardrop-like shape as the
particle lies on the vessel wall and follows its contour at the bottom surface (Figure
7.7(c)). The teardrop-like shape during adhesive rolling has been observed in pre-
vious experimental studies on WBCs [102,106-108]. Another important observation
in Figure 7.7 is the formation and breakage of adhesive bonds at the trailing end
of the deformed microparticle, which has also been observed for WBCs in previous
experiments [97, 103].

The deformation in microparticle membrane increases the surface area exposed to

adhesion region, and consequently the number of bonds. It should be emphasized that
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Figure 7.7: Representative snapshots showing instantaneous configuration of RBC
suspension and a Dp = 7 um deformable particle in a Dy = 14 pum microvessel
immediately following the formation of the first bond.
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without the presence of adhesive bonds in our simulations, the deformable micropar-
ticle does not come in such close proximity of the vessel wall solely due to interaction
with RBCs. The deformation-induced wedge-like gap between the particle surface
and the wall is only eliminated completely by adhesive forces, not the RBCs alone.

Once the deformable microparticle is adhered to the wall, it starts rolling on the
substrate. This is shown by the marker point on the microparticle surface in Figure
7.7(c-f). As is it observed, while the adhered particle moves longitudinally with the
flow on the vessel wall, its membrane exhibits a rotary motion.

The rolling velocity of the microparticle, and in a more general sense, the adhesive
dynamics of the particle is determined by the balance between two competing effects:
hydrodynamic and adhesive forces. While adhesive forces slow the microparticle
down, the hydrodynamic drag and lift tend to disrupt the bonds and increase the
particle rolling velocity. Hydrodynamic forces imparted on the microparticle are
dependent on the particle size. Moreover, particle size affects the number of bonds
through the surface area exposed to adhesion region. Our results show a variety
of adhesive rolling behaviors for the adhered microparticles of different sizes. The
regimes of motion that are observed in our simulations are demonstrated by sample
particle trajectories in Figure 7.8.

This figure shows the variations in longitudinal displacement of different parti-
cles following the formation of initial bonds (marked by the arrow on the plots) in
a 14 pm (a-d) and a 17 pym (e) microvessel. Figure 7.8(a) shows ‘firm adhesion’ in
which the microparticle displacement following initial bond formation is negligible.
Such behavior is only observed for relatively small microparticles (Dp < 3 pum) in

our simulations. The intermittent ‘stop-and-go’ type motion, which is observed small
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Figure 7.8: (a-d) Variations in longitudinal displacement of a deformable microparti-
cle, x, following formation of initial bonds (marked by the arrow) in a Dy = 14 um
microvessel; each sample plot shows a different regime of motion: (a) firm adhesion
(Dp = 3 pm), (b) stop-and-go motion (Dp = 4 pm), (¢) unsteady rolling (Dp = 5
pum), (d) and semi-steady rolling (Dp = 6 um); (e) steady rolling-sliding motion of Dp
= 4 pm rigid microparticle adhered to the vessel walls in a Dy = 17 pm microvessel.



190

and moderate particles (3 ym < Dp < 5 um), is demonstrated in Figure 7.8(b).
During this motion, due to random-based formation and breakage of adhesive bonds
(see Chapter 2), the particle stands still for some time (stop), then starts rolling for
a while (go), and then again stops, and the process continues during the simulation.
Figures 7.8(c) and (d) show unsteady and semi-steady adhesive rolling behaviors,
respectively. A relatively slow rolling motion with irregular fluctuations in the mi-
croparticle displacement is observed in the unsteady rolling behavior. On the other
hand, a faster rolling behavior with a more uniform displacement variations is seen in
the semi-steady rolling motion. These two behaviors are observed for relatively larger
particles in our simulations (Dp > 5 um). The above regimes of adhesive motion
has been also recognized in modeling studies of WBCs rolling [150]. Another regime
of motion that is observed to be specific to moderate and large rigid particles is the
steady rolling-sliding motion, during which the particle adhesive rolling is accompa-
nied by non-adhesive sliding motion (Figure 7.8(e)). Figure 7.9 demonstrates such
behavior by showing the snapshots of the adhesive motion of a 4 ym microparticle in
an 11pm microvessel. As it is observed, the particle is sliding at about t* ~ 46 (Figure
7.9(a)), and rolling at about t* ~ 62 (Figure 7.9(b)). In what follows, the effect of
RBCs on the adhesive motion of microparticles on the vessel wall is discussed.
Figure 7.10 shows the effect of presence of RBCs on adhesive rolling motion of a
deformable 6 pum particle in an 11 pgm microvessel. In this figure, the microparticle
adhesive dynamics in presence and absence of RBCs are compared under the same
pseudo-shear rate conditions (i.e. time-averaged flow rate is equal in the two cases).

As previously mentioned, without the presence of RBCs the microparticle does not
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Figure 7.9: Sliding (a) and rolling (b) motion of a Dp = 4 pm microparticle in a Dy
= 11 p microvessel.
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adhere to the wall. Hence, to obtain the results for the adhesive rolling of a micropar-
ticle in the absence of RBCs, we initially placed the particle in such a way that its
surface is partly inside the adhesion region.

