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ABSTRACT Abnormally high shear stresses encountered in vivo induce spontaneous activation of blood platelets and formation
of aggregates, even in the absence of vascular injury. A three-dimensional multiscale computational model—platelet adhesive
dynamics—is developed and applied in Part I and Part II articles to elucidate key biophysical aspects of GPIba-von-Willebrand-
factor-mediated interplatelet binding that characterizes the onset of shear-induced platelet aggregation. In this article, the hy-
drodynamic effects of the oblate spheroidal shape of platelets and proximity of a plane wall on the nature of cell-cell collisions are
systematically investigated.Physical quantities characterizing theadhesionprobabilities betweencolliding platelet surfaces for the
entire rangeof near-wall encounters between twoplatelets areobtained for application in platelet adhesivedynamics simulationsof
platelet aggregation explored in a companion article. The technique for matching simulation predictions of interplatelet binding
efficiency to experimentally determined efficiencies is also described. Platelet collision behavior is found to be strikingly different
from that of spheres, both close to and far from a bounding wall. Our results convey the significant effects that particle shape and
presence of a bounding wall have on the particle trajectories and collision mechanisms, collision characteristics such as collision
time and contact area, and collision frequency.

INTRODUCTION

Platelets flow close to the endothelial lining of the blood

vessel wall and periodically contact the lumenal surface,

thereby providing a means for surveillance of the endothelial

surface for lesions and irregularities. These microscopic disk-

shaped blood cells remain dormant until induced by either

physiological or pathological phenomena to activate and

initiate thrombosis. In the event of a vascular injury, platelets

are recruited from the bloodstream to the injured site, where

they assemble to form the bulk of the hemostatic plug that

seals off the lesioned area and curtails blood loss.

Initial platelet binding to the exposed subendothelial sur-

face at the injured vascular region involves the association of

GPIba with subendothelial collagen-bound von Willebrand

factor (vWF). von Willebrand factor exists in plasma in a

range of sizes, each molecule containing varying numbers of

repeating identical subunits ranging from 2 (500 KDa; vWF

dimer) to 80 (20,000 KDa; ultralarge vWF (ULVWF)) (1–3).

Under normal conditions, in the absence of a vascular injury,

platelets interact with circulating plasma vWF minimally in

blood. However, under conditions of pathological shear

stress (.80 dyn/cm2) typical of stenosed regions of the

vasculature, plasma vWF spontaneously (i.e., in the absence

of exogenous chemical agonists or exposed subendothelium)

binds to platelet GPIba receptors, causing platelet activation,

and subsequent platelet aggregation via platelet integrin re-

ceptor aIIbb3-vWF binding resulting in formation of shear-

induced platelet thrombi (4–6). Such thrombi can occlude the

narrowed lumen of atherosclerosed coronary or cerebral ar-

teries, obstructing blood flow and causing ischemic heart

disease or stroke. Notably, shear-induced platelet-vWF ag-

gregate formation has been found to occur at significantly

lower shear stresses (.15 dyn/cm2) in vitro with ULVWF; at

this stress level binding of platelets with normal vWF is not

observed (1). The kinetics of vWF binding to circulating

platelets is thus expected to be a function of shear rate and

vWF multimer size.

Few attempts have been made to develop computational

models to elucidate the individual and combined influence

of hydrodynamic shear flow, platelet shape, presence of

bounding walls, and receptor-ligand molecular binding ki-

netics, on physiological and pathological thrombus formation.

Theoretical fluid mechanical studies of three-dimensional

multiparticle nonspherical particulate (ellipsoidal) flows (7–9),

especially for bounded flows, are much less commonly

available than those for spheres, since it is much more chal-

lenging to determine hydrodynamic interactions between two

or more nonspherical shapes in an unbounded or bounded

region than between spherical particles. This accounts for the

relative abundance of fluid mechanical solutions in the liter-

ature for flow of spheres in a variety of boundaries and shear

flow conditions, which have been adapted by biomedical

researchers for studying blood-cell adhesive phenomena

(10–14). Sphere-sphere collisions have been well character-

ized in an unbounded medium and well-defined collision

frequency parameters have been computed taking into con-

sideration the influence of hydrodynamic interactions between

particles (10). Activated platelets are somewhat spherical

in shape, although they have a rough surface with many
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filopodia extending in different directions. However, unactivated

platelets are far from spherical in shape, instead appearing as

flattened ellipsoids. Such a vast difference in shape is ex-

pected to influence the manner in which the cells collide, their

frequency of collision, collision contact time, collision con-

tact area, and the magnitude of shear and normal forces acting

on the platelet(s) and on interplatelet bonds formed between

two cells (15).

