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Inflammation is a key physiological process, important in infections, 

autoimmune diseases, and chronic diseases. During inflammation, circulating 

neutrophils roll on, and eventually tether to, the endothelial lining of blood vessels, 

allowing them to exit the bloodstream and enter the surrounding tissue. This process is 

mediated by the selectin family of adhesion molecules.  

A three-dimensional computational model was applied to neutrophils with 

pseudopods to study the effect of cell shape on the hydrodynamic transport of 

neutrophils. It was found that neutrophils experience more frequent collisions 

compared to prolate spheroids of equal volume and length. Longer pseudopods and 

lower shear rates increase the collision time integral contact area, a predictor of 

binding potential. The contact between the neutrophil and the vessel wall was found to 

be focused predominantly on the pseudopod tip. 

Multiscale Adhesive Dynamics was used to simulate the behavior of 

pseudopod-containing neutrophils mediated by P-selectin/PSGL-1 binding kinetics. In 

contrast to the hydrodynamic model, P-selectin/PSGL-1 binding slows the 

neutrophil’s translation in the direction of flow and causes the neutrophil to swing 

around perpendicular to flow. Several behaviors observed during the simulations, 



 

including tethering and firm adhesion upon contact with the endothelium, were 

qualitatively consistent with in vivo data of murine neutrophils with pseudopods. 

Increasing shear rate, receptor count, and bond formation rate increased the incidence 

of firm adhesion. Tethering was conserved across a range of physiological shear rates 

and was insensitive in the number of surface PSGL-1 molecules.  

E-selectin is upregulated on stimulated endothelial cells and binds to sLe
x
, a 

common constituent on selectin ligands. Molecular simulations were used to compare 

the dissociation mechanisms of sLe
x
 with mouse and human E-selectin, which differ 

by 29 amino acids in the region of interest. Mouse E-selectin in complex with sLe
x
 

was found to take longer to dissociate, which was corroborated with rolling 

experiments.  

Modeling of selectin-mediated neutrophil interaction with the endothelium 

allows for a more detailed understanding of the free-flow capture and rolling 

mechanisms that propel the inflammation cascade. Clinically, engineering selectins for 

greater adhesion could lead to improved selectin-based leukocyte or circulating tumor 

cell isolation of patient blood. 
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CHAPTER 1 

INTRODUCTION 

 

Inflammation results when there is a disturbance to tissue homestasis, such as 

exposure to pathogens or injury
1
. It is a complex physiological process fundamental to 

infections, autoimmune diseases, and chronic diseases, including cancer, Alzheimer’s, 

and heart disease. Heat, swelling, redness, and pain are hallmark signs of 

inflammation
2,3

. 

Inflammation can be acute, when it is quickly resolved, or chronic, where the 

disruption continues. Both types have multiscale effects at the celluar, vascular, and 

tissue levels. Acute inflammation results after an infection or tissue injury; 

macrophages and mast cells in the affected tissue produce cytokines that recruit 

leukocytes from the vasculature, which becomes more permeable to allow the 

leukocytes to exit and eliminate the pathogen
4
. Shortly thereafter, the tissue is 

repaired. In contrast, chronic inflammation has an ongoing non-infectious stimulus 

that leads to a low-grade systemic state of stress
2
.  

Accounting for half of circulating leukocytes, neutrophils are the body’s 

principal defense during acute inflammation and act within minutes of a triggering 

event
5–7

. In circulation, red blood cells drive neutrophils towards the endothelium, 

away from the center of the venule, allowing them to interact with the vessel wall
8,9

. 

Selectins mediate the capture of free-flowing neutrophils to the inflamed blood 

vessels. This interaction entails the quick formation and dissociation of adhesive 

bonds between the cell and endothelium under the force of blood flow
10

. The adhesion 
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events occur as a result of balance between transport and bond kinetics; faster 

transport close the wall increases the number of endothelium receptors with which the 

cell ligands come into contact, but it lowers the length of time that the cell ligands are 

in contact with individual receptors
10

. When a neutrophil has formed bonds with the 

endothelium, the shear flow exerts a hydrodynamic force on the rear of the cell. The 

stressed bonds at the back of the cell then break, causing the cell to move forward and 

form new bonds on the underside of the cell. The balance between shear flow, new 

bond formation, and bond breakage causes the neutrophil to tether and roll on the 

endothelium
11

. A more detailed understanding of the impact of neutrophil shape on 

transport behavior could yield opportunities for potential therapies that modulate the 

inflammatory cascade. 

In the postcapillary venules, the tethering and rolling of freely flowing 

neutrophils prior to extravasation is largely mediated by the selectin family of 

transmembrane glycoproteins, which includes P(latelet)-selectin, E(endothelial)-

selectin, and L(eukocyte)-selectin
12,13

. Selectins show a significant degree of sequence 

homology among themselves and between different species: about 72% and 60% in 

the lectin and EGF domains, respectively
12

. Selectins have an N-terminal lectin 

domain, an epidermal growth factor (EGF) domain, two (L-selectin), six (E-selectin) 

or nine (P-selectin) consensus repeats, a transmembrane domain, and a cytoplasmic 

domain
10,12,14

. After endothelial cells are stimulated during an inflammatory event, P-

selectin is expressed first, then E-selectin. All of the selectins bind with P-selectin 

glycoprotein ligand-1 (PSGL-1) and have additional receptors
10

. PSGL-1, 

concentrated on the tips of surface protrusions called microvilli
15

, accounts for 90% of 



 

3 

P-selectin binding
12

. The structure of PSGL-1 includes an N-terminal tyrosine sulfate, 

a long glycoprotein backbone, a transmembrane protein, and a short cytoplasmic tail
12

. 

Selectin interdomain hinge flexibility greatly affects on-rate of selectin/ligand binding. 

All the selectins have shown “open” and “closed” states.  A flexible hinge encourages 

the oscillation between the two states, which facilitates greater range of motion for the 

lectin domain and thus provides more opportunities for binding
16

. Increasing the hinge 

flexibility of L-selectin by mutagenesis was shown to cause an increase in binding on- 

and off-rates of selectin/ligand interactions
17

. Studies of P-selectin/sLe
x
 showed that 

binding site and interdomain angle greatly affected dissociation time and 

conformation
18

. 

The neutrophil rolling and adhesion paradigm for extravasation is not 

necessarily a one-way process. It has been shown in vivo that only 10% of activated, 

migrating neutrophils transmigrate into the extravascular space, while the vast 

majority detach from the wall and rejoin the blood flow
19

. During inflammation, 

neutrophils extrude pseudopods (also called lamellipods) that are essential in crawling 

on the endothelium and eventually extravasating into the extracellular space. 

Pseudopods are organelle-less extensions that grow and retract due to the 

polymerization of actin filaments; once extruded, they remain stiff
20–22

. Pseudopod 

formation has been implicated in a number of diseases, including stroke, coronary 

disease, and peripheral vascular disease
23

. This process can happen when neutrophils 

are in the bloodflow or bound to the endothelium
24

. Since the vast majority of 

migrating neutrophils detach from the wall and rejoin the blood flow, there is an 

unstudied population of circulating neutrophils with stable pseudopods. Indeed, 
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pseudopods were even exhibited by four percent of leukocytes in whole blood 

collected from healthy humans
25

. Typically, neutrophils retract pseudopods when 

stimulated with shear stress
26

; however, centrifuged leukocytes and those treated with 

glucocorticoid, an anti-inflammatory cytokine, have been  shown to retain their 

pseudopods under shear stress
21,27

.  

The first direct model of leukocyte rolling, called Adhesive Dynamics (AD), 

was developed by Hammer and Apte in 1992
28

 and couples hydrodynamics with 

adhesion kinetics. It was revised by King and Hammer in 2001 for multiple particles, 

termed Multiparticle Adhesive Dynamics, MAD
29,30

. MAD, based on the Completed 

Double Layer Boundary Integral Equation Method (CDL-BIEM), is used to solve the 

integral representation of the Stokes equation in simple shear flow. It has been adapted 

for spherical leukocytes
31–34

 and oblate spheroids representing platelets in the 

bloodstream
35–38

. MAD produces physiologically-relevant cell rolling and collision 

behavior while incorporating experimentally-determined bond formation and 

dissociation kinetics. The MAD algorithm uses Monte Carlo to determine individual 

bond formation/dissociation events at each time step based on bond kinetics. 

Molecular dynamics simulations are computational methodologies used 

extensively in the study of the movement of a protein chain over time, given certain 

starting parameters. They can be used in conjunction with docking and steered 

molecular dynamics simulations to determine how the selectin structural differences 

affect their corresponding binding and rolling behavior. 

Molecule conformational changes are essential to physiological processes
39

. 

Selectin interdomain hinge flexibility greatly affects the on-rate of selectin:ligand 
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binding. All the selectins have shown “open” and “closed” states that correspond to 

whether or not they are in complex; for instance, there is a 52° increase in the 

interdomain angle from unliganded P-selectin to P-selectin in complex
40

.  

Hydrodynamic forces in the bloodstream favor the open conformation as it can 

strengthen selectin:ligand bonds
41

. A flexible hinge encourages the oscillation between 

the two states, which facilitates greater range of motion for the lectin domain and thus 

provides more opportunity for binding
16,42

. Lou et al. used molecular dynamics and 

site mutagenesis at the interdomain hinge of L-selectin to learn that increasing hinge 

flexibility via mutation caused an increase in binding on- and off-rates of 

selectin:ligand interactions
17

. Of particular interest are the binding site and 

interdomain angle, since prior dissociation studies of P-selectin:sLe
x
 suggest these to 

be important modulators of dissociation time and final conformation
18

. 

 

This thesis presents computational modeling of selectin-mediated neutrophil 

interaction with the endothelium on a variety of scales. The study in Chapter 2 

presents an analysis of the near-wall hydrodynamic collisions of a neutrophil geometry 

consisting of a spherical body with a Gaussian-shaped pseudopodial extension as the 

transport behavior of this unique cell geometry has not yet been addressed. The study 

in Chapter 3 uses the Multiscale Adhesive Dynamics computational model to 

simulate, for the first time, the tethering and rolling behavior of pseudopod-containing 

neutrophils as mediated by P-selectin/PSGL-1 bonds. In Chapter 4, molecular 

simulations were used in elucidate the binding of sLe
x
 to mouse and human E-selectin 

and were compared with rolling experiments. The results from this study will be 
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applied to create a “super sticky E-selectin” with enhanced adhesive properties, as 

described in Appendix A. An inquiry-based high school laboratory module showing 

how fluid mechanics concepts can be applied to the bloodstream is described in 

Chaper 5.  Finally, Chapter 6 provides the conclusions of these studies as well as 

future studies to expand upon this thesis work. 
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CHAPTER 2 

 

EFFECT OF PSEUDOPOD EXTENSIONS ON NEUTROPHIL HEMODYNAMIC 

TRANSPORT NEAR A WALL 

 

This study is submitted for publication to Cellular and Molecular Bioengineering. 

Authors: Anne D. Rocheleau
1
, Weiwei Wang

1
, and Michael R. King

1
 

1
 Department of Biomedical Engineering, Cornell University, Ithaca, NY 

 

During inflammation, circulating neutrophils roll on, and eventually tether to, the 

endothelial lining of blood vessels, allowing them to exit the bloodstream and enter 

the surrounding tissue to target pathogens. This process is mediated by the selectin 

family of adhesion proteins expressed by endothelial cells. Interestingly, only 10% of 

activated, migrating neutrophils transmigrate into the extravascular space; the other 

90% detach from the wall and rejoin the blood flow. Neutrophils extrude pseudopods 

during the adhesion cascade; however, the transport behavior of this unique cell 

geometry has not been previously addressed. In this study, a three-dimensional 

computational model was applied to neutrophils with pseudopodial extensions to study 

the effect of cell shape on the hydrodynamic transport of neutrophils. The collision 

time, contact area, contact force, and collision frequency were analyzed as a function 

of pseudopod length. It was found that neutrophils experience more frequent collisions 

compared to prolate spheroids of equal volume and length. Longer pseudopods and 

lower shear rates increase the collision time integral contact area, a predictor of 
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binding potential. Our results indicate that contact between the neutrophil and the 

vessel wall was found to be focused predominantly on the pseudopod tip.  

 

2.1 Introduction 

Inflammation is a key physiological process, important in infections, 

autoimmune diseases, and chronic diseases, including cancer, Alzheimer’s, and heart 

disease. Accounting for half of circulating leukocytes, neutrophils are the body’s 

principal defense during acute inflammation and act within minutes of a triggering 

event
5,6

. In circulation, red blood cells drive neutrophils towards the endothelium, 

away from the center of the venule, allowing them to interact with the vessel wall
8,9

. 

During an innate immune response, neutrophils in the circulation roll on, and 

eventually tether to, the endothelial lining of blood vessels, which allows them to exit 

the bloodstream and enter the surrounding tissue to target invading pathogens. 

In the postcapillary venules, the tethering and rolling of freely flowing 

neutrophils prior to extravasation is largely mediated by the selectin family of 

transmembrane glycoproteins, which includes P-selectin, E-selectin, and L-

selectin
12,13

. After endothelial cells are stimulated during an inflammatory event, P-

selectin is expressed first, then E-selectin, both of which bind to P-selectin 

glycoprotein-1 (PSGL-1) on the surface of neutrophils to facilitate tethering and 

rolling. Adhesion and crawling are mediated by integrins, namely intercellular 

adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
43

.  

The neutrophil rolling and adhesion paradigm for extravasation is not 

necessarily a one-way process. It has been shown in vivo that only 10% of activated, 
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migrating neutrophils transmigrate into the extravascular space, while the vast 

majority detach from the wall and rejoin the blood flow
19

. During inflammation, 

neutrophils extrude pseudopods (also called lamellipods) that are essential in crawling 

on the endothelium and eventually extravasating into the extracellular space. 