Figure 7.10(a) demonstrates the variations in microparticle rolling velocity, u*
(the velocity if the microparticle centroid along the flow direction x), in presence and
absence of RBCs. Note that the velocities presented in this section are normalized
by the microvessel average flow velocity. Figure 7.10(a) shows that RBCs increase
the microparticle average rolling velocity. Figure 7.10(b) demonstrates the temporal
variations in transverse velocity of the microparticle, vy, which is the velocity of
the particle centroid along the wall in the plane that is perpendicular to the flow
direction (y-z plane — see Chapter 2). The fluctuations of vy are observed to be larger
in presence of RBCs. The increase in the average value of u* and in the fluctuations of
vy, results in a significant increase in microparticle displacement in presence of RBCs.
This is seen in Figures 7.10(c) and (d), where the microparticle diplacement in flow
direction, x, and in transverse direction, €, is compared in presence and absence of
RBCs. Note that 6 represents the angular location of the microparticle centroid in
y-z plane.

Interestingly, Figure 7.10(c) further shows that the regime of adhesive motion of
the particle is altered from unsteady rolling to semi-steady rolling in the presence of
RBCs. Such an alteration is facilitated through a decrease in the number of adhesive
bonds in presence of RBCs which is observed from Figures 7.10(e) and (f). Similar
results are observed for different values of Dp and Dy, showing that not only the
RBCs enhance the rolling velocity of microparticles, they may also change the regime

of adhesive motion.
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Figure 7.10: Adhesive dynamics of a Dp = 6 um deformable microparticle in a Dy
= 11 pm microvessel in presence (solid red lines) and absence (dashed green lines) of
RBCs; temporal variations in microparticle centroid velocity along flow direction, u*
(a), and in transverse direction, v} (b); microparticle centroid trajectory along flow
direction, x (c), and in transverse direction, 6 (d); the number of bonds in absence
(e) and presence (f) of RBCs.
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Figure 7.11 shows the RBC-induced alteration in adhesive dynamics of micropar-
ticles of different diameters in an 11 pgm microvessel. The adhesive motion of the
particles in absence and presence of RBCs are shown by empty and filled bars, re-
spectively. Figure 7.11 shows a significant increase in the average rolling velocity of
microparticles, U*, due to a decrease in the average number of bonds, N, in presence of
RBCs for both deformable (Figure 7.11(a-b)) and rigid (Figure 7.11(c-d)) microparti-
cles. The regimes of adhesive motion corresponding to the average velocities are also
demonstrated in the Figures 7.11(a) and (c). Figure 7.11 also shows that the amount
of RBC-induced increase in microparticle rolling velocity depends on microparticle
size and deformability (this will be discussed in further details).

Note that the magnitude of the average rolling velocities obtained for deformable
particles are generally lower than the rigid ones of the same size, due to larger sur-
face area of adhesion provided by near-wall deformation. The deformation-induced
decrease in rolling velocity has also been mentioned in previous studies on WBC ad-
hesive rolling [113,117]. The surface area of adhesion increases with an increase in
particle size. In case of deformable particles, such increase is more significant due to
near-wall deformation and results in an increase in the number of bonds with the par-
ticle size (see Figure 7.11(b)). However, for rigid particles, the increase in the surface
area that is exposed to the adhesion molecules on the wall is relatively small and can-
not compensate the increase in hydrodynamic drag. Therefore, the number of bonds
decreases with an increase in particle size (see Figure 7.11(d)). Figure 7.11(d) also
shows that average number of bonds for moderate to large rigid particles is less than
unity, which is an indication of frequent instants when there are no bonds. During

such instances the microparticles exhibits sliding instead of rolling as demonstrated
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Figure 7.11: Normalized average rolling velocity (left column - (a) & (c)) and average
number of bonds (right column - (b) & (d)) for different sized deformable (top row -
(a) & (b)), and rigid (bottom row - (c¢) & (d)) particles in presence (filled bars) and
in absence (empty bars) of RBCs in an 11 gm microvessel.

in Figure 7.9.

The presence of RBCs affects the adhesive rolling velocity through different mech-
anisms. RBCs alter the velocity profile across the microvessel from a parabolic curve
to a blunt one [109-112]. This modification to the velocity profile increases the shear
gradient near the vessel wall and decreases it near the centerline. The increase in
near-wall shear gradient is expected to result in an increase in the disruptive forces

on the bonds, an increase in the bond dissociation rate, and consequently an increase
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in the rolling velocity. The RBCs also affect the adhesive dynamics through contin-
uous interactions with the adhered microparticle, which impart longitudinal (along
the flow) and radial (normal and towards to the vessel wall) forces on the particle.
While the former increases the rolling velocity by pushing the particle forward, the
latter decreases it by increasing the surface area of adhesion [120].

The effect of RBCs on adhesive rolling through changing the spatial distribution
of the shear rate is experienced by particles of any size. However, the forces imparted
by the RBCs on the microparticle are dependent on size effects. Simulations of this
chapter and the results of the Chapter 6 indicate that the typical CFL thickness in the
range of Dy and H; under consideration varies between 3 and 4 pm. This indicates
that the forces imparted by RBCs are mainly experienced by particles larger than 3-4
pm. Such notion has also been mentioned in a recent experimental study on adhesion
of rigid particles in presence of RBCs [56]. Figures 7.11(a) and (c) demonstrate that
the RBC-induced increase in rolling velocity occurs for all of values of Dp under
consideration (ranging from 2 to 7 ym). Note that considering the CFL thickness in
our simulations, microparticle of Dp = 2 and 3 pm are located inside the CFL and
encounter minimal interactions with RBCs, specially along the flow direction.