We have developed a new numerical simulation model

called platelet adhesive dynamics (PAD) to study platelet-

platelet collisions and formation of platelet aggregates in

linear shear flow near a bounding wall. Since platelet (oblate-

spheroid) collisions have not been adequately characterized

to date, the PAD model is used to perform a comprehensive

characterization of the collision behavior of two flowing

platelets subjected to linear shear flow in the presence of a

bounding wall. In small arteries and arterioles, red blood cells

(RBCs) concentrate within the core of the vessel and push

platelets toward the wall periphery. Our studies of platelet-

platelet interactions are confined to the region of flow adja-

cent to the vessel wall within the cell-depleted plasma layer

where RBCs are primarily absent, and accordingly the pres-

ence of RBCs was not incorporated into our simulations. The

hydrodynamic effects of the proximity of a planar wall and

the specific effects of particle shape (oblate spheroid versus

sphere) on collision phenomena in linear shear flow are

quantified by determining various collision metrics such as

collision frequency, collision contact time, and platelet sur-

face area that enters the contact region during a collision.

The adhesive dynamics model, as developed by Hammer

and Apte (14) and modified by King and Hammer (16), is

adapted here for a different cell-surface geometry and a

uniquely different binding algorithm to study the transient

binding interactions mediated by GPIba-vWF-A1 associa-

tions between two platelets flowing in solution at patholog-

ically high shear rates. Knowledge of the hydrodynamic

interactions between platelets during brief encounters in flow

and quantified metrics of the same describing the physics of

platelet-platelet collisions facilitates the development of a

method to validate the predicted aggregation behavior of two

platelets that involves comparing simulated binding effi-

ciencies with experimentally observed efficiencies tabulated

in the literature (17,18). The effects of different vWF multi-

mer sizes and experimentally determined normal and plate-

let-type VWD GPIba-vWF-A1dissociation binding kinetics

on platelet transient aggregation behavior is studied using

PAD. Our simulation predictions of adhesive phenomena

provide insight into the biophysical mechanisms of patho-

logical platelet-vWF association in solution as opposed to at

the subendothelial surface, typical of disease conditions such

as TTP and 2B/platelet-type VWD.

The development and application of PAD to study the

transient aggregation of two platelets is described in our

Part I and Part II articles. Part I details the hydrodynamic

flow model and relevant flow geometry, the qualitative and

quantitative characteristics of hydrodynamic collision en-

counters between two platelets, and the derivation of colli-

sion metrics necessary for application of the PAD model to

simulate platelet-platelet binding.We studied the influence of

a bounding wall on the physics of platelet-platelet collisions,

and quantified with respect to proximity of the wall, collision

rate, collision contact time, surface contact areas on both

platelets, and other metrics to 1), provide a clear picture of the

physical mechanisms taking place during particle encounters,

and 2), facilitate comparison among collisions between two

particles in different geometries. The method employed for

matching the predicted platelet aggregation behavior with

that quantified by experimental means (17,18) is also de-

scribed in Part I. Part II (in this issue) discusses the devel-

opment of the adhesion model of the transient formation of

GPIba-vWF-GPIba bond bridges between two platelets

flowing in linear shear flow near a planar surface at high shear

rates. The application of PAD to discern the influence of vWF

size and binding kinetic parameters on interplatelet binding

phenomena at high shear rates .4000 s�1 is covered in the

second article.

METHODS

Our multiscale numerical simulation of multiplatelet adhesive dynamics and

three-dimensional (3-D) particle motion in shear flow includes hydrody-

namic interactions between moving and stationary surfaces, and is com-

prised of two distinct yet interconnected algorithms: 1), adhesive dynamics

calculations, and 2), hydrodynamic mobility calculations. The general

methodology used for conducting multiplatelet adhesive dynamics simula-

tions near a bounding surface closely follows the multiparticle adhesive

dynamics model developed by King and Hammer (16) to study the influence

of hydrodynamic interactions between flowing and bound leukocytes on the

selectin-mediated rolling properties of these cells on a surface. Briefly, the

solution technique first involves calculation of all forces and torques acting

on each particle in the fluid system, such as forces due to gravity, bond forces

resulting from stretching or compression of bond springs, and repulsion

between two surfaces in close proximity. This is followed by numerical

solution of a set of relevant fluid mechanical equations