Pseudopods are organelle-less extensions that grow and retract due to the 

polymerization of actin filaments; once extruded, they remain stiff
20–22

. Four percent 

of leukocytes freshly-harvested from human whole blood exhibited pseudopod 

projections
25

.  There is an interesting, yet unstudied, population of circulating 

neutrophils with pseudopods that are stable for the time scale displayed in vivo. In this 

study, we examined how this pseudopodial extensions affect blood vessel wall 

collision behavior using a three-dimensional hydrodynamic model. 

Existing multiscale three-dimensional computational models to understand cell 

rolling comprise interconnected mechanical (hydrodynamic motion) and chemical 

(adhesion kinetics) components. The physics of near-wall sphere rotation was first 

analyzed by Jeffery in 1915
44

. The first direct model of leukocyte rolling, called 

Adhesive Dynamics (AD), was developed by Hammer and Apte in 1992
28

. It was 

revised by King and Hammer in 2001 for multiple particles, termed Multiparticle 

Adhesive Dynamics, MAD
29,30

. Near-wall rolling behavior involves bond formation 

and dissociation with the wall, and MAD couples the hydrodynamics and adhesion 

kinetics components. Other leukocyte rolling models have been semianalytic, 

analytical, or agent-based, but all of these consider the rolling adhesion of (at least 

initallly) spherical neutrophils
45,46

. MAD, based on the Completed Double Layer 

Boundary Integral Equation Method (CDL-BIEM), is used to solve the integral 
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representation of the Stokes equation in simple shear flow. It has been adapted for 

spherical leukocytes
31–34

 and oblate spheroids representing platelets in the 

bloodstream
35–38

. MAD produces physiologically-relevant cell rolling and collision 

behavior while incorporating experimentally-determined bond formation and 

dissociation kinetics. The MAD algorithm uses Monte Carlo to determine individual 

bond formation/dissociation events at each time step based on bond kinetics (in this 

case, PSGL-1 and P-selectin). The bond force calculations yield the net force and 

torque acting on the cell, which are then fed into hydrodynamic equations to calculate 

3-D mobility. Here, we have utilized the hydrodynamic component of MAD in the 

development of a model to examine the collision behavior between neutrophils with 

pseudopodial extensions and the vessel wall. Specifically, we analyzed how 

pseudopods affect collision time and contact area, contact force, and collision 

frequency, parameters that control binding potential. We focus on the rolling 

hydrodynamics in order to identify the physiological role of neutrophil pseudopodial 

extensions in the transmigration process. 

 

2.2 Methods 

Hydrodynamic calculation 

CDL-BIEM represents the creeping motion of a rigid cell in a three-

dimensional area representing a fluid domain bounded by an infinite plane at z = 0 

(Figure 2.1). For this study, a Gaussian-shaped extension was projected out of one side 

of the sphere to represent a neutrophil body with pseudopod, creating one axis of 

symmetry. Pseudopods vary greatly in shape and number
24,47

, so this shape served as 
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an initial geometry for study. The endothelial wall was modeled as a plane. The 

Reynolds number is calculated as            = O(10
-2

) < 1. The shear rate,   = 

1000 s
-1

 unless otherwise specified, is within the physiological range;   is the density 

of blood plasma = 1.0239 g cm
-3

;   is the viscosity of blood plasma ≈ 1 cP; and   is 

the cell radius, here the hydrodynamic radius 4 µm for all cell geometries. Thus, the 

linear shear flow  

 

Figure 2.1. Three-dimensional diagram of spherical neutrophil with pseudopodial 

extension under shear flow near the blood vessel wall, modeled as a semi-infinite 

plane. The major axis, centroid height, and lowpoint are shown. 
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with velocity gradient in the z-direction is within Stokes regime. The Stokes equation 

is: 

       ,            (2.1) 

Where   is the pressure,   is the fluid viscosity, and   is the velocity. The ambient 

flow is approximated as linear shear flow: 

             (2.2) 

Where   is the shear rate, and   is the horizontal distance from the center of mass of 

the particle to the flat wall. No slip conditions on all surfaces is assumed. At the 

surface of the wall, the velocity is zero: 

              (2.3) 

The integral representation of the Stokes equation is: 

                                                         
 

 

 

 

          (2.4) 

where     is the singularity solution due to a point force acting on the bounding 

surface   at  , acting in the   direction at point   in the fluid.   is the normal vector at 

  pointing outward into the fluid,   is the stress tensor and is given by 

                       (2.5) 

where   indicates the transpose operator and   is the identity matrix.      is the   th 

component of the stress tensor corresponding to flow produced by a point force at   in 

the   direction. 
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Short-range repulsive force calculation 

Steric layers were added to the particle and wall (0.175 µm and 0.05 µm, 

respectively) to represent the roughness of the cell membrane and the glycocalyx 

molecules on the cell surface
29

. The short-range repulsive force representing the 

contact force between surfaces is: 

       
     

             (2.6) 

Where   is the distance between the outer edges of both steric layers,    was set at 

1×10
15

 fN, and   was set at 2000 µm
29

. Although the cell is rigid, the force that the 

cell exerts on the wall in the z-direction can compress the glycocalyx
48

. 

Numerical calculation 

The CDL-BIEM code is implemented in FORTRAN 95 (IBM Corporation, 

Armonk, NY) and double-precision was used for all calculations. The cell’s surface 

was meshed initially as a cube with faces containing 4   4 Lagrangian (QUAD9) 

elements, a total of 96 elements. Each QUAD9 element contained nine nodes: one 

node in the center, nodes at each of the corners, and nodes at the center of each of the 

edges. This cube was superimposed onto the cell geometry with the center of cube 

coincident with the center of the spherical cell body. Maintaining the cell volume 

constant, the pseudopod lengths studied ranged from 1.1 to 1.9 times the spherical 

body radius (see Figure 2.2). The neutrophil shapes were compared to prolate 

spheroids of equivalent major axis length and volume (Figure 2.2). Prolate spheroids 

were chosen for comparison because their near-wall and unbounded convective 

transport have been studied previously
49,50

. In contrast to the pseudopod-extending 
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Figure 2.2. Neutrophil and prolate spheroid geometries analyzed in this study. The 

neutrophil has a spherical body with a Gaussian-shaped pseudopod extension. The 

normalized length is equal to the distance between the center of the spherical body and 

the pseudopod tip divided by the body radius. The spheroids have the same major axis 

length as their corresponding neutrophils. All neutrophil and prolate spheroid 

geometries studied have a volume equal to a sphere of radius 4 µm. 
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neutrophil shape, prolate spheroids have two axes of symmetry and at most one point 

of contact with the wall. Unless otherwise specified, the initial simulation condition 

was the cell oriented with its major axis parallel to the wall and the pseudopod 

oriented downstream in the direction of flow. 

Hydrodynamic validation of the model 

The calculated Jeffery orbits of spheroids were compared with the CDL-BIEM 

simulation for model validation. A spheroid is described to exhibit Jeffery orbits if 

there is no lateral motion in  unbounded shear flow
50

. The spheroid’s surface was 

meshed with 384 elements instead of 96 as with all other simulations for increased 

precision. The spheroid was placed at an initial centroid height of 40 µm away from 

the surface, sufficiently far for wall effects to be negligible. The orientation angle in 

the y-direction over time is shown for spheroids of length 1.9 and 1.1 in 

Supplementary Figure 2.1a and 2.1b, respectively. Time is non-dimensionalized with 

the reciprocal shear rate; the dimensionless centroid height and lowpoint values were 

normalized to the cell’s hydrodynamic radius of 4 µm.  

Parameters evaluated 

A range of pseudopod lengths was systematically tested under physiologically-

relevant shear flow rates. The effects of initial height and angle on each cell’s 

trajectory and the effect of shear rate on the binding potential were studied. A collision 

event was recorded if any part of the cell came within a “reactive” distance of the 

endothelial surface; here, it was set at 0.26 µm, the total length of a P-selectin/PSGL-1 

bond, 0.08 µm
51

, plus typical steric layers
52

. Metrics quantified for each cell trajectory 

simulation included contact time, maximum contact area, and time integral contact 
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area. Contact time was calculated as the total time that any part of the cell was within 

potential binding range of the wall. Maximum contact area was defined as the area of 

the cell surface that is within a reactive distance to the wall during one full rotation. 

Time integral contact area (TICA) was defined as the integrated product of contact 

time and contact area and is taken to be a predictor of binding potential. Another 

predictor of binding potential is the contact force exerted by the cell perpendicular to 

the wall (in the z-direction) during a collision event. Contact force at a time step was 

calculated as the acceleration of the cell in the z-direction (integral of the centroid’s 

position at the current and previous time steps) multiplied by the mass of a typical 

leukocyte, 1.08×10
-12

 g (calculated from the mass density
48

). 

 

2.3 Results 

Neutrophils with pseudopods display irregular tumbling trajectories 

Longer lengths caused neutrophils and prolate spheroids to undergo more 

lateral translation during tumbling. Figure 2.3 presents a “side view” of tumbling 

trajectories of an equivalent neutrophil and a spheroid of length 1.9 under the same 

conditions. The rotation period length was longer for neutrophils than for spheroids. 

Lowpoint and centroid height trajectories (Figure 2.4 and Figure 2.5, respectively) 

were analyzed for both neutrophils and spheroids at initial heights R/2 – 3R away from 

the wall, where R is the hydrodynamic radius of 4 µm. The lowpoint was defined as 

the minimum distance between the cell’s surface and the endothelium, not including 

the surface roughnesses. A variety of initial lowpoints were examined to determine 

whether free-flowing neutrophils could collide downstream with the endothelium. At 
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Figure 2.3. Side view of rolling trajectories of a neutrophil (a) and spheroid (b) of 

length 1.9 at a shear rate 1000 s
-1

 and initial height 0.5 µm.  
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Figure 2.4. Lowpoint trajectories over time for neutrophils (a, c) and spheroids (b, d) 

at various initial heights. Trajectories in which no collision occurred (a, b) are 

compared with collision cases (c, d). Time is nondimensionalized with the reciprocal 

shear rate, 10
-3

 s. Centroid height is nondimensionalized with the hydrodynamic 

radius, R = 4 µm.  
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Figure 2.5. Centroid height trajectories as a function of time for neutrophils (a, c) and 

spheroids (b, d) at various initial heights. Trajectories in which no collision occurred 

(a, b) are compared with collision cases (c, d). Time is nondimensionalized with the 

reciprocal shear rate, 10
-3

 s. Centroid height is nondimensionalized with the 

hydrodynamic radius, R = 4 µm. 
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lower initial heights (R/2 and R/4), longer pseudopods propel the neutrophil away 

from the endothelial wall. The neutrophil centroid height remained at a higher height 

thereafter in the absence of gravitational sedimentation (Figure 2.4c and Figure 2.5c), 

called “pole vaulting.” When the initial starting height was higher and no collision 

occurred, the lowpoint and centroid trajectories for both neutrophils and prolate 

spheroids showed that the height was maintained over time (Figure 2.4a and b and 

Figure 2.5a and b). At the highest starting heights studied, prolate spheroid centroid 

heights remained steady over time, without bobbing; as the vessel wall had no effect 

on these trajectories, the particles exhibited classic Jeffery orbits (Figure 2.5c). At 

lower initial heights, the period length shortened as the height increased (Figure 2.5d). 

At higher initial heights (above R/2 for neutrophils and R/4 for spheroids), period 

length remained consistent; this was due to the Jeffery orbit motion (Figure 2.4a and b 

and Figure 2.5a and b). When neutrophil and equivalent spheroid trajectories are 

compared, it is evident that neutrophils display higher centroid heights and lower 

lowpoints; i.e., they are observed to bob up and down more. Thus, remaining closer to 

the wall gives the neutrophil more binding potential. 

Neutrophils experience more frequent collisions than prolate spheroids of equal 

volume and length  

Next, wall collision frequency was examined for neutrophils and spheroids of 

varying lengths and at different initial heights. In Figure 2.6, diagonal lines show 

conditions under which particles made contact with the wall. Comparing the wall 

collision frequency of neutrophils and spheroids of varying length and initial height, 

neutrophils were found to experience more frequent collisions than spheroids of 
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Figure 2.6. Comparison of collision occurrences for neutrophils and spheroids as a 

function of major axis length and initial height. The curves represent the highest initial 

heights at which neutrophils or spheroids collided with the wall. The diagonally-

patterned areas represent conditions under which collisions occurred.  
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equivalent length. For example, neutrophils of length 1.3 collided with the wall at 

initial heights up to 1 µm, whereas spheroids of this length experienced collisions up 

to a height of 0.5 µm. The longest neutrophil length studied (1.9) collided with the 

wall up to an initial height of 2 µm, whereas the equivalent spheroid only experienced 

collisions up to an initial height of 1.5 µm. More frequent collisions provide more 

opportunities for bond formation, suggesting that neutrophils will have a greater 

probability than spheroid geometries of tethering with the wall. 

Longer pseudopods and lower shear rates increase TICA during collisions 

The collision TICA was studied for a range of neutrophil and spheroid lengths 

and initial heights, as it is an indication of binding potential. In Figure 2.7, the TICA 

are shown for neutrophils (a) and spheroids (b). The length aspect ratios studied were 

1.1, 1.3, 1.5, 1.7, and 1.9, and the initial heights ranged from 0.5–3 µm. For both 

neutrophils and spheroids, contact time usually increased for longer lengths and 

decreased as the initial height was increased (Supplementary Figure 2.2a and c). 