Therefore, it is hypothesized that the effect of RBCs through varying spatial
distribution of shear rate dominates their effects through hydrodynamic interactions
with microparticles. Figure 7.12 shows the effect of RBCs on the flow velocity profile
at multiple locations in the vicinity of a 4 ym particle adhered in an 11 gm microvessel.
Here, the lateral distribution of longitudinal flow velocity, u}, is demonstrated at
different x-locations. The plane at which the velocities are obtained passes through

both the microparticle centroid and the vessel centerline. The top row shows the
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Figure 7.12: Instantaneous distribution of longitudinal flow velocity, u}, in presence
(red solid line) and absence (black dash-dot line) of RBCs for Dp = 4 pm, and Dy
= 11 pm, far upstream the particle ((a) & (d)), immediate upstream the particle
((b) & (e)), and at microparticle centroid x-location ((c) & (f)). The profiles for
deformable and rigid microparticle are shown in (a-c), and (d-f) respectively. The
bottom horizontal dashed line shows the adhesion region and the top one shows the
lateral extent of adhered microparticle.
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Figure 7.13: The percentage of RBC-induced increase in microparticle rolling velocity,
A, as a function of particle size in Dy = 11 pym. The values are shown for deformable
and rigid microparticles by empty red bars (left y-axes) and filled blue bars (right
y-axes), respectively.

profiles for rigid particle and the bottom one for deformable particle. The velocity
profile upstream and away from the microparticle, just upstream the particle, and at
the x-location of particle centroid are shown in columns from left to right successively.
It is observed that the flow velocity magnitude in presence of RBCs is considerably
larger in the lateral locations at which the particle moves. This results in an increased
hydrodynamic drag that is experienced by the particle. More specifically, it is seen
that the near-wall velocity gradient in the adhesion region is significantly higher in the
presence of RBCs, which is an indication of considerably larger disruptive shear forces
on the bonds. The increase in the near-wall shear gradient and the hydrodynamic
drag results in an increase in the bond breakage rate and consequently an increase in
the rolling velocity.

The percentage of increase in the microparticle rolling velocity due to the presence
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of RBCs (denoted by A) is demonstrated in Figure 7.13 for Dy = 11 um. Extremely
large values are observed in a number of cases due to the change of regime of adhesive
motion. Specifically, alteration from stop-and-go motion to unsteady rolling in case
of deformable particles, e.g. Dp = 3 & 4 um, and from stop-and-go motion to steady
rolling-sliding in case of rigid ones, e.g. Dp = 3 pm, results in highest values. Since
the change of the regime of motion does not generally occur for larger particles, a
decreasing trend in the value of A with the an increase in the particle diameter is
observed. Dp = 2 um case is an exception to this trend since the regime of motion
(firm adhesion) remains unchanged in the presence of RBCs. Figure 7.13 also shows
that the RBC-induced increase in particle rolling velocity is larger for deformable
microparticles than the rigid ones of the same size. This is because the regime of
motion for rigid particles of Dp > 3 pum, which is steady rolling-sliding with relatively
high average rolling velocity, remains unchanged in presence of RBCs. However, for
deformable particles of similar sizes, a change from stop-and-go motion to unsteady
rolling (Dp = 3 & 4 pm), and from unsteady to steady rolling (Dp = 6 pm) is
observed. Considering the very small average rolling velocity in stop-and-go motion
and relatively small one in unsteady rolling, the values of A are significantly larger for
deformable particles. Also, since the average rolling velocity in stop-and-go motion is
observed to be higher for rigid particles compared to deformable ones (compare Dp
= 3 pum rigid with Dp = 3 and 4 um deformable particles in absence of RBCs in
Figures 7.11 (a) and (c)), even for Dp < 3 pm larger values of A are seen in case of
deformable particles.

The presence of RBCs not only affects the time-averaged adhesive behavior, but



200

also the temporal variations and fluctuations in adhesive motion (see Figure 7.10(a-
b)). Since the bonds are constantly being formed and broken during the simulations,
and considering the random-like basis of the probabilities for formation and breakage
of bonds as explained in Chapter 2, the number of bonds shows random fluctuations in
time (see Figure 7.10(e-f)). The fluctuations in number of bonds result in oscillations
in instantaneous velocity of particle centroid along the flow and in the transverse

direction. To measure such fluctuations, the RMS (root mean square) of normalized

velocity oscillations defined as (\/ Jp (u(t) — U*)2dt/ T) JU* (where U* is the average
rolling velocity, 7" is the averaging time window, and u*(t) is replaced by instantaneous
velocities along the flow, u*, and in the transverse directions, vj) was computed for
the different cases.

The results are presented in Figure 7.14. Figure 7.14(a) shows that the presence
of RBCs decreases the oscillations in longitudinal velocity of deformable particles.
RBCs shift the regime of adhesive motion from unsteady irregular behaviors such as
stop-and-go and unsteady rolling towards steady uniform motions such as semi-steady
rolling. This results in decreased oscillations in particle motion in presence of RBCs.
It is also seen that since a similar shift occurs with an increase in particle size, the RMS
values decrease as the particle diameter increases. An opposite behavior is observed in
Figure 7.14(b) for the fluctuations in the transverse velocity of deformable particles.
An increase in the particle size increases the RMS of transverse velocity oscillations.
The aforementioned shift in the regime of motion, gives more freedom to the particle
to move in the transverse direction. Moreover, a significant increase in the surface
area of adhesion with the particle size enables larger particles to reach for further away

adhesion molecules on the vessel wall in the transverse direction. Therefore, larger
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variations occur in transverse displacements of larger microparticles, which lead to
larger RMS values of vj. Figure 7.14(b) shows that the presence of RBCs has a similar
increasing effect on oscillations in particle adhesive motion in transverse direction. In
presence of RBCs, the regime of motion is shifted and the rate of bond breakage
is increased. Additionally, hydrodynamic interactions between the microparticle and
the RBCs in the transvese direction also contribute to the increase in the RMS values.

Figure 7.14(c) shows the effect of RBCs on velocity fluctuation along the flow
direction for rigid particles. A decreasing effect similar to the case of deformable
particles is observed here for Dp = 3 pum rigid particle due to change of regime of
motion. However, for Dp = 4 pum the effect is negligible and for larger particles (5-7
pum) a slight increasing effect of RBCs is observed. Figures 7.14(d) demonstrates
the effect of RBCs on fluctuations in the transverse velocity of rigid microparticles.
Again, a similar trend is observed. The increasing effect as in the case of deformable
particles is observed for Dp < 5 um. However, the effect becomes reversed for Dp >
S5pum. Note that unlike the case of deformable particles, here an increase in particle
size results in a decrease in fluctuations in v}, since the increase in surface area of
adhesion with the particle size is relatively small and the average number of bonds
decrease below unity with an increase in particle diameter (see Figure 7.11(d)).

The changing behavior that is observed in the effect of RBCs on the velocity fluc-
tuations of rigid particles as a function of particle size, is due to the effects of rigid
microparticles on RBCs micro-structure. When the rigid particle is large enough to
obstruct the RBC suspension flow like a stenosis, a low frequency large scale oscil-
lation in the flow rate is introduced due to transient formation and dissociation of

RBC aggregate upstream the microparticle. Formation of such aggregates causes a
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Figure 7.14: Oscillations in particle rolling velocity, u* (first column - (a) & (c)),
and transverse velocity, vj (second column - (b) & (d)), as a function of particle
diameter for deformable (left column - red color) and rigid (right column - blue color)
particles in absence (empty bars) and presence (filled bars) of RBCs. The oscillations
is evaluated as the RMS of particle centroid velocity divided by its average value.
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Figure 7.15: Time-dependent variations in microvessel flow rate, Q (red dashed line)
and microparticle rolling velocity, u* (black solid line), for a Dp = 3 ym (a) and a Dp
= 8 um (d) rigid microparticle adhered in a Dy = 11 pm microvessel; representative
snapshots showing RBC distribution corresponding to highest and lowest microvessel
flow rates are shown in (b-c), and (e-f) for cases (a) and (b), respectively.

drop in flow rate and therefore in the pseudo-shear rate, which results in a decrease
in bond breakage and consequently a reduction in microparticle rolling velocity. Dis-
sociation of RBC aggregates, thereafter increases the flow rate and consequently the
pseudo-shear rate and the particle rolling velocity. Such large amplitude low fre-
quency oscillations in rolling velocity significantly increase the RMS values for large
rigid particles as it is seen in Figure 7.14(c). Moreover, the increased geometrical
blockage results in hindered transverse motion, which explains the similar changn-
ing behavior observed in Figure 7.14(d). The effects of particles on RBC suspension
microstructure are considerably less severe in case of deformable particles due to

near-wall deformation and consequently less geometrical blockage.
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Figure 7.15 shows sample rolling velocity fluctuations over time for rigid particles
of 3 (Figure 7.15(a-c)) and 8 pum (Figure 7.15(d-f)) in a Dy = 11 pm microvessel.
The corresponding snapshots of the flow configuration is also demonstrated. As it
is seen in this figure, the amplitude of velocity fluctuations is significantly higher for
the Dp = 3 pm compared to Dp = 8 um. However, the low frequency variations in
rolling velocity that is observed for Dp = 8 pm, is negligible for the Dp = 3 pm. The
snapshots also demonstrate that while the RBC distribution is more or less uniform in
different time instants for the Dp = 3 pm, it is considerably non-uniform in the case
of Dp = 8 um. The accumulation of RBCs upstream the rolling microparticle and the
formation of a cell-free region downstream it is seen in Figure 7.15(e-f). The figure
also shows that as the RBC squeezes through the gap between the particle and the
wall (Figure 7.15(f)), the overall velocity of the particle drops significantly (although
the high-frequency oscillations due to bond formation/breakage still exists); and as
the RBC suspension micro-structure becomes more dispersed (Figure 7.15(e)), the
particle velocity is increased. Figure 7.15(d) shows that the particle rolling velocity
closely follows the variations in microvessel flow rate. This is while the rolling velocity
correlation with flow rate fluctuations is much weaker in case of Dp = 3 um particle
(Figure 7.15(a)). Although similar correlation between flow configuration and flow
rate variations, similar to what was presented in Chapter 6 for non-stenosed microves-
sel, is observed in this case (Look at the three RBCs just above the microparticle in
Figure 7.15(b) blocking the flow passage and compare with the RBC distribution in
Figure 7.15(c)).

The results of this section are similar to the previous section in the sense that they

showed the significance of the presence of RBCs as well as microparticle deformation
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in particle adhesion to vessel walls. In the previous section, the effects of those
parameters on RBC-induced formation of initial adhesive bonds were discussed, and
in this section those effects on microparticle adhseive rolling were focused. Our results
show a dual role for both the presence of RBCs and the particle deformability during
the two different stages of microparticle adhesion. In the first stage, i.e. microparticle
initial adhesive bond formation, the presence of RBCs has an enhancing effect but the
particle deformation has an adverse effect. On the other hand, in the second stage,
i.e. microparticle adhesive rolling on the vessel wall, particle deformation is favorable

but the effect of the presence of RBCs is adverse.