Similar trends were observed for maximum contact area for both geometries 

(Supplementary Figure 2.2b and d). The TICA graphs showed a similar pattern 

(Figure 2.7a and b). Spheroids showed greater contact times, greater maximum contact 

areas, and TICA than neutrophils at lower initial heights, yet neutrophils collided with 

the wall at higher initial heights (see also Figure 2.6). At an initial height of 0.5 µm, 

spheroid contact times were about threefold longer than for corresponding neutrophils. 

Spheroid maximum contact areas were about 2-3-fold larger across the range of 

conditions. Larger contact areas and longer contact times are suggestive of a higher 

potential to form bonds that enable tethering and extravasation. Therefore, it is likely  
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Figure 2.7. Effect of initial height and cell length ratio (1.1-1.9) on time integral 

contact area for neutrophils (a) and spheroids (b) of different lengths. Effect of initial 

height and shear rate time integral contact area for neutrophils (c) and spheroids (d). 

Please note that the y-axis lengths are greater for spheroids and neutrophils; the inset 

in (b) is the graph (a) reproduced with the same y-axis length for comparison. 
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that neutrophils will form bonds at higher initial heights than spheroids. Longer axis 

lengths enable both neutrophils and spheroids to form bonds more readily than shorter 

lengths. 

The effect of shear rate on collision TICA was studied for neutrophils and 

spheroids of length 1.9 at various starting heights (Figure 2.7c and d). The longest 

length was used throughout the remainder of the study to show the differences in 

behavior more markedly. Shear rates in the physiological range of 100–2000 s
-1

 were 

tested for initial heights ranging from 0.5–3 µm. In Figure 2.7, the TICA are shown 

for neutrophils (c) and spheroids (d). For both neutrophils and spheroids, contact time 

decreased as both shear rate and initial height were increased (Supplementary Figure 

2.3a and c).  However, the neutrophil TICA showed a concave downward trend while 

the spheroid TICA showed a concave upward trend. Although maximum contact area 

decreased as initial height was increased, all neutrophil and spheroid shear rates 

exhibited identical or near-identical behavior (Supplementary Figure 2.3b and d). As a 

result, TICA graphs displayed the same trend as contact time (Figure 2.7c and d). 

Comparing the neutrophil and spheroid geometries to one another at the same 

conditions, spheroids experienced greater contact time, a greater maximum contact 

area, and greater TICA for lower initial heights. TICA is assumed to be a surrogate for 

binding potential, so one would expect that binding potential will be higher at lower 

shear rates and initial heights for both geometries. Although neutrophils can collide 

with the wall from higher initial heights than spheroids, binding potential appears to 

be higher for spheroids at lower initial heights. 
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Neutrophils experience higher contact force during collisions 

In addition to TICA, increased contact force and contact pressure can 

contribute to greater binding potential. Figure 2.8a shows the average contact force 

and contact pressure for neutrophils and spheroids of varying cell length ratios (1.1-

1.9) at an initial lowpoint of R/8 = 0.5 µm. The contact force and corresponding 

contact pressure are shown over time for a neutrophil and spheroid of length 1.3 in 

Figure 2.8b. In Figure 2.8a, the average contact force during collision increased for 

both neutrophils and spheroids as the length aspect ratio was increased. Neutrophils 

experienced higher contact force than corresponding spheroid lengths, and the rate of 

the increase of contact force over pseudopod length was greater than for spheroids. 

Conversely, spheroids experienced larger mean contact pressure than corresponding 

neutrophils. The average spheroid contact pressure exhibited biphasic behavior, 

increasing linearly from aspect ratio 1.3 through 1.7, then decreasing to length 1.9. 

The average neutrophil contact pressure increased with pseudopod length. Figure 2.8b 

displays the length 1.3 for neutrophil and spheroid collisions in greater detail. 

Maximum contact area remained constant throughout both collisions, so contact 

pressure and contact force curves follow the same shape. The neutrophil collision 

began slightly later in the trajectory than the spheroid collision and was about half the 

time duration. The contact force and pressure values for the spheroid simulation are 

nearly constant over time, increasing and then decreasing gradually through the 

collision. In contrast, the neutrophil contact force and pressure curves start with a 

slight increase, then a rapid increase to a higher value, then remain at the higher value.  
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Figure 2.8. Average contact force and contact pressure (a) for neutrophils and 

spheroids of varying cell length ratios (1.1-1.9) at an initial lowpoint of R/8 = 0.5 µm. 

Contact force and pressure of a collision are shown dynamically for a neutrophil and 

spheroid of length 1.3. 
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The sharpest increase occurred when the neutrophil was at its lowest point during the 

trajectory, while the pseudopod was pointing down into the steric layer. 

The pseudopod is a “hotspot” of collision contact 

A range of initial x, y, z angles were studied for a neutrophil with pseudopod 

and spheroid of length 1.9 placed at an initial lowpoint of R/4, where R is the 

hydrodynamic radius of 4 µm. Angle combinations in the range of π/18 to π at 

intervals of π/18 for x, y, and z were examined (a total of 729 angles), and those 

angles for which the initial position would cause penetration of the wall were 

excluded. There were 323 angles analyzed for the neutrophil and 81 examined for the 

spheroid geometry. The initial height was chosen as a compromise between more 

frequent collision occurrence and with relatively fewer neutrophil positions excluded 

due to steric overlap with the wall. Histograms showing the frequency of contact 

times, contact areas, TICA, and maximum contact force during collisions for both 

geometries are shown in Figure 2.9. Contact time is spatially mapped on the cell 

surfaces in Figure 2.10. For the neutrophil, the histograms of contact time (Figure 

2.9a) and TICA (Figure 2.9e) exhibited approximately Gaussian distributions, whereas 

contact area frequency (Figure 2.9c) displayed a bimodal distribution at about 4 and 8 

µm
2
. This is due to the small number of nodes that made contact with wall (Figure 

2.10a). Thus, contact time contributed more variation to TICA than did maximum 

contact area. There were two principle areas of contact on the neutrophil, the tip of the 

pseudopod and the side of the body. Contact more frequently occurred on the 

pseudopod. In contrast, contact was observed over most of the spheroid’s surface, with 

a larger hotspot near one end and a smaller hotspot on the other end (Figure 2.10b).  
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Figure 2.9. Histograms of collision metrics for 323 initial orientation angles of 

neutrophils (a, c, e, g) and 81 angles for prolate spheroids (b, d, f, h) at an initial 

lowpoint of R/4 = 1 µm. The average value of each metric and its standard deviation 

are shown in each histogram. 
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Figure 2.10. Colormap showing the spatial distribution of contact time on neutrophil 

(a) and spheroid (b) surfaces, pooled from the collisions of >80 initial orientation 

angles at an initial lowpoint of 1 µm. Red indicates high contact time, and blue 

indicates low contact time. 
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The observed asymmetry is a consequence of the initial orientation of the cell. The 

contact time and TICA frequencies for the spheroid were skewed towards higher 

values. There was a greater range of maximum contact area (Figure 2.9d) and more 

nodes made contact with the wall (Figure 2.10b). The mean contact time and contact 

area for spheroids (shown in Figure 2.9b and Figure 2.9d) were greater than for 

neutrophils (Figure 2.9a and Figure 2.9c) by 27.8% and 31.6%, respectively. 

Consequently, the average TICA for spheroids was higher than for neutrophils (Figure 

2.9g and h). Whereas contact is spread over most of the spheroid’s surface, neutrophil 

contact is concentrated on the pseudopod tip and, to a lesser degree, on a spot on the 

spherical body. However, the average maximum contact force during collisions was 

slightly higher for neutrophils (Figure 2.9g) than for spheroids (Figure 2.9h), and there 

was a greater range of values. To summarize, the average contact time, contact area, 

and TICA are higher for spheroids than for neutrophils. However, the average 

maximum contact force exerted by the neutrophil on the wall during a collision is 

greater than for spheroids. 

 

2.4 Discussion 

Pseudopods have a variety of functions for leukocytes: they aid in mobility, 

crawling, phagocytosis, and transport out of the blood vessels
5,6,53–55

. Here we have 

shown that they may have the additional function of enabling the initial contact of 

free-flowing neutrophils with the endothelial wall, an event in the cascade that 

precedes cell arrest and extravasation. Pseudopods may then physically contribute to 

the progression of an inflammatory response. We found that at lower heights, longer 
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pseudopods cause neutrophils to “pole vault” off of the endothelial surface and remain 

at a higher height thereafter, a phenomenon that has also been observed for oblate 

spheroid trajectories
35

. Our study showed that neutrophils with pseudopods have a 

higher likelihood of collision than equivalent prolate spheroids, but spheroids have a 

significantly higher TICA. However, neutrophils have the greatest contact on their 

pseudopod, and receptors are typically denser there than on the neutrophil body
53

. 

Thus, the binding potential on the pseudopod may be higher than what might be 

assumed by considering only TICA. Pseudopod projections increase the contact area 

between neutrophils and the endothelium, and it was determined that longer 

pseudopods increased neutrophil collision frequency more than smaller pseudopods. 

Furthermore, longer pseudopods and lower shear rates increased TICA. A 

computational model by Zhao and colleagues suggests that longer microvilli are 

necessary for instigating tethered rolling but that lower stresses may have insufficient 

collisional contact force for tethering to occur
48

. Our examination of mean collision 

contact force, another indicator of binding potential, indicated an increase with 

pseudopod length. At an initial gap of 0.5 µm between the cell and wall, neutrophils 

had higher mean contact force but lower contact pressure than spheroids due greater 

contact area. There exists a trade-off between the likelihood of collision and binding 

potential due to TICA and contact force with neutrophil and spheroid geometries. 

However, the finding that pseudopods, and particularly long pseudopods, increase the 

collision frequency of and binding potential is consistent with evolutionary advantage, 

as neutrophils display features that help them extravasate out of blood vessels
6,48,53

.  
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2.5 Conclusions 

This work presents an analysis of the near-wall hydrodynamic collisions of a 

neutrophil geometry consisting of a spherical body with a Gaussian-shaped 

pseudopodial extension. During inflammation, neutrophil shape is critical in 

determining the rolling and tethering behavior that leads to extravasation through the 

endothelium. Neutrophil geometries with pseudopods of varying lengths were studied 

and compared to spheroids of equal major axis length and volume. Contact time and 

contact area between the surface of the cell and the wall are represented in the metric 

of TICA. Greater collision frequency, contact force, and TICA predict increases in 

binding potential as there are more opportunities to reach receptors and more time to 

form bonds. Longer pseudopods and lower shear rates increase the potential for 

forming bonds. At lower initial heights, colliding spheroids exhibited greater contact 

area with the wall, but neutrophils were able to make contact with the wall at higher 

initial heights, thus increasing their binding potential. The pseudopod was found to be 

a hotspot of binding potential on the neutrophil surface. Contact occurs at two 

locations on the neutrophil’s surface, the side of the spherical body and at the tip of the 

pseudopod; contact is prolonged on the pseudopod tip. This is the first study to 

analyze the behavior of neutrophils with stable pseudopods in collisions with the 

endothelium and address the more general question of how cell shape affects wall 

contact under shear flow. 
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Supplementary Figure 2.1. Hydrodynamic validation for spheroids of length 1.1 (a) 

and 1.9 (b). 
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Supplementary Figure 2.2. Effect of initial height and cell length ratio (1.1-1.9) on 

contact time and maximum contact area for neutrophils (a, b) and spheroids (c, d). 
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Supplementary Figure 2.3. Effect of initial height and shear rate (100 – 2000 s
-1

) on 

contact time and maximum contact area for neutrophils (a, b) and spheroids (c, d). 
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P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1) play important roles in 

mediating the inflammatory cascade. Selectin kinetics, together with neutrophil 

hydrodynamics, regulate the fundamental adhesion cascade of cell tethering and 

rolling on the endothelium. The current study uses the Multiscale Adhesive Dynamics 

computational model to simulate, for the first time, the tethering and rolling behavior 

of pseudopod-containing neutrophils as mediated by P-selectin/PSGL-1 bonds. This 

chapter looks at the effect of including P-selectin/PSGL-1 adhesion kinetics. The 

parameters examined included the shear rate, adhesion on-rate, initial neutrophil 

position, and receptor number sensitivity. The outcomes analyzed included types of 

adhesive behavior observed, tether rolling distance and time, number of bonds formed 

during an adhesive event, contact area, and contact time. In contrast to the 

hydrodynamic model, P-selectin/PSGL-1 binding slows the neutrophil’s translation in 
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the direction of flow and causes the neutrophil to swing around perpendicular to flow. 

Several behaviors were observed during the simulations, including tethering without 

firm adhesion, tethering with downstream firm adhesion, and firm adhesion upon first 

contact with the endothelium. These behaviors were qualitatively consistent with in 

vivo data of murine neutrophils with pseudopods. In the simulations, increasing shear 

rate, receptor count, and bond formation rate increased the incidence of firm adhesion 

upon first contact with the endothelium. Tethering was conserved across a range of 

physiological shear rates and was resistant to fluctuations in the number of surface 

PSGL-1 molecules. In simulations where bonding occurred, interaction with the side 

of the pseudopod, rather than the tip, afforded more surface area and greater contact 

time with the endothelial wall. 

 

3.1 Introduction 

During inflammation, tissue mediators release cytokines that attract free-

flowing neutrophils in the bloodstream. This causes neutrophils to tether and roll on 

the endothelium lining blood vessels before extravasating into the inflamed site 
43

. 