7.4 Conclusion

We performed a 3D multiscale multiphysics modeling study of microparticle adhesion
in microvessels. We showed that the RBCs induce the formation of initial adhesive
bonds between the microparticle and the vessel wall by pushing the particle into
the adhesion region. It was observed that the deformability of microparticle is of
crucial importance in the RBC-induced adhesion. The near-wall deformation of the
particle creates a wedge-like gap that keeps the particle away from the adhesion
region. Adhesion of a deformable microparticle to the vessel wall is only facilitated
by the passing motion of RBC clusters that reduce the wedge-like gap by pushing the
microparticle towards the wall.

Due to such near-wall deformation, a maximum particle size, termed as ‘critical
particle size’, was found for deformable microparticles above which the RBC-induced
adhesion does not occur. The existence of a critical particle size was not observed for

perfectly rigid microparticles due to absence of near-wall deformation. The value of
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the critical size for deformable microparticles was shown to be dependent on the mi-
crovessel size and pseudo-shear rate, and the particle deformability, but not sensitive
to the RBC hematocrit in the physiological range (11 to 23%).

Our results showed that as the microvessel diameter, Dp, increases from 8 to
14 pm, the critical size increases; but then it decreases as Dr is increased to 17
pm. The initial increase was attributed to the geometrical blockage created by the
particle against the RBCs passing motion. It was hypothesized that the adhesion of
microparticles in larger microvessels (Dp = 14 & 17 pm where the RBCs motion is
multifile) is not only dependent on RBCs passing motion, but also on the formation
of dense enough RBC clusters that are able to create strong radial forces towards the
wall. The formation of such dense clusters is more likely in smaller microvessels due
to significant confinement of RBC suspension. Therefore, the critical size is reduced
from Dy = 14 to 17 pm.

Our simulations showed that RBCs form aggregates just upstream the microparti-
cles of critical size immediately prior to initial bond formation. Such phenomenon was
proposed to explain the insensitivity of the critical particle size to RBC hematocrit.
Transient formation of RBC aggregate locally increases the hematocrit just upstream
the microparticle and creates the same effect as in high hematocrit case. We also
showed that the critical particle size is reduced with an increase in pseudo-shear rate
and an increase in particle deformability, due to the increased near-wall deformation.

We further showed that not only the initiation of particle adhesion to vessel wall is
strongly dependent on the presence of RBCs as well as microparticle deformation, but
the adhesive rolling that is followed is also considerably affected by those parameters.

It was observed that the average rolling velocity of microparticles is increased in



207

presence of RBCs. This was attributed to the effect of RBCs on the flow velocity
profile inside the microvessel. The blunted profile in presence of RBCs results in
a higher near-wall shear gradient, and consequently larger disruptive forces on the
adhesive bonds. This causes a reduction in the number of bonds and in turn an
increase in the microparticle rolling velocity. The RBC-induced increase in the rolling
velocity was observed to be significant enough to alter the regime of adhesive motion
in a number of cases.

The change of regime of motion was observed to be more likely for deformable
particles against rigid ones and for smaller particles against larger ones. Moreover,
the values of average rolling velocity were observed to be generally larger for rigid
particles compared to deformable ones (due to lack of deformation). Therefore, the
increase in the average adhesive rolling velocity due to presence of RBCs was shown
to be more pronounced for deformable and for relatively smaller particles.

Besides the time-averaged features of microparticle adhesive rolling, the time-
dependent oscillations of the adhesive behavior were also observed to be affected
by the presence of RBCs and the deformation of microparticles. The RMS of in-
stantaneous oscillations in longitudinal velocity of deformable particle was shown to
decrease in the presence of RBCs, since the adhesive regime of motion is shifted from
irregular behaviors towards more uniform ones. On the other hand, the RMS of
fluctuations in transverse velocity of the deformable microparticle was observed to
increase in the presence of RBCs. Increased rate of bond breakage due to change
of regime of motion and the consequent increase in freedom of particle motion in
transverse direction, together with transverse interactions with RBCs contribute to

such increase. Similar trends were seen for smaller rigid particles due to change of
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regime of motion. However, the effect of RBCs was observed to be flipped for larger
rigid particles because of the effects of microparticles geometrical blockage on the
RBCs microstructure. The blockage was shown to create low-frequency large am-
plitude fluctuations in the flow rate and consequently the pseudo-shear rate. Since
the pseudo-shear rate directly affects the microparticle adhesive dynamics, the RMS
of rolling velocity oscillations is also increased. The blockage also leads to hindered
microparticle transverse motion and decreases the RMS of transverse velocity. The
effect of geometrical blockage is significantly less in case of deformable particles due
to considerable near-wall deformation.