Selectins mediate the capture of free-flowing neutrophils to the inflamed blood 

vessels. The selectins are a family of cell-surface glycoproteins that includes E-, L- 

and P-selectin. Selectins show a significant degree of sequence homology among 

themselves (except in the transmembrane and cytoplasmic domains) and between 

species. Selectins have an N-terminal lectin domain, an epidermal growth factor 

(EGF) domain, two (L-selectin), six (E-selectin) or nine (P-selectin) consensus 

repeats, a transmembrane domain, and a cytoplasmic domain
12

. All of the selectins 
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bind with P-selectin glycoprotein ligand-1 (PSGL-1) and have additional receptors
10

. 

PSGL-1, concentrated on the tips of surface protrusions called microvilli
15

, accounts 

for 90% of P-selectin binding
12

. The structure of PSGL-1 includes an N-terminal 

tyrosine sulfate, a long glycoprotein backbone, a transmembrane protein, and a short 

cytoplasmic tail
12

. Cell adhesion is increased when the thickness of the glycocalyx 

lining the endothelium is lessened
56

. 

During inflammation, neutrophils extrude organelle-less pseudopods (also 

called lamellipods) that are essential in crawling on and eventually extravasating 

through the endothelium. Pseudopod formation has been implicated in a number of 

diseases, including stroke, coronary disease, and peripheral vascular disease
23

. This 

process can happen when neutrophils are in the bloodflow or bound to the 

endothelium
24

. Once extended, pseudopods are relatively stiff formations due to the 

actin filaments that provide structure
20,22

. Since only 10% of activated, migrating 

neutrophils transmigrate into the extravascular space and the vast majority detach from 

the wall and rejoin the blood flow, there is an unstudied population of circulating 

neutrophils with stable pseudopods. Indeed, pseudopods were even exhibited by four 

percent of leukocytes in whole blood collected from healthy humans
25

. Typically, 

neutrophils retract pseudopods when stimulated with shear stress
26

; however, 

centrifuged leukocytes and those treated with glucocorticoid, an anti-inflammatory 

cytokine, have been  shown to retain their pseudopods under shear stress
21,27

. Here, we 

analyze the adhesion kinetics of this unstudied population of circulating neutrophils 

with stable pseudopods. This chapter incorporates P-selectin/PSGL-1 binding kinetics 

into a hydrodynamic model. When a neutrophil has formed bonds with the 



 

39 

endothelium, the shear flow exerts a hydrodynamic force on the rear of the cell (Figure 

3.1). The stressed bonds at the back of the cell then break, causing the cell to move 

forward and form new bonds on the underside of the cell. The balance between shear 

flow, new bond formation, and bond breakage causes the neutrophil to tether and roll 

on the endothelium
11

. A more detailed understanding of the impact of neutrophil shape 

on transport behavior could yield opportunities for potential therapies that modulate 

the inflammatory cascade. 

 

Figure 3.1. Diagram of neutrophil with pseudopod under shear flow interacting with 

the endothelium. The neutrophil is represented by a spherical body and a Gaussian-

shaped pseudopodial extension, and the endothelium is represented as a semi-infinite 

wall. PSGL-1 is constitutively expressed on the neutrophil’s surface and binds to P-

selectin on the inflamed endothelium. Neither the PSGL-1 nor the P-selectin affect 

hydrodynamics. 
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3.2 Methods 

To better understand the complex process of cell tethering and rolling under 

flow, the three-dimensional computational model Multiparticle Adhesive Dynamics 

(MAD) was used to simulate both the hydrodynamic motion and selectin kinetic 

components
29

. MAD has been utilized previously for spherical rolling neutrophils and 

has been adapted for multiple spherical particles
30–34

 and for platelet behavior, 

represented as an oblate spheroid
35–38

. The hydrodynamic methodology is described in 

detail in Chapter 2. For this study, a Gaussian-shaped extension was projected out of 

one side of the sphere to represent a neutrophil body with pseudopod with two 

potential points of contact between the neutrophil and the wall. The pseudopod length 

was set to be 1.9 times the spherical body radius. The neutrophil with pseudopod had 

an equal volume to the spherical neutrophil of radius 4 μm used in recent MAD 

neutrophil studies
51,57

. The endothelial wall was modeled as a plane and the shear rate 

was 1000 s
-1

 unless otherwise specified. Prior MAD studies have looked into several 

selectin/receptor pairs, including P-selectin/PSGL-1 kinetics, so this was used in this 

study for straightforward comparison. 

Multiparticle Adhesive Dynamics 

Bonds were allowed to form between P-selectin on the wall and PSGL-1 on the 

neutrophil surface. There was a total of 25,100 PSGL-1 receptors on the neutrophil’s 

surface for a density of 125 molecules/µm
2
; this value was based on the physiological 

range given by King and Hammer
29

. The number of receptors allotted to each of the 

384 elements in the QUAD9 mesh was proportional to its area. Steric layers were 

added to the cell and wall (0.175 µm and 0.35 µm, respectively) to represent the 
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roughness of the cell membrane and the glycocalyx molecules on the cell surface
29

. 

The maximum number of bonds allowed to form between the neutrophil and 

endothelium was set to 200, which was sufficient to avoid limitations to spontaneous 

bond formation. In the MAD model, the Monte-Carlo method was employed in which 

two probability equations determine the likelihood at each time step of bond formation 

(
fP ) and breakage ( rP ), respectively: 
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1         (3.1) 
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1         (3.2) 

Where 
fk  and rk  are the bond formation and dissociation rates, respectively, and    

is the simulation time step. 

Bond formation 

The bond formation rate depends on the bond length and the slip velocity 

between two bonding molecules and comes from Bell’s expression of the equilibrium 

constant for cell-cell bond bridging 
58

: 
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Where 0

2, Dfk   is the unstressed formation rate constant, sv  is the slip velocity 

determined by the rotational and translational velocities as well as the location of the 

PSGL-1 receptor on the neutrophil surface. The bonds were modeled as linearly-

elastic springs, with   representing the bond spring constant. The bond length 

bb lx   results from the absolute value of the difference between the centroid height 

and the distance from the tip of the PSGL-1 receptor on the neutrophil surface to the 
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steric layer on the endothelium.  TkB  is the product of the Boltzmann constant and 

temperature. The values for,  , bl , and   were taken from experimental values used 

in spherical MAD neutrophil simulations
29,51

 and are found in Table 3.1. 0

2, Dfk 
 has 

not been determined experimentally, so it was probed as a parameter for study and a 

value of 10 s
-1

 was chosen for use for all other simulations. 

Bond dissociation 

The bond dissociation rate follows the two-pathway model proposed by Evans 

et al.
59

. In the model, there are two structure-dependent possible failure pathways
11

. 

The first is the “catch” pathway, or native conformation (NG), which dominates at low 

forces and has a fast dissociation rate. In this regime, bonds resist breakage and 

become stronger; thus, the dissociation rate is constant. The second pathway is the 

“slip” regime, or intermediate conformation (IG), which dominates in high shear and 

has a slower bond dissociation rate. The parameter values are found in Table 3.2. The 

slip bond dissociation kinetics are represented by the Bell model
60

: 
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Both pathways are included in the full dissociation rate equation: 

NGIGfkfkk INr /),(
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     (3.5) 

Where Nk  is the catch regime dissociation rate, and Ik  is the slip pathway dissociation 

rate.   is force-dependent and represents the population ratio of binding molecules 

between the two pathways: 
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Table 3.1. Values of bond formation kinetic parameters. 

Symbol Parameter Value Reference 

bl  
Equilibrium P-selectin/PSGL-1 bond 

length 
80 nm 

51
 

  Bond spring constant 
250,000 fN/ 

µm 
51

 

0

2, Dfk 
 Unstressed rate of bond formation

a
 

Varies; 

default is 10 

s
-1

 

 

  Reactive compliance 3.9×10
-5

 µm 
52

 

The bond formation kinetic parameters used in the MAD model are given here.  

a
The unstressed rate of bond formation is not experimentally determined, so it is 

explored as an additional variable.  
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Table 3.2. Values of bond dissociation kinetic parameters. 

Symbol Parameter Value Reference 

0

,offNk  
Unstressed bond dissociation rate 

for catch pathway 
9 s

-1 51
 

0

,offIk  
Unstressed bond dissociation rate 

for slip pathway 
0.33 s

-1
 

51
 

Iy  
Force dependence of dissociation 

for  slip pathway 
2.4×10

-4
 µm 

52
 

0

0

NGIG

IGNG

k

k



  Unstressed equilibrium constant 90.01 
51

 

Iy  
Force compliance for two states 

ratio 

8.16×10
-4

 

nm 
51

 

The bond dissociation kinetic parameters used in the MAD model are given here. 

 

 

  



 

45 















Tk

f

k

k
f

BNGIG

IGNG '
exp)(

0

0 
     (3.6) 

Where 
0

0

NGIG

IGNG

k

k



  is the unstressed equilibrium constant for NG-IG states, and '  is the 

force compliance ratio for the two pathways. The native conformation is independent 

of force:  

        (3.7) 

Where 0

,offNk  is the intrinsic dissociation constant. The intermediate or slip pathway 

follows the quasi-first-order equation: 
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Where 0

,offIk  is the intrinsic dissociation constant and Iy  is the force compliance of 

dissociation for the IG state. 

Parameters evaluated and analysis metrics 

Unless otherwise specified, the initial simulation condition was the cell 

oriented with its major axis parallel to the wall and the pseudopod oriented 

downstream in the direction of flow. A range of physiologically relevant shear rates, 

bond formation rates, receptor densities, and initial positions were tested on this cell 

geometry. The default bond formation rate used was 10 s
-1

, as this produced realistic 

behavior and was close to the value used in previous neutrophil MAD studies
29

. Model 

outputs at each time step included: translational and rotational position; node contact 

area and time; individual bond formation and breakage events; and bond forces and 

0

,)( offNN kfk 
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lifetimes. A collision event was assumed to have occurred if any part of the cell came 

within a reactive distance of the endothelial surface; here, it was set at 0.58 µm, the 

total length of a P-selectin/PSGL-1 bond plus the steric layers. The simulations were 

stopped when either the centroid of neutrophil reached 150 µm on the x-axis or a 

maximum number of bonds (200) were reached and the neutrophil remained firmly 

stuck to the endothelium. Contact time was calculated as the total amount of time any 

part of the cell was within potential binding range of the endothelium. Contact area 

was defined as the surface area of the cell that lied within a reactive distance to the 

endothelial surface, with or without binding events. The time integral contact area  

was the integral of the product of contact time and contact area. 

In vivo imaging of neutrophil-endothelial cell interactions 

The simulation results were qualitatively compared to neutrophil adhesive 

behavior in vivo in intact, blood perfused cremaster muscle venules. Neutrophil-

endothelial cell interactions in unstimulated venules of 30-60 µm diameter in 

anesthetized mice were visualized as described previously
61

. Briefly, neutrophils were 

visualized using an anti-Ly6G antibody conjugated to Alexa488 (1A8, Biolegend, 

1.5µg/mouse) injected intravenously. Fluorescence images were digitally acquired at a 

frame rate of 10 fps, using an intensified CCD camera (XR Mega 10, Stanford 

Photonics, Palo Alto, CA) attached to a Nipkow spinning disk confocal head (CSU 10, 

Yokogawa Yokogawa Electric, Tokyo, Japan), and following tissue illumination with 

a 50mW argon laser. All mice were used according to protocols approved by the 

University of Rochester Institutional Animal Care and Use Committee. 
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3.3 Results 

Selectin adhesion alters trajectory of neutrophil with pseudopod 

Representative trajectories for neutrophils with and without adhesion enabled 

(Figure 3.2A and Figure 3.2B, respectively) were compared. The simulations were 

carried out for a shear rate of 1000 s
-1

 and initial height of 0.5 µm. Without adhesion, 

the neutrophil pseudopod makes contact with the wall and the body then flips 

smoothly with very small deviation in the y-axis direction. With P-selectin/PSGL-1 

adhesion, however, the neutrophil’s translation in the x-direction is slowed down as 

there is more pushing of the pseudopod prior to flipping (Figure 3.3A). When bonds 

form between the pseudopod and the endothelium, the neutrophil’s body swings 

around in the y-direction perpendicular to flow instead of parallel with the x-axis. 

Thus, the neutrophil’s overall centroid height is lower (Figure 3.3A) and its 

perpendicular displacement is greater Figure 3.3B) with adhesion.  

Characterizing neutrophil interaction behavior 

The simulated neutrophil interaction behaviors were found to fall into one of 

several categories: 

1. Firm adhesion upon first contact with the endothelium – A bound neutrophil 

that reached or approached the maximum number of bonds was assumed to be 

stationary, or “firmly adhered” to the endothelial wall. Physiologically, a 

neutrophil that was firmly adhered would likely begin crawling along and/or 

extravasating through the endothelium, but the model does not allow for the  
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Figure 3.2. Comparison of side view trajectories of hydrodynamic and MAD 

simulations run under the same conditions. The shear rate is 1000 s
-1

 and the initial 

height is 0.5 µm. (A) and (B) are side views of the trajectories for hydrodynamic and 

P-selectin/PSGL-1 adhesion-enabled simulations, respectively. The asterisks in (B) 

indicate when bonds exist between the neutrophil and the endothelium, during which 

time the neutrophil is tethering. 
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Figure 3.3. Comparison of hydrodynamic and adhesion-enabled simulations run under 

the same conditions. The shear rate is 1000 s
-1

, the dimensionless length is 1.9, and the 

initial height is 0.5 µm. The centroid heights for hydrodynamic and adhesion-enabled 

simulations are graphed versus time (A). The displacement perpendicular to the flow 

direction for both simulations is graphed versus time (B).  
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neutrophil to deform and exit the bloodstream. Typically, adhered neutrophils 

were found to be oriented with their body downstream and pseudopod 

upstream. 

2. Tethering to the endothelium before subsequent firm adhesion – Tethering is 

defined here as behavior in which the neutrophil briefly forms bonds with the 

endothelium and detaches shortly thereafter. 

3. Tethering without firm adhesion in the positional range studied. 

4. No bonds formed. 

Representative displacements over time for each behavior that formed bonds are 

shown in Supplementary Figure 3.1. All behavior types displayed very similar 

displacement trajectories until about t = 12 ms, when the adhesion cases form bonds 

with the endothelium via their pseudopods. Dragging of the pseudopod, as seen in 

Figure 3.2B, leads to decreased velocity. In contrast to the tethering simulations, the 

firm adhesion cases exhibited at least one bond with the endothelium until around t = 

20 ms, when the neutrophil body had flipped over the pseudopod and remained stuck 

at around x = 35 µm for the remainder of the simulation. In the tethering events, the 

neutrophil body flipped over the bound pseudopod and detached at around t = 20 ms, 

displaying constant velocity afterward. In the cases where one or two tethering events 

occurred before adhesion, the velocity was reduced at about t = 50 ms, where the 

neutrophils remained stuck to the endothelium at a position of around x = 105 µm. The 

case in which no bonds form did not exhibit reduced velocity at t = 12 ms and 

remained at a relatively constant speed throughout the simulation. 
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Tethering is conserved across a range of physiological shear rates 

When P-selectin/PSGL-1 adhesion is included in MAD, the shear rate affects 

the adhesive behavior. Neutrophil simulations were run at increasing shear rates of 

100 s
-1

, 250 s
-1

, 500 s
-1

, 1000 s
-1

, 1500 s
-1

, and 2000 s
-1

 starting at an initial height of 

0.5 µm. The bond formation rate used was 10 s
-1

, and ten runs were performed at each 

shear rate. At a shear rate of 100 s
-1

, all of the neutrophils firmly adhered to the 

endothelium upon first contact (Figure 3.4A). At higher shear rates, more tethering 

occurred prior to firm adhesion as well as an increase in tethering without adhesion. 

There were bonds formed during all of the simulations for each shear rate studied. 

Tethering lifetimes and rolling distances were examined (Figure 3.4B and C, 

respectively). Tether lifetime was defined as the total time from the neutrophil’s first 

bond with the endothelium until detachment of all bonds from the endothelium. Tether 

rolling distance was the total distance in the flow direction during which the neutrophil 

held at least one bond with the endothelial wall. There was no tethering behavior at a 

shear rate of 100 s
-1

 as 100% of the runs resulted in firm adhesion upon first contact 

with the endothelium. Tether lifetime decreased nonlinearly at higher shear rates 

(Figure 3.4B). An 8-fold increase in shear rate from 250 s
-1

 to 2000 s
-1

 resulted in a 

29.9% decrease in mean tether lifetime. An increase in shear rate from 500 s
-1

 to 2000 

s
-1

 produced little change in mean tether rolling distance (Figure 3.4C). At higher 

shear rates, less perpendicular displacement was observed (Figure 3.4D). While the 

pseudopod was bound to the endothelium, the neutrophil’s body swung around in the 

y-direction perpendicular to flow instead of parallel with the x-axis. A 20-fold increase 

in shear rate from 100 s
-1

 to 2000 s
-1

 resulted in a 39.4% decrease in the mean 
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Figure 3.4. Effect of shear rate on adhesion interactions. (A) Characterization of 

adhesion behavior, (B) tether lifetime, (C) tether rolling distance, (D) centroid 

displacement perpendicular to flow, and (E) cumulative frequency distribution for 

varying shear rates. Ten runs were performed for each condition. *p<0.01, and the 

mean and standard error are shown.  
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maximum centroid displacement in the y-direction. As tether lifetime decreases, 

perpendicular displacement of the neutrophil body also decreases; the neutrophil is 

making less contact with the endothelium. The cumulative frequency distribution for 

the number of bonds at each shear rate is shown in Figure 3.4E. This compiles the 

number of bonds at each time point during all tethering events of a simulation. The 

cumulative frequency curves were relatively linear over the range of shear rates 

studied. Also, the maximum bond number increased linearly (R
2
 = 0.920) by 100% 

from a shear rate of 250 s
-1

 to 2000 s
-1

.  

Firm adhesion requires higher bond formation rate 

The effect of the rate of P-selectin/PSGL-1 bond formation on rolling and 

tethering behavior was studied. A neutrophil of length 1.9 was simulated at increasing 

bond formation rates of 1, 5, 10, 15, and 20 s
-1

 starting at an initial height of 0.5 µm. 

The shear rate used was 500 s
-1

. All bond formation rates studied resulted in bond 

formation for all simulations. At a bond formation rate of 1 s
-1

, 100% of the 

simulations resulted in tethering events with no adhesion (Figure 3.5A). As bond 

formation rate increased, there was an increase in the number of firm adhesion events. 

At bond formation rates of 10 s
-1

, 15 s
-1

, and 20 s
-1

, firm adhesion occurred upon first 

contact for 20, 80, and 100% of all simulation cases, respectively. Mean tether lifetime 

and tether rolling distance increased from 1 to 15 s
-1

 by 126.2 % and 39.3%, 

respectively (Figure 3.5B and C). Similarly, the displacement of the neutrophil’s 

centroid perpendicular to flow increased from 1 to 10 s
-1

 by 32.0% (Figure 3.5D). The 

cumulative frequency curves of the number of bonds at each time point during 

tethering were mostly linear for all bond formation rates studied (Figure 3.5E). The  
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Figure 3.5. Effect of bond formation rate on adhesive interactions. (A) 

Characterization of adhesion behavior, (B) tether lifetime, (C) tether rolling distance, 

(D) centroid displacement perpendicular to flow, and (E) cumulative frequency 

distribution for varying bond formation rates. Ten runs were performed for each 

condition. *p<0.01, and the mean and standard error are shown.  
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maximum number of bonds at one time during a tethering event increased 

exponentially (R
2
 = 0.997) as bond formation rate was increased, showing a total 

increase of 314.2% from kf
0
 = 1 to 15 s

-1
. 

 Lower receptor counts correspond to decreased tether lifetime 

In addition to shear rate, sensitivity analysis was performed by varying the 

number of PSGL-1 receptors (25, 50, 200, and 300%) on the neutrophil’s surface. As 

with the experimentally-determined receptor number, the increased and decreased 

receptor counts were distributed homogeneously across the neutrophil surface. The P-

selectin/PSGL-1 bond formation rate was 10 s
-1

, the shear rate used was 500 s
-1

, and 

the neutrophil’s initial height was 0.5 µm. The rolling behavior at each on-rate was 

examined (Figure 3.6A). For 25 and 50% receptor counts, all of the simulation runs 

showed tethering but no firm adhesion. For the 200 and 300% receptor counts, there 

were increasing instances of firm adhesion, whereas there was no firm adhesion 

observed for the experimentally-determined number of receptors. As shown in Figure 

3.6B, small decreases were observed in the tether lifetime for the 50 and 25% receptor 

counts (11.4 and 9.9%, respectively) compared to the physiological receptor count. 

There was no significant difference among tether rolling distances when the receptor 

number was varied (Figure 3.6C). Regarding the displacement of the neutrophil’s 

centroid perpendicular to flow, there was no significant difference between the base 

case compared to the other receptor densities (Figure 3.6D). For 50 and 25% receptor 

counts, the cumulative distributions of the number of bonds during tethering events 

were similar to the base case (Figure 3.6E). The maximum number of bonds formed 

during tethering events for the 200% receptor case was almost twice as high (increase 
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Figure 3.6. Effect of receptor number on adhesive interactions. (A) Characterization 

of adhesion behavior, (B) tether lifetime, (C) tether rolling distance, (D) centroid 

displacement perpendicular to flow, and (E) cumulative frequency distribution for 

varying receptor numbers relative to the experimentally-determined value. Ten runs 

were performed for each condition. *p<0.01, and mean and standard error are shown.  
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of 88.9%) as for the base case (34 vs. 18 bonds, respectively). No tethering was 

observed for the 300% receptor case since all simulations resulted in firm adhesion 

upon first contact. 

Most adhesion occurs on the side of pseudopod 

To determine where adhesion was most likely to occur on the neutrophil’s 

surface, a range of initial angles was studied. The angle combination ranges were 0 to 

π at π/4 intervals (for a total of 125 angles), and angles resulting in wall penetration 

were excluded. For this set of simulations, the neutrophil’s centroid height was 1 µm 

off the endothelial surface, the shear rate was 500 s
-1

, and the bond formation rate used 

was 10 s
-1

. The initial height was chosen as a compromise between more frequent 

collision occurrence and with relatively fewer neutrophil positions excluded due to 

steric overlap with the wall. When no bonds formed, contact on the neutrophil’s 

surface was focused at the pseudopod tip (Figure 3.7A). In contrast, when the 

neutrophil tethered or firmly adhered to the endothelial surface, the area of contact 

was located along the side of the pseudopod (Figure 3.7B). The metrics examined for 

these behaviors were the contact time, contact area, and time integral contact area 

(Figure 3.8A, B, and C, respectively). Adhesion and/or tethering events showed 

significantly higher mean contact time and contact area compared with simulation runs 

where no bonds formed between the neutrophil and the wall, 46.62 ms and 20.99 µm
2
 

vs 7.530 ms and 9.181 µm
2
. Likewise, time integral contact area showed a similar 

trend, 0.75 µm
2
-ms for runs with bonds forming and 0.046 µm

2
-ms for runs without 

bonds. Contact time contributed greater variation to time integral contact area than did 

contact area. 
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Figure 3.7. Relative contact time for collisions where bonds did and did not occur. 

Relative contact time for collisions where (A) no bonds formed and (B) adhesion 

events occurred, pooled from the collisions of >60 initial angles. Red indicates the 

longest contact time, and blue is the shortest contact time.  
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Figure 3.8. Contact time and contact area for collisions where bonds did and did not 

occur. Contact time (A), contact area (B), and time integral contact area (C) graphs for 

collisions where no bonds formed and where adhesion events occurred. *p<0.01. 

  



 

60 

Behavior of tethering neutrophils with pseudopods in vivo resembles simulation 

results 

In vivo data of neutrophils in the bloodstream of healthy mice shows a small 

but significant population containing stable pseudopods. The tethering behavior 

exhibited in the MAD model is qualitatively consistent with these neutrophils with 

pseudopods. In the representative events shown in Figure 3.9 and 3.10, a neutrophil 

with stable pseudopod attaches to the endothelium and swings its body around until it 

detaches and rejoins the blood flow. Figure 3.11 shows a Ly6G labeled neutrophil 

with a long pseudopod as it detaches, moves downstream with the pseudopod flipping 

around, and reattaches via the existing pseudopod. Figure 3.12 shows a neutrophil as it 

extends a long pseudopod, disconnects the pseudopod and joins the flow, reattaches 

downstream via the existing pseudopod, disconnects the pseudopod, and rapidly 

retracts the pseudopod. Overall, the trajectory resembles the simulation trajectories 

obtained through simulation. In both the in vivo and simulation examples, the 

pseudopod is the primary area of contact on the neutrophil that enables adhesion to the 

endothelium, and the attachment is transient. 

3.4 Discussion 

Several types of behavior were observed in the simulations, comprising: 

tethering without firm adhesion, tethering with downstream firm adhesion, and firm 

adhesion upon first contact with the endothelium. The tether lifetime observed in the 

simulations for lower shear rates was on the order of that found for a white blood cell 

with single microvillus at a shear stress of 1 dyn/cm
2
, ~30 ms

48
. During simulation 

adhesion events, the preferred orientation of the neutrophil (pseudopod upstream, 
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body downstream) resembled the geometry and orientation of a deformable adhered  

 

Figure 3.9. In vivo example of neutrophil tethering in a blood perfused cremaster 

muscle venule. The circled neutrophil is observed to tether to the endothelium from t = 

0.06 s until t = 0.42 s, after which it detaches and rejoins the blood flow. The images 

were acquired using fluorescence confocal microscopy. 
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Figure 3.10. Time-lapse images of a rolling neutrophil in a blood perfused 

postcapillary venule. A representative neutrophil tethers to the endothelium at t = 0.13 

s and detaches by t = 1.37 s to rejoin the blood flow.  
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Figure 3.11. In vivo sequence depicting a representative, Ly6G labeled neutrophil 

with a long pseudopod. It detaches, moves downstream with the pseudopod flipping 

around, and reattaches via the existing pseudopod. 
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Figure 3.12. Time-lapse images show a representative, activated neutrophil as it 

slowly rolls along the vascular wall. The rolling neutrophil (t = 0 s) is observed to 

slow down through an extension of a pseudopod attached to the vascular endothelium 

(t = 9.8 s). It continues rolling by disconnecting the pseudopod to rejoin the flow (t = 

17.6 s), reattaches to the endothelium using the same pseudopod (t = 18 s), and finally 

disconnects the pseudopod (t = 19.4), rapidly retracting it into the cell body and 

continues to roll along the endothelium (t = 19.6 s).  
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leukocyte
46,62–66

. This deformed, tear drop geometry produces less drag on adherent 

leukocytes than rigid spheres. The in vivo images show several examples of 

neutrophils with stable pseudopods tethering once or twice without firm adhesion as 

well as an example of a neutrophil with a pseudopod that tethers before retracting its 

pseudopod. There is great variation among pseudopod shapes
24

, and it would be 

interesting to study more geometries. For instance, does a longer pseudopod have 

greater contact time during an adhesion event than a shorter, wider pseudopod of equal 

volume? Furthermore, there are often multiple pseudopods on a single cell
24,54

, and an 

examination of their relationship to one another would encompass a greater number of 

realistic scenarios. 