In conclusion, the mechanisms through which the microparticles and the RBCs
suspension interact during microparticle adhesion to vessel walls have been studied
in a quantitative manner through multi-scale numerical simulations. The results of
this chapter demonstrated a dual role for both the presence of RBCs and the particle
deformability in microparticle adhesion. In the first stage of adhesion, which is mi-
croparticle initial adhesive bond formation, the presence of RBCs has an enhancing
effect but the particle deformation has an adverse effect. On the other hand, in the
second stage, which is microparticle adhesive rolling on the vessel wall, particle de-
formation is favorable but the effect of the presence of RBCs is adverse. The results
of this chapter are of importance for biomedical applications as they demonstrate a
number of new phenomena related to adhesion of microparticles as commonly used
drug/contrast agent carriers in drug delivery/biomedical imaging systems. Our re-
sults indicate that to benefit from the outperformance of deformable microparticles
against rigid ones in terms of adhesive rolling, the particle size and deformability

should be taken into consideration. This is because the formation of initial adhesive
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bonds prior to adhesive rolling is dependent on microparticle geometrical/physical
properties as well as the hemorheological conditions of targeted site. Our results
further indicate that incorporating smaller deformable particles offer wider range of
particle deformability and microvessel pseudo-shear rate for facilitated RBC-induced
formation of initial adhesive bonds. Moreover, our results show that the geometri-
cal and physical properties of drug carriers and contrast agents are also important
during the adhesive rolling due to potential adverse effects on RBC flow suspension.
Larger and less deformable particles might obstruct the passage of RBCs following

the adhesion, which can lead to disruption of the oxygen transport to downstream.
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Chapter 8

Conclusion and Directions for Future Work

8.1 Conclusion

In this thesis, multiscale/multiphysics three-dimensional numerical simulations of
concurrent multiple cellular/particulate processes in microcirculatory blood flow were
presented. Particularly, the transport, dynamics, and adhesion of cells/ microparticles
in microcirculation were focused. The objective was to shed light on complex under-
lying biophysics that are involved in different phenomena related to the particulate
transport in blood flow. Specifically, the effects of microparticles physical/geometric
properties on their interactions with red blood cells during diffusion, margination, and
adhesion in blood flow were studied. The transport and dynamics of blood cells in
microstenosis, and their effects on the average macroscopic as well as time-dependent
microscopic flow characteristics were also studied. The unique feature of this work
was the implementation of complex geometries, many-cell multi-component suspen-
sion flow dynamics, complex cellular /particulate motion and deformation, and molec-
ular adhesive bond dynamics into a single unified model. The findings of this thesis
underscore the ability of computational modeling in integrating different scales (from
nano- to macroscale), and various physics (from chemical reactions to cell mechanics

and hydrodynamics), in order to improve our understanding of cellular/particulate
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processes associated with microcirculation. Such understanding is of great impor-
tance for biomedical applications, such as the design of new targeting systems for
drug delivery or biomedical imaging.

Our numerical technique is an immersed boundary/front-tracking method that
simulates the complex dynamics of different particulate components in the flow of
blood, namely, RBCs, platelets, WBCs, rigid microparticles, and deformable cap-
sules and vesicles. The method is also embedded with a sharp-interface immersed
boundary method to handle the complex geometries such as an asymmetric stenosis
in microvessels. A stochastic Monte-Carlo method is also included in the model in
order to coarse-grain the nanoscale molecular binding reactions that mediate adhe-
sive interactions between the particulate components and the blood vessel walls. The
main results of this thesis can be summarized as follows:

1. Hydrodynamic interaction between a platelet and an RBC in a dilute
suspension: The influence of RBC dynamics in shear flow, namely tank-treading and
tumbling, as well as the effects of the presence of a bounding wall, on the deflection of
platelet trajectories was studied in a quantitative manner. Two types of interaction
between the RBC-platelet pair were observed: a crossing event in which the platelet
comes in close proximity to the RBC, rolls over it, and continues to move in the
same direction; and a turning event in which the platelet turns away before coming
close to the RBC. The crossing event was observed to occur when the initial lateral
separation between the cells is above a critical separation, and the turning event
when it is below the critical separation. The critical lateral separation was found to
be higher during the tumbling motion than that during the tank-treading. In close

proximity of a bounding wall, it was observed that when the RBC is flowing closer to
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the wall than the platelet, the critical separation was observed to increase by several
folds, implying the turning events have higher probability to occur than the crossing
events. On the contrary, if the platelet is flowing closer to the wall than the RBC, the
critical separation was observed to decrease by several folds, implying the crossing
events are likely to occur. Based on this result, a mechanism of continual platelet drift
from the RBC-rich region of the vessel towards the wall by a succession of turning
and crossing events was proposed.

2. Platelet transport and dynamics in blood flow: Platelet dynamics in
whole blood under shear flow was studied with a focus on the 3D effects of the
platelet-RBC interaction on platelet margination and near-wall dynamics. It was
found out that the RBC distribution in whole blood becomes naturally anisotropic
and creates local ‘clusters’ and ‘cavities’. A platelet can enter a ‘cavity’ and use it as
an express lane for a fast margination towards the wall. Such a process was termed
as ‘waterfall phenomenon’. Once near the wall, the 3D nature of the platelet-RBC
interaction was found to result in a significant platelet movement in the transverse
(vorticity) direction, leading to an anisotropic platelet diffusion within the CFL. It
was found that the anisotropy in platelet motion further leads to the formation of
transient platelet clusters, even in absence of any platelet-platelet adhesion, which
may act as a hydrodynamic precursor to the thrombus formation. The transverse
motion, and the size and number of the platelet clusters were observed to increase with
decreasing CFL thickness. It was also observed that the 3D nature of the platelet-RBC
collision induces fluctuations in off-shear plane orientation and, hence, a rotational
diffusion of the platelets. While most marginated platelets were observed to tumble

just outside the RBC-rich zone, platelets further inside the CFL were observed to
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flow with an intermittent dynamics that alters between sliding and tumbling. Such
behavior is shown to be a result of the off-shear plane rotational diffusion. The
findings underscored the importance of the cellular-scale 3D models of whole blood
in understanding platelet margination and near-wall platelet dynamics.