In this model, the PSGL-1 receptors are uniformly distributed across the 

neutrophil’s surface. Biologically, receptors can be clustered on the tips of microvilli, 

making the effective concentration of receptors locally higher. Furthermore, receptors 

can be found to be more dense on the pseudopod than on the neutrophil body
53

, for 

which our study does not account. Chang and Hammer discussed how receptor 

sensitivity accounts for heterogeneity in receptor counts among neutrophils
33

. A MAD 

model developed for deformable microvilli with receptor clustering utilized a 

comparable receptor density (4 microvilli per µm
2
, 24 receptors per microvillus) for an 

equivalent spherical cell volume
67

. The current results showing that the neutrophil’s 

tethering behavior resists changes in receptor count corroborate this finding. However, 

due to the heterogeneity among neutrophils, and the fact that most binding occurs on 

the pseudopod, it is likely that the range of behaviors may be captured by increasing 

and decreasing the overall receptor density. 



 

66 

Increasing the shear rate was found to increase the incidence of firm adhesion 

upon first contact; a shear threshold phenomenon was not observed here. However, 

catch-slip kinetics do not necessarily lead to larger-scale cell rolling that exhibits the 

shear threshold phenomenon
68

. It is expected that there would be changes to the 

rolling and adhesion behavior if other selectin binding kinetics were used in place of, 

or as a complement to, P-selectin/PSGL-1. For instance, E-selectin/PSGL-1 binding 

typically occurs later than P-selectin/PSGL-1 during inflammation
40

. L-

selectin/PSGL-1 demonstrates a stronger shear threshold effect than P-selectin/PSGL-

1
68

. Tether rolling distance was found to be nearly constant for shear rates from 250–

2000 s
-1

, which is similar to findings from Alon et al.
69

. 

 

3.5 Conclusions 

We have developed a three-dimensional computational model of a neutrophil 

with long pseudopod interacting with the endothelium under flow via PSGL-1/P-

selectin catch-bond kinetics. In contrast to the transient endothelial contact exhibited 

in the hydrodynamic model, the neutrophil’s translation in the x-direction is slowed 

down due to P-selectin/PSGL-1 binding in the MAD model, leading to neutrophil 

tethering. While the pseudopod was bound to the endothelium, the neutrophil’s body 

swung around in the direction perpendicular to flow. Thus, the neutrophil’s overall 

centroid height is lower and its perpendicular displacement is greater with selectin 

binding than without selectin binding. This tethering behavior was found to be 

qualitatively consistent with in vivo data of murine neutrophils with pseudopods in the 

bloodstream. Tethering was conserved across a range of physiological shear rates and 
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was resistant to changes in receptor count. Firm adhesion upon first contact with the 

endothelium increased as shear rate, receptor count, and bond formation rate 

increased. A range of initial orientations were tested, and simulations in which 

tethering events occurred experienced the greatest contact along the side of the 

neutrophil pseudopod. In contrast, in simulations where endothelial collisions occurred 

but no bonds formed, contact was focused on the pseudopod tip. The side of the 

pseudopod offered greater surface area to bind to the endothelial wall as well as 

greater contact time in the simulations where adhesion occurred was observed. This 

chapter presented the effect of P-selectin and PSGL-1 binding on the hydrodynamics 

of neutrophil collisions with the endothelium. Future work should focus on pseudopod 

deformability and multiple pseudopods. 
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Supplementary Figure 3.1. Representative displacements in the flow direction over 

time for tethering and adhesion behaviors. The neutrophil pseudopod length was 1.9, 

the initial height was 0.5 µm, the bond formation rate was 10 s
-1

, and the shear rate 

was 500 s
-1

. 
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CHAPTER 4 

 

COMPARISON OF HUMAN AND MOUSE E-SELECTIN BINDING TO 

SIALYL-LEWIS
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During inflammation, leukocytes are captured by the selectin family of adhesion 

receptors lining blood vessels to facilitate exit from the bloodstream. E-selectin is 

upregulated on stimulated endothelial cells and binds to several ligands on the surface 

of leukocytes. Selectin:ligand interactions are mediated in part by the interaction 

between the lectin domain and Sialyl-Lewis x (sLe
x
), a tetrasaccharide common to 

selectin ligands. There is a high degree of homology between selectins of various 

species: about 72% and 60% in the lectin and EGF domains, respectively. In this 

study, molecular dynamics, docking, and steered molecular dynamics simulations 

were used to compare the binding and dissociation mechanisms of sLe
x
 with mouse 

and human E-selectin. First, a mouse E-selectin homology model was generated using 

the human E-selectin crystal structure as a template. Mouse E-selectin was found to 

have a greater interdomain angle, which has been previously shown to correlate with 

stronger binding among selectins. sLe
x
 was docked onto human and mouse E-selectin, 

and the mouse complex was found to have a higher free energy of binding and a lower 

dissociation constant, suggesting stronger binding. The mouse complex had higher 

flexibility in a few key residues. Finally, steered molecular dynamics was used to 
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dissociate the complexes at force loading rates of 2000-5000 pm/ps
2
. The mouse 

complex took longer to dissociate at every force loading rate and the difference was 

statistically significant at 3000 pm/ps
2
. When sLe

x
-coated microspheres were perfused 

through microtubes coated with human or mouse E-selectin, the particles rolled more 

slowly on mouse E-selectin. Modulating selectin adhesion through amino acid 

substitution holds promise as a way to balance the inflammatory response in the 

context of disease. 

 

4.1 Introduction 

Selectins are a family of transmembrane adhesion molecules that mediate the 

inflammatory response and the cancer metastasis cascade. There are three members of 

the selectin family: P(latelet)-selectin, E(ndothelial)-selectin, and L(eukocyte)-

selectin. All three contain an N-terminal lectin domain, epidermal-growth-factor-like 

(EGF) domain, a varying number of consensus repeat units, a transmembrane portion, 

and a cytoplasmic tail
10,12,14

. During inflammation, fast binding and dissociation of 

bonds between cells and endothelium contributes to rolling. Selectin:ligand 

interactions are mediated partially by the interaction between the lectin domain and 

Sialyl Lewis x (sLe
x
), a tetra saccharide on cell surface proteins common to selectin 

ligands. E-selectin binds particularly well to PSGL-1, CD44, and ESL-1
10,70

. 

There is a high degree of amino acid identity between selectins of various 

species: about 72% and 60% in the lectin and EGF domains, respectively
12

. Mouse E-

selectin differs from human E-selectin by 29 substitutions in the lectin and EGF 

domains (Fig. 1) and its binding behavior and resulting rolling behavior with human 
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sLe
x
 has not been studied. The amino acid differences between human and mouse E-

selectin are fairly evenly distributed within and between the domains (Fig. 1).  

 

 
 

Figure 4.1. Sequence alignment of EGF and lectin domains of human and mouse E-

selectin. The lectin domain is shown in green, and the EGF domain is shown in teal. 

Residue differences between species are noted in red, and the binding pocket for 

human E-selectin is noted in yellow and underlined. 
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Molecule conformational changes are essential to physiological processes
39

. 

Selectin interdomain hinge flexibility greatly affects the on-rate of selectin:ligand 

binding. All the selectins have shown “open” and “closed” states that correspond to 

whether or not they are in complex; for instance, there is a 52° increase in the 

interdomain angle from unliganded P-selectin to P-selectin in complex
40

.  

Hydrodynamic forces in the bloodstream favor the open conformation as it can 

strengthen selectin:ligand bonds
41

. A flexible hinge encourages the oscillation between 

the two states, which facilitates greater range of motion for the lectin domain and thus 

provides more opportunity for binding
16,42

. Lou et al. used molecular dynamics and 

site mutagenesis at the interdomain hinge of L-selectin to learn that increasing hinge 

flexibility via mutation caused an increase in binding on- and off-rates of 

selectin:ligand interactions
17

. Of particular interest are the binding site and 

interdomain angle, since prior dissociation studies of P-selectin:sLe
x
 suggest these to 

be important modulators of dissociation time and final conformation
18

. 

Molecular dynamics simulations are a useful tool to study the movement of a 

protein chain over time, given specified starting parameters
71

. The goal of this study 

was to determine how the structural differences between human and mouse E-selectin 

affect their corresponding binding and thus cell rolling behavior. Molecular dynamics, 

docking, and steered molecular dynamics were used in conjugation with microtube 

rolling experiments to address this link between molecular properties and cellular 

scale adhesion phenomena under flow. 

 

4.2 Methodology 
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MD to prepare receptor (E-selectin or mutants) for docking 

The lectin and EGF crystal structure of human E-selectin (1ESL) was obtained 

from the Protein Data Bank to provide starting atomic coordinates. The lectin and 

EGF domains are the effective binding unit of E-selectin. The E-selectin:sLe
x
 complex 

crystal structure (1G1T) was not used as a starting structure as the bound complex 

does not allow for full flexibility of E-selectin when amino acid substitutions are 

made. Molecular dynamics, docking, and SMD simulations were performed using the 

YASARA (http://yasara.org) package of MD programs with the YAMBER3 self-

parameterizing force field. For all simulations, the temperature and pressure were held 

constant at 298 K and 1 atm, respectively. Other parameters used include periodic 

boundary conditions, the particle mesh Ewald method for electrostatic interactions, 

and the recommended 7.86 Å force cutoff for long-range interactions
72

. A predicted 

model of mouse E-selectin was created using human E-selectin as a template and 

substituting 29 residues. 

For equilibrium simulations, human and mouse E-selectin were each solvated 

in a water box and neutralized by adding Na
+
 and Cl

-
 ions to a concentration of ~50 

mM. To allow for free protein rotation, the water box was defined as a cube with sides 

80 Å, at least 10 Å from the structure. The conformational stresses were removed 

using short steepest-descent minimizations followed by simulated annealing until 

sufficient convergences were reached. Free dynamics simulations were run for 10 ns. 

Similar equilibration simulations were run for sLe
x
 (taken from the 1G1T PDB 

structure) with a water box of size 30×30×30 Å. The average structure for each 

simulation run was used for further simulation steps. 
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Binding sLe
x
 to human and mouse E-selectin 

Molecular docking predicts the conformation of a protein-ligand complex and 

enables calculation of the binding affinity
71

. sLe
x
 was docked to the human and mouse 

E-selectin structures using the AutoDock program with YAMBER3 force field. sLe
x
 

was allowed full flexibility and E-selectin had a fixed backbone with flexible 

sidechains. 250 docking runs were completed, and the AutoDock scoring function 

sorted the runs by binding energy. Complex conformations were assumed to be 

different if the ligand RMSD was greater than 5 Å. Of the final conformations with 

positive binding energy, those for which there was no contact (5 Å or less) between 

the fucose residue of sLe
x
 and the calcium ion were eliminated as they would not be 

physiologically realistic. The docked complexes were solvated using the same MD 

steps as before with a water box of size 100×100×100 Å. The distance from the ligand 

to the calcium ion was analyzed over the simulation, and if it remained relatively 

constant, the complex was considered stable. The average free dynamics complex 

structures were used for the subsequent dissociation steps. 

SMD to simulate dissociation under applied force 

Steered molecular dynamics (SMD) was used to simulate dissociation under 

applied force. Constant acceleration was applied to the ligand center of mass to move 

it away from the receptor center of mass. The simulations were run until all the 

hydrogen bonds between sLe
x
 and E-selectin were broken and the two proteins were 

dissociated. 

Microtube functionalization 

Microrenathane tubes (300 mm i.d. and 50 cm long; Braintree Scientific, 
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Braintree, MA) were sterilized with 75% ethanol for 15 min. After three washes with 

PBS, the inner luminal surface was functionalized with recombinant human E-selectin 

(5 ug/mL) for 2 h. Next, the microtubes were then incubated with dry milk powder 

(5% w/v) in PBS for 1 h to prevent nonspecific adhesion. For control experiments, 

microtubes were prepared as indicated above except that E selectin was replaced with 

BSA.  

Microsphere functionalization  

SuperAvidin-coated microspheres (9.94 um i.d.; CP01N, Bangs Laboratories, 

Fishers, ID) were washed with PBS buffer per manufacture instruction. Next, the 

microspheres were incubated with Sialyl-Lewis
X
-biotin at specified concentrations for 

1 h with gentle mixing every 15 min. Finally, the microspheres were washed twice and 

resuspended in flow buffer (PBS supplemented with 2 mM Ca
2+

).   

Rolling experiment  

Functionalized microspheres (2x10
6
/mL) suspended in flow buffer were 

perfused through the microtubes using a syringe pump at 8 dyne/cm
2
. Recorded videos 

of rolling microbeads were captured and analyzed using ImageJ similarly to prior 

publications
73,74

. 

 

4.3 Results 

Mouse E-selectin homology model exhibits a greater interdomain angle than human  

Human and mouse E-selectin structures were solvated and equilibrated over 

the course of 10-ns molecular dynamics simulations. Three simulations were 

performed for each species; the average structures for each species over the MD 
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simulations were examined and compared. The most prominent structural difference 

between the two species was the interdomain angle between the EGF and lectin 

geometric centers. The mean interdomain angle for human E-selectin was 93.8° and 

the mean for mouse E-selectin was 104.8°, a difference of 11°. Figure 4.2A shows 

overlaid representative human and mouse structures, and Figure 4.2B shows the 

interdomain angle quantification.  

Figure 4.3 shows the dynamic secondary structure by residue of each 

simulation run. The lectin domain for each species contains two α-helices: the C-

terminal end of the first α-helix is shorter by one or two residues for mouse E-selectin, 

and both species show some fluctuation, known as “fraying”
75

,  in the length of the 

second α-helix, particularly on the C-terminal end. The β-strands in the remainder of 

the lectin domain vary in length for both species. In the EGF domain, the main 

structural features are two antiparallel β-strands. For the human runs 1 and 2, the beta-

strands show little change in their length. In the human run 3, the two β-strands 

became fragmented into three after 2 ns. For the mouse, the β-strands show some 

variation in length for runs 1 and 2 but remain mostly stable for run 3. Overall, the 

mouse E-selectin lectin and EGF domains contains more random coil and turns than 

human E-selectin. 