3. Microparticle shape effects on transport and dynamics in blood flow:
Transport of microscale drug carriers modeled as platelet-sized microparticles of dif-
ferent shapes (spherical, oblate, and prolate) in whole blood was studied to quantify
the microparticles’ shape effect on their margination, near-wall dynamics and adhe-
sion. It was observed that the near-wall accumulation is highest for oblate particles of
moderate aspect ratio, followed by spherical particles, and lowest for very elongated
prolate particles. The result was explained using microscale dynamics of individual
particles, and their interaction with the RBCs. It was observed that the microparti-
cles” orientation in 3D space and the frequency of their collisions with the RBCs are
the key factors affecting their margination. It was shown that due to repeated colli-
sions with RBCs in presence of a bounding wall, the axes of revolution of the oblate
particles align near the plane of the shear flow, but those of the prolate particles shift
towards the vorticity axis with a wider distribution. Such specific orientations was
shown to lead to more frequent collisions and a greater lateral drift for the oblate
particles than microspheres, but less frequent collisions and a reduced lateral drift
for the elongated prolate particles, resulting in the observed differences in their near-
wall accumulation. Once marginated, it was observed that the particle shape has
an entirely different effect on the likelihood of particle-wall contacts. It was found
out that marginated prolate particles, due to their alignment along the vorticity axis

and large angular fluctuations, are more likely to make contacts with the wall than
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spherical and oblate particles. The adhesion between flowing microparticles and wall
in presence of RBCs was also simulated. It was observed that once wall contacts are
established, the likelihood of firm adhesion is greater for disk-like particles, followed
by elongated prolates, and microspheres. The results showed that different stages
of margination-adhesion cascade can be differently affected by the particle geometric
properties. Therefore, it was suggested that the local hemorheological conditions near
the targeted sites must be taken into consideration while selecting the optimum shape
of the microscale vascular drug carriers.

4. Blood flow in stenosed microvessels: Flow of RBCs in stenosed mi-
crovessels typical of small arterioles was studied. It was observed that the Fahraeus-
Lindqvist effect is significantly enhanced due to the presence of a stenosis. Not only
the apparent viscosity of blood was observed to increase by several folds, the rate
of increase with increasing vessel diameter was also observed to be higher than that
in non-stenosed vessels, and could not be predicted by using the in-vitro blood vis-
cosity. An asymmetric distribution of the RBCs, caused by the geometric focusing
in stenosed vessels, was observed to play a major role in the enhancement of the
Fahraeus-Lindqvist effect. In smaller vessels, the presence of a stenosis converted
the multi-file flow of the cells to a single-file flow. In contrast, in larger vessels, cells
were observed to crowd upstream region of the stenosis. The asymmetry in the cell
distribution was also observed to result in an asymmetry in average velocity and wall
shear stress along the length of the stenosis. The discrete motion of the cells through
the stenosis was observed to cause large time-dependent fluctuations in flow proper-
ties. The rms of flow rate fluctuations in presence of a stenosis could be an order of

magnitude higher than that in non-stenosed vessels. Similarly, several folds increase
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in Eulerian velocity fluctuation was observed in the vicinity of the stenosis than that
in non-stenosed vessels. Furthermore, the velocity fluctuation immediate upstream
was observed to be much higher than that downstream. Surprisingly, a transient
flow reversal was observed upstream a stenosis but not downstream. The observed
asymmetry and fluctuations in flow quantities and the flow reversal would not occur
in absence of the cells. It was concluded that the flow physics and its physiological
consequences are significantly different in micro- versus macrovascular stenosis.

5. Adhesion of microparticles in microvessels — role of RBCs and mi-
croparticle deformability: Adhesion of deformable as well as perfectly rigid mi-
croparticles in microvessels was studied. The results demonstrated significant ef-
fects of RBCs as well as particle deformability on formation of the initial adhesive
bonds and on the following adhesive motion of microparticle on the vessel wall. It
was observed that hydrodynamic interactions with RBC clusters induce microparti-
cle adhesion. The near-wall deformation of deformable microparticles was observed
to result in a critical particle size above which RBC-induced microparticle adhesion
does not occur. Such critical size was shown to be non-existent in case of perfectly
rigid particles due to absence of the near-wall deformation. The dependence of the
critical particle size on pseudo-shear rate, particle deformability, RBC hematocrit,
and microvessel size was studied and discussed. An increase in the critical size with
a decrease in pseudo-shear rate and particle deformability was observed due to the
decrease in near-wall deformation. The critical size was observed to be insensitive
to RBC volume fraction in the hematocrit range under consideration (11 to 23 %).
Such behavior was attributed to the formation of transient RBC aggregate upstream