Looking more specifically at the residue differences between species, the 

average backbone root mean square deviation (RMSD) by residue was compared 

(Figure 4.4A). Mouse E-selectin exhibited a greater backbone RMSD across nearly all 

residues. Specifically, the regions 1-3, 6-8, 21-25, 41-42, 64-66, 79-87, 96-100, 118-

121, 124-126, 139, 145-151, and 153-157 showed a difference of more than 1 Å. Each 
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Figure 4.2. Mouse E-selectin (blue) showed a greater interdomain angle than human 

(red). The angle is measured from geometric center of residues 1-118 to the geometric 

center of residues 119-157 with a hinge at the pivot. Mean and standard deviation are 

plotted. Calcium ion is shown in yellow. *P value < 0.05 (two-tailed t-test). 
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Figure 4.3. Dynamic secondary structure by residue of human and mouse E-selectin 

over 10 ns MD simulations. Residues are labeled by secondary structure according to 

their color: α-helices are red, β-strands are blue, 3-10 helices are grey, and coils and 

turns are not colored. The lectin domain includes residues 1-118, and the EGF domain 

is 119-157. 
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Figure 4.4. Average backbone RMSD by residue (A) and average RMSF by residue 

(B) of human and mouse E-selectin during 10 ns MD simulations. (C) Mouse structure 

showing locations of residues 22 near the domain interface and 85 near the binding 

pocket.  
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of these regions contains amino acid differences between species. Importantly, many 

of these regions are involved with the pivot point between the lectin and EGF 

domains
76

. The flexibility of each residue was compared between species by 

examining the root mean square fluctuation (RMSF). Figure 4.4B shows the RMSF by 

residue for each species, averaged over the three runs. The RMSF by residue was 

nearly similar between human and mouse, but the mouse shows peaks at residues 21, 

43, and 124 where the human protein does not. As expected, these are all locations 

where there are one or more amino acid differences between species and all are 

locations of increased backbone RMSD (see Figure 4.4A). Residue 21 and 43 are at 

the C-terminal end of the first and second α-helices, respectively. As shown in Figure 

4.2, the length of both α-helices fluctuated over the equilibration MD simulation. 

Residue 124 shows the greatest increase in RMSF and is located in a section of turns 

and coils in the EGF domain that is roughly parallel to the main β-strands. Figure 4.4C 

shows the locations of two residues where there was the greatest difference in RSMD 

for the mouse E-selectin. Residue 22 is located very close to the lectin/EGF domain 

interface, and residue 85 is close the binding pocket in the lectin domain. 

Mouse E-selectin is predicted to bind more strongly to sLe
x
 than human E-selectin 

Equilibrated sLe
x
 was then docked onto the human and mouse E-selectin 

structures. The free energy of binding and the dissociation constant were ranked for 

each of the resulting complexes. Only stable complexes for which there was 

interaction with the calcium ion were considered
77

, resulting in four feasible 

complexes for each species, and the highest free energy complex of each species was 

chosen for further study
78

. The mouse E-selectin complex yielded a higher free energy  
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Figure 4.5. Free energies of binding (green circles and solid line) and dissociation 

constants (purple squares and dashed line) for human and mouse E-selectin:sLe
x
 

complexes. 
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of binding as well as a lower dissociation constant (Figure 4.5).  

Differences in dissociation time among complexes are caused more by interdomain 

flexibility rather than by contacts between receptor and ligand 

The complexes were solvated and equilibrated for 10 ns. The average 

equilibrated complexes were examined prior to dissociation as per other studies of 

selectin binding
76,79

. The geometric parameters analyzed included the distance and 

angle between the lectin and EGF domain centers of mass, the number of interdomain 

contacts and hydrogen bonds, the hinge distance, and the number of contacts and 

hydrogen bonds between the ligand and the receptor. Contacts were defined as less 

than 5 Å distance between two residues. As shown in Figure 4.6A, the mean 

interdomain angle for the mouse-sLe
x
 complex was higher than for the human-sLe

x
 

complex. Increased interdomain angle has been shown to increase flow-enhanced 

tether rate for N138G L-selectin
68

, so it is predicted that mouse E-selectin will have a 

greater tether rate than human E-selectin. The secondary structure composition of both 

E-selectin species was examined (Figure 4.6B). There was no significant difference in 

the percentage of α-helices and coil between species. However, mouse E-selectin in 

complex had a smaller percentage of β-strands and an increased percentage of turns 

compared with human E-selectin. 

The secondary structure of each complex was examined over the solvated free 

dynamics simulation (Figure 4.7). There was a notable difference in the antiparallel β-

strands of the EGF domain between species. The mouse complex showed two such β-

strands during each individual run and the length between the strands varied. 

However, all of the human complex runs oscillated between two or three short β- 
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Figure 4.6. (A) Angle between geometric center of residues 1-118 and geometric 

center of residues 119-157 for human and mouse complex configurations. (B) 

Secondary structure composition of E-selectin by species. Mean and standard 

deviation are shown. *P < 0.05 (two-tailed t-test). 
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Figure 4.7. Dynamic secondary structure by residue of human and mouse E-selectin 

complexes over 10 ns MD simulations. Residues are labeled by secondary structure 

according to their color: α-helices are red, β-strands are blue, 3-10 helices are grey, 

and coils and turns are not colored. The lectin domain includes residues 1-118, and the 

EGF domain is 119-157. 
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strands. For both species, the two α-helices in the lectin domain showed some 

fluctuation in the length, particularly on the C-terminal end of the second α-helix; this 

is similar to the trajectories of E-selectin alone (Figure 4.2). 

The residue flexibility of each species complex was examined by studying 

average RMSF values over the 10-ns free dynamics (Figure 4.8A). Comparing the two 

species, the mouse complex exhibited a higher RMSF at several key pivot residues, 

including 2, 30, and 125 (Figure 4.8B). There is also an RMSF peak at residue 43, 

which is at the C-terminal end of the second α-helix. Adhesion is largely regulated by 

the interdomain hinge, so increased flexibility in this area could indicate a prolonged 

bond lifespan and lower off-rate
16

. 

The E-selectin residues in contact with sLe
x
 were examined for the average 

solvated 1G1T structure and human and mouse configuration complexes (Figure 4.9). 

The human complex exhibited more contacts with sLe
x
, defined as the number of 

atoms of E-selectin that were within 5 Å of any atoms of sLe
x
. (Figure 4.9A). The 

specific residues and number of contacts for each complex are shown in Figure 4.9B. 

All of the E-selectin residues except residue 99 had RMSF values within 1 Å (Figure 

4.8A), indicating relatively low flexibility. This is consistent with their location within 

or near the binding site. Residue 82 had the most contacts, with residues 97, 105, 107, 

and 111 showing the next highest number of contacts. Several residues in contact with 

sLe
x
 (46-48, 44-79, 88, 92, 100, and 113). There were several contacting residues in 

the human complexes that had no or negligible contact for the mouse complexes, 

including 47, 48, 77, 78, 79, and 100. All of these residues had fewer than 50 contacts 

among the three runs. Conversely, two residues for which there was significantly more  
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Figure 4.8. (A) RMSF by residue for human mouse configuration complexes. (B) 

Mouse structure showing locations of residues 2, 30, and 125 near the domain 

interface. 
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Figure 4.9. (A) Number of contacts between ligand and receptor within 5 Å. Mean 

and standard deviation are shown. *P < 0.05 (two-tailed t-test). (B) Distribution and 

quantification of receptor/ligand contacts for E-selectin residues that are within 5 Å of 

sLe
x
 for each human and mouse complex. (C) Mouse E-selectin looking down on 

lectin domain, showing locations of residues 99 and 108 relative to sLe
x
.  
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contact for mouse complexes than for human were 99 and 108 (Figure 4.9C). Both 

residues 99 and 108 experienced about 100 contacts between the three mouse 

complexes; they are located on either end of the sLe
x
 and may serve as anchor points. 

Thus, despite having fewer total contacts and a similar number of residues in contact 

with sLe
x
, the data suggest that residues 99 and 108 are of particular importance in 

dissociation. Residue 99 is lysine and residue 108 is arginine, both large and 

positively-charged amino acids. Neither of these are residues that are different 

between human and mouse E-selectin but both are one or two residues away from 

substitutions at 98, 101, and 110. 

Mouse E-selectin complex takes longer to dissociate than human E-selectin 

Each species complex was subjected to force loading rates between 2000 and 

5000 pm/ps
2
, and dissociation was determined as the point when all hydrogen bonds 

between the ligand and receptor were broken and did not reform. In all simulations, 

higher force-induced loading rates led to faster dissociation times (Figure 4.10). Under 

all force-induced loading rates, mouse complexes took longer on average to dissociate. 

However, only the rate of 3000 pm/ps
2
 led to a statistically significant difference 

between species.  

Rolling experiments show microspheres roll slower on mouse E-selectin 

sLe
x
-coated microspheres were perfused through E-selectin coated microtubes 

and the average rolling velocity of the microspheres on each E-selectin species were 

compared (Figure 4.11). Microspheres were used instead of cells to eliminate effects 

of cell deformability or other selectin:ligand pairs not considered within the scope of  
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Figure 4.10. Dissociation time for mouse:sLe
x
 and human:sLe

x
 complexes at varying 

force-induced loading rates. Mean and standard deviation are shown. *P < 0.05 (two-

tailed t-test). 
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Figure 4.11. Rolling velocity in µm/s of sLe
x
-coated microspheres perfused through 

an E-selectin coated microtube. Mean and standard deviation shown. ***P < 0.001 

(two-tailed t-test). 
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this study. As expected, the microspheres rolling on mouse E-selectin showed a 

statistically significantly lower rolling velocity compared to microspheres perfused 

over human E-selectin; the average rolling velocity on human E-selectin was 11.2 

μm/s and the average for mouse E-selectin was 0.63 μm/s. Rolling velocity is largely 

affected by off-rate
51

, so the longer dissociation exhibited by simulations of the mouse 

E-selectin complex versus the human complex (Figure 4.10) is consistent with this 

trend. 

 

4.3 Discussion 

Excessive leukocyte extravasation out of the bloodstream has been linked with 

chronic inflammation
70

. Thus, potential therapies for controlling the inflammatory 

response could involve inhibiting or moderating the selectin adhesion that mediates 

leukocyte tethering and rolling to the blood vessel walls. Homology modeling and 

amino acid substitutions, particularly those that affect molecular flexibility, and have 

been shown to be highly effective in changing adhesion and inhibitive function
80–82

. In 

this study, a mouse homology model comprising 29 point substitutions to the human 

E-selectin crystal structure greatly affected dissociation of sLe
x
 from the resulting 

complex. The adhesive characteristics of the mouse E-selectin homology model 

qualitatively match results from experiments that showed slower rolling velocity of 

sLe
x
-coated microspheres. These results provide new insight into the connection 

between structure and function of species-specific E-selectin. These results suggest 

that differences in dissociation time result more from interdomain flexibility than by 

contacts between receptor and ligand. 
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There are few ways the current study could be improved. Firstly, the 

simulation starting crystal structure coordinates taken from the Protein Database was 

E-selectin alone, 1ESL. However, the structure should be compared with the E-

selectin:sLe
x
 crystal structure, 1G1T. Molecular dynamics studies comparing P-

selectins taken from crystal structures when in complex with sLe
x
 (1G1R) or PSGL-1 

(1G1S) revealed several structural differences
83

. Secondly, docking a homology model 

structure accumulates more errors than using a crystal structure
84

, but this could not be 

avoided for the purpose of this study. Also, the binding affinities determined by 

docking neglects two important details: protein flexibility is a key determinant in 

binding, and physiologically, complexes are solvated in a salt solution
77

. The docking 

algorithm included flexibility in the E-selectin side chains and full flexibility in the 

sLe
x
, but more time-consuming and detailed docking algorithms could be used for a 

full flexibility E-selectin. The docked structures were solvated after docking using 10-

ns molecular dynamics simulations to partially account for more physiological 

conditions. Intramolecular distortion of the lectin and EGF domains was not evident 

for most simulations, particularly at higher force-induced loading rates. Shear flow is 

not directly considered in these SMD simulations, and it has been shown that shear 

flow can have a greater contribution to intramolecular distortion than tensile stretch 

prior to bond breakage
79

. Nevertheless, most SMD simulations of selectin:ligand 

dissociation have not considered shear rate and have yielded valuable insights
72

.  

This study demonstrates out the significance of combining simulations with 

experimental rolling studies to gain insights into the functional differences between 

proteins that share sequence similarity. The differences in amino acid structure can be 
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exploited for applications such as selectin-based leukocyte and circulation tumor cell 

isolation
85

. The combined methodology involving docking, steered molecular 

dynamics, and molecular dynamics simulations of receptor:ligand interactions holds 

possibility as a means for rational drug design
86

. 

 

4.4 Conclusions 

Molecular simulations were used in elucidate the binding of sLe
x
 to mouse and 

human E-selectin. Docking simulations predicted that mouse E-selectin would bind 

more strongly to sLe
x
 than human E-selectin, and steered molecular dynamics 

simulations predicted that the mouse E-selectin:sLe
x
 complex would exhibit a longer 

dissociation time. Mouse E-selectin alone and bound to sLe
x
 exhibited a greater 

interdomain angle than human E-selectin, and there were fewer receptor:ligand 

contacts. When tested experimentally, sLe
x
-coated beads rolled more slowly in tubes 

coated with mouse E-selectin rather than human E-selectin.
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CHAPTER 5 

 

INQUIRY-BASED EDUCATION OF FLUID MECHANICS PRINCIPLES USING 

HEMODYNAMICS 

 

5.1 Introduction 

For K-12 students, application of biomedical engineering is a constructive link 

between basic science, health, and engineering concepts. The goal of this laboratory 

module was to determine flow rate using an experimental blood vessel model and use 

it to calculate pressure drop. The concepts from this lab were expanded to understand 

the fluid mechanics in blood vessels and its implication in normal physiology and 

diseased states. 

 

5.2 Materials and Methods 

Four high school physics classes (three regular and one honors), a total of 80 students, 

completed this laboratory over two 80-min class periods one week apart (Figure 5.1). 

Materials 

Six model systems were built prior to the module using basic supplies from a 

hardware store (Figure 5.2). Each required two 10-gallon buckets (“reservoirs”) with 

volumetric gradations, a ball valve, duct tape, flexible plastic tubing, a stopwatch, and 

a ruler. The flexible plastic tubing was used to mimic blood vessels, and each of the 

systems utilized different tube geometries: the inner diameters used were ¼-in and ½-

in, and lengths used were 7 ft, 13 ft, and 20 ft. The buckets were used as water holding 

and collecting reservoirs. A ball valve was inserted near the bottom of the holding 
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Figure 5.1. Flow chart for module. 
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Figure 5.2. Laboratory system setup. After the valve is opened, water from the 

holding reservoir flows through the plastic tubing into the collecting reservoir at a 

nearly constant rate. 
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reservoir, and the spout of the ball valve was connected with duct tape to the tubing. 

The tubing was held level with tape to eliminate the effect of gravity.  

Methods 

During the first day, about 20 min were spent giving an introduction to the lab 

and data collection/analysis methods. Students collected data in teams of 2-4 students 

for about 40 min. They first measured the length and radius of the tube in their given 

system. After filling the holding reservoir with water, they opened the valve and 

recorded times at every 2 gallons as the water level decreased. They spent about 20 

min calculating flow rate and pressure drop using Microsoft Excel. Students graphed 

water volume in the holding reservoir vs. time, added a linear best-fit line to their data, 

and determined the volumetric flow rate from the line’s slope. Using their findings, 

students calculated the pressure drop in their system using Poiseuille’s equation: 

∆P=(8*Q*L*η)/(π*r
4
 )        (5.1) 

where Q = volumetric flow rate, L = length, η = viscosity and r = radius. They used 

the viscosity of water instead of blood in their calculations. Between the module days, 

students completed calculations they had not finished during class; created PowerPoint 

presentations with their lab groups connecting fluid flow concepts to real-life 

examples; and wrote individual lab reports. On the second day of the module, students 

presented their PowerPoint presentations to the class. 

 

5.3 Results and Discussion 

Most students successfully calculated volumetric flow rate and pressure drop 

for their team’s system. Students compared their calculated pressure drops to other 
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groups with different tube geometries to determine the relationships between tube 

length/radius and pressure drop. In their PowerPoint presentations, students made 

interesting real-life connections to fluid flow concepts, including bottlenecking of 

traffic as roads narrow. In their reports, students connected the variables used in 

Poiseuille’s equation to their equivalents in Ohm’s Law. Students were challenged to 

relate blood vessel geometry to disease symptoms, and they ascertained several 

diseases that could change blood vessel geometry and thus affect pressure drop. Most 

students hypothesized that adding salt to one’s diet would increase blood viscosity and 

thus could increase the pressure drop in a blood vessel.  

 

5.4 Conclusions 

Through this laboratory module, students demonstrated their understanding of 

hemodynamics and its connection to electricity and real-life examples through lab 

reports and oral presentations. The module served as an introduction to biomedical 

engineering and the application of fluid mechanics to physiology and disease. It 

encouraged students to pursue higher education in STEM fields.
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CHAPTER 6 

 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

6.1 Conclusions 

Pseudopod-containing neutrophil hydrodynamics 

This study presents an analysis of the near-wall hydrodynamic collisions of a 

neutrophil geometry consisting of a spherical body with a Gaussian-shaped 

pseudopodial extension. During inflammation, neutrophil shape is critical in 

determining the rolling and tethering behavior that leads to extravasation through the 

endothelium. Neutrophils extrude pseudopods during the adhesion cascade, but the 

transport behavior of this unique cell geometry had not been previously addressed. 

This work demonstrated that they may enable the initial contact of free-flowing 

neutrophils with the endothelial wall, thus physically contributing to inflammation 

progression. Neutrophil geometries consisting of a spherical body with Gaussian-

shaped pseudopods of varying lengths were studied and compared to spheroids of 

equal major axis length and volume.  

Longer major axis lengths caused neutrophils and prolate spheroids to undergo 

more lateral translation during tumbling. Rotation period length was longer for 

neutrophils than for spheroids. At lower initial heights, longer pseudopods propel the 

neutrophil away from the endothelial wall, and centroid height subsequently remained 

at a higher height, called “pole vaulting.” Greater collision frequency, contact force, 

and time integral contact area (which represents contact time and contact area between 
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the surface of the cell and the wall) predict increases in binding potential as there are 

more opportunities to reach receptors and more time to form bonds. Comparing the 

wall collision frequency of neutrophils and spheroids of varying length and initial 

height, neutrophils were found to experience more frequent collisions than spheroids 

of equivalent length. For both neutrophils and spheroids, contact time usually 

increased for longer lengths and decreased as the initial height was increased. 

Spheroids showed greater contact times, greater maximum contact areas, and TICA 

than neutrophils at lower initial heights, yet neutrophils collided with the wall at 

higher initial heights. For both neutrophils and spheroids, contact time decreased as 

both shear rate and initial height were increased. Neutrophils experienced higher 

contact force than corresponding spheroid lengths, and the rate of the increase of 

contact force over pseudopod length was greater than for spheroids. 

The pseudopod was found to be a hotspot of binding potential on the 

neutrophil surface. Contact occurs at two locations on the neutrophil’s surface, the 

side of the spherical body and at the tip of the pseudopod. In contrast, contact was 

observed over most of the spheroid’s surface with hotspots at the ends.  

Selectin-mediated wall interactions of neutrophils with pseudopods 

Selectin kinetics, together with neutrophil hydrodynamics, regulate the 

fundamental adhesion cascade of cell tethering and rolling on the endothelium. This 

study uses the Multiscale Adhesive Dynamics computational model to simulate, for 

the first time, the tethering and rolling behavior of pseudopod-containing neutrophils 

as mediated by P-selectin/PSGL-1 bonds. The model simulations showed that with P-

selectin/PSGL-1 adhesion, the neutrophil’s translation in the direction of flow is 
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slowed down compared with the hydrodynamic model. When bonds form between the 

pseudopod and the endothelium, the neutrophil’s body swings around perpendicular to 

flow. The simulated neutrophil interaction behaviors were found to fall into one of 

several categories: firm adhesion upon first contact with the wall; tethering to the 

endothelium before subsequent firm adhesion; tethering without firm adhesion in the 

positional range studied; and no bonds formed. 

At higher shear rates, more tethering occurred prior to firm adhesion as well as 

an increase in tethering without adhesion. Tether lifetime decreased and less 

perpendicular displacement was observed at higher shear rates. As bond formation rate 

increased, there was an increase in the number of firm adhesion events, tether lifetime, 

and tether rolling distance. Receptor counts lower than the experimental average 

resulted in decreased tether lifetime. The tethering behavior exhibited in the MAD 

model is qualitatively consistent with in vivo data of neutrophils with pseudopods in 

healthy mice: the pseudopod is the main area of adhesion on the neutrophil’s surface, 

and the attachment is transient. 

Comparison of human and mouse E-selectin binding to Sialyl-Lewis
x 

Homology modeling and amino acid substitutions, particularly those that affect 

molecular flexibility, and have been shown to be highly effective in changing adhesion 

and inhibitive function. Molecular simulations were used in elucidate the binding of 

sLe
x
, a tetrasaccharide common to selectin ligands, to mouse and human E-selectin 

and were compared with rolling experiments. 

The mouse E-selectin homology model created from the human E-selectin 

crystal structure exhibited a greater interdomain angle than human E-selectin. Docking 
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simulations revealed that mouse E-selectin is predicted to bind more strongly to sLe
x
 

than human E-selectin. The differences in dissociation time between mouse E-

selectin:sLe
x
 and human E-selectin: sLe

x
 complexes are caused more by interdomain 

flexibility rather than by contacts between receptor and ligand. The mean interdomain 

angle for the mouse-sLe
x
 complex was higher than for the human-sLe

x
 complex, and 

increased interdomain angle has been shown to increase flow-enhanced tether rate. 

Mouse E-selectin in complex had a smaller percentage of β-strands and an increased 

percentage of turns compared with human E-selectin. The mouse complex exhibited a 

higher root mean squared flexibility, an indicator of flexibility, at a residue critical to 

the interdomain pivot. 

Steered molecular dynamics simulations showed that the mouse E-selectin 

complex took longer to dissociate than human E-selectin at varying force-induced 

loading rates. sLe
x
-coated microspheres were perfused through E-selectin coated 

microtubes, and microspheres rolling on mouse E-selectin showed a statistically 

significantly lower rolling velocity compared to microspheres perfused over human E-

selectin. Rolling velocity is largely affected by off-rate, so the longer dissociation 

exhibited by simulations of the mouse E-selectin complex versus the human complex 

is consistent with this trend. 

 

6.2 Future directions 

The work described in this thesis present several opportunities for proposed projects 

that can expand its scope. 
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Additional pseudopod geometries for neutrophil hydrodynamics 

The neutrophil geometries in this study were all of single, Gaussian-shaped 

pseudopods. Cellular pseudopods vary greatly in number and shape
24,47

, so simulation 

of the hydrodynamic effect of multiple pseudopods of varying length combinations 

and locations would expand this analysis. The actual pseudopod shape itself could be 

examined for increased width for a given length for greater physiological significance. 

L-selectin and E-selectin kinetics for MAD neutrophil with pseudopod shapes 

 Several prior MAD studies of spherical neutrophils have utilized L-selectin 

kinetics rather than P-selectin kinetics
68,87,88

. Applying L-selectin kinetics to MAD 

simulations of neutrophils with pseudopods would give a more comprehensive picture 

of the physiological process being modeled. 

“Super E-selectin” with enhanced affinity  

 Using the results from the human/mouse E-selectin comparison study, a “super 

E-selectin” with stronger binding to sLe
x
 can be modeled and tested experimentally. 

The 29 amino acid differences can be tested individually and in combination for 

change in function compared with wild-type human E-selectin through simulation and 

rolling experiments. Combining gain-of-function substitutions could lead to a “super 

E-selectin” that could be used for improved cell separation or to better modulate the 

inflammatory response. Preliminary data for this study is shown in Appendix A. 
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APPENDIX A 

 

ENGINEERING A “SUPER E-SELECTIN” WITH ENHANCED PROPERTIES 

 

To expand upon the scope of Chapter 4, we would like to engineer a “super E-

selectin” with stronger binding to sLe
x
. As sLe

x
-coated beads rolled more slowly on 

mouse E-selectin than human E-selectin, the 29 amino acid differences between the 

species were systematically tested for gain or loss of function compared with the wild-

type human E-selectin. Combining the gain-of-function mutations could lead to a 

“super E-selectin” that could be used for improved cell separation or to better 

modulate the inflammatory response. 

Using the methodology described in Chapter 4, E-selectin mutants were 

generated using the human crystal structure as a template. After equilibration, the 

interdomain angle was greatest for mouse E-selectin (Figure A.1). The mutants with 

the next largest interdomain angle were A9L, S110N, and T125A. 

sLe
x
 was docked onto the mutants using the methodology described in Chapter 

4. Several mutant complexes had increased free binding of energies as well as similar 

or decreased dissociation constants compared with the mouse complex, including 

Q21R, S2Y, S43K, and V101S. 

Following the methodology in Chapter 4, the complexes were solvated and 

equilibrated before being dissociated at force loading rates of 2000-5000 ps/pm
2
. 

Several mutants had increased dissociation time compared with the mouse E-selectin 

at all or several force loading rates, including I156A, K96Q, Q21R, V101S, T5A. 
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Figure A.1. Interdomain angle of E-selectin mutants. 
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Figure A.2. Free binding energy (circles and solid line) and dissociation constant 

(squares and dashed lines) for E-selectin mutants. 

  



 

114 

Mutation

D
is

s
o

c
ia

ti
o

n
 t

im
e
 (

#
 s

im
 s

te
p

s
)

H
um

an

M
ouse

A
12

1S
A
9L

D
14

5H

D
87

N

E
36

N

E
98

T

I1
56

A

K
15

2N

K
74

Q

K
86

R

K
96

Q

L15
1P

N
13

9S

Q
21

R

Q
66

G

R
22

D

R
84

K

S
11

0N

S
14

9L
S
2Y

S
43

K

T12
5A T5A T7S

V
10

1S

V
13

4I

V
61

I

Y
44

H

10

100

1000

10000

2000

3000

4000

5000

 

Figure A.3. Complex dissociation time for E-selectin mutants. 
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The mutations for which simulated dissociation time is decreased compared 

with human E-selectin (loss-of-function mutations) will be rejected. The remaining 

mutations (gain-of-function mutations) will be run in combinations of two, then three, 

etc. until a maximum dissociation time is reached. The generated mutated E-selectin 

will be verified for stronger binding to leukocytes by functionalizing it on microtubes 

and perfusing sLex-coated beads, and eventually leukocytes, at a physiologically 

relevant shear rate. 