the microparticle that is observed prior to the formation of initial adhesive bonds. A
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nonlinear dependence of critical size on microvessel diameter, with an initial increase
followed by a decrease with increasing vessel size, is observed. The nonlinear trend is
explained by effects of microparticle geometrical blockage on RBC suspension as well
as the interactions between RBC clusters and microparticles in confined tubular ge-
ometry of microvessels. Significant effects of RBCs and particle deformability was also
shown on adhesive rolling of microparticles following the formation of initial adhesive
bonds. The rolling velocity of microparticle was observed to be increased in presence
of RBCs due to modification of velocity profile across the microvessel, which results
in an increase in the shear gradient near the wall. The RBCs were also observed to
alter the regime of adhesive motion in a number of cases. The RBC-induced increase
in rolling velocity was shown to be more significant for smaller particles against larger
ones and for deformable particles against rigid ones. Overall, our results suggested
that both the presence of RBCs and the microparticle deformability have a dual role
in particle adhesion to vessel wall. During the initiation of adhesion, the RBCs have
favorable effects and the particle deformation has adverse effects. In contrast, during
adhesive rolling, the effect of RBCs is adverse and the effect of particle deformation
is favorable. It was concluded that to benefit from the superiority of deformable
microparticles over rigid ones in terms of adhesive rolling for targeting applications,
the hemorheological conditions of targeted site must be taken into account, as they
determine the choice of microparticle deformability and size that result in effective

formation of initial adhesive bond prior to adhesive rolling.
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8.2 Future Work

The eventual objective of the studies presented in this thesis is to create a model
that can fully resolve the multiscale/multiphysics nature of the simultaneous multi-
cellular /particulate processes associated with microcirculation in realistic physical/
geometric conditions. Subsequently, it is desired to use that model as a prediction
tool for biomedical applications such as drug delivery and targeting. Towards that
end, many of the essential phenomena that are involved in microcirculatory blood
flow were successfully simulated. Examples include: large and complex deformation
and dynamics of RBCs in a dense cellular suspension, complex three-dimensional rota-
tional dynamics of platelets and vascular drug carriers of different nonspherical shapes
in blood flow and their hydrodynamic interactions with RBCs, near-wall dynamics
of platelets and different sized /shaped rigid /deformable microparticles, molecular ad-
hesive bond interactions between the surface of particles and the cell lining on the
vessel wall, and the interactions between the flow of a dense RBC suspension and a
complex three-dimensional geometry such as stenosis. A number of implementations
can further improve our model and bring it closer to the aforementioned final goal.
Here we have summarized those as future directions with respect to this work.
Including vessel wall roughness: The endothelial cell lining on the inner surface
of the blood microvessels is not perfectly smooth. The effects of the sub-micron
irregularities in the geometry of ECs on the near-wall dynamics and adhesion of
platelets and microparticles in small microvessels have not been addressed in the
literature. The sharp-interface immersed method in our model can be used to create
a more realistic geometry to simulate the cell lining on the microvessel walls. For

instance, a wavy surface can be generated by the existing numerical method to model
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ECs.

Including further complex geometries, e.g. bifurcation, branching network, mi-
croemboli, etc: Incorporating the sharp-interface immersed boundary method to sim-
ulate the solid boundaries such as microvessel wall and micro-stenosis, can be further
extended to more complex geometries that exist in human body such as branching
network, bifurcation, and microemboli. A considerable challenge in such improve-
ment is the extensive number of solid nodes in the method that do not contribute
to the flow/cell physics but increase the simulation work load and contribute to the
computational cost. Therefore, significant modifications to the existing numerical
method are required in this regard.

Including pulsatility of blood flow and deformability of vessel walls: The driving
force in the circulation is the pumping work of heart muscles. As a result, blood flow
is periodic and pulsatile. Also, blood vessels are not completely rigid and exhibit
deformability to some extent. The combination of these two effects complicates the
boundary condition required to be applied on the vessel walls in a realistic model.
Such effects, however, significantly decay as the blood flows from larger vessels such as
arteries into further downstream smaller vessels like arterioles and capillaries. Hence,
we used no-slip boundary conditions on perfectly rigid geometries to model microvas-
cular walls. Nevertheless, the effects of flow pulsatility and vessel wall deformability
could be of interest in microcirculation in tumor tissue, in which the blood flow is
known to be intensified due to the leaky microvasculature. The existing immersed
boundary/front tracking can be modified to simulate deformable vessel walls to in-

clude such effects.
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Modeling glycocalyx layer: Glycocalyx is a glycoprotein that protects the vascular
walls from direct exposure to blood flow, serving as a vascular permeability barrier.
The glycocalyx layer can be modeled as a porous layer on the vascular wall [168].
This, in fact, would lead to deviation of the boundary condition from no-slip condi-
tion, and consequently may influence the wall-normal migration of deformable RBCs.
This in turn may affect platelets/microparticles margination and near-wall dynam-
ics. Including such effects in our model in order to get even more realistic conditions
requires modifications to the sharp-interface immersed-boundary method.

Simulation of blood cell aggregation: The effect of RBC aggregation (rouleaux)
on WBC adhesion has been studied extensively in the literature [99-101, 104, 127,
176,190, 191]. Considering the discussions presented in Chapters 4, 5, and 7 on the
significance of the RBC suspension microstructure, RBC aggregation is expected to
also affect the transport of platelets and vascular micron-sized drug carriers. Our
model could be embedded with an adhesion model similar to what has been used for
particle—vessel wall adhesive interactions, to include the effects of RBC aggregation.
The adhesion model could be further used to simulate the platelet aggregation as the
next step in hemostasis after the platelets capture on the vessel walls.

Modeling cell membrane electrical charge: It is known that the membrane of
RBCs is negatively charged and can respond to electric fields [193]. Modifications
to our model can include such effects to simulate the biomedical applications such as

cell/particle separation via dielectrophoresis (DEP) [194-198].
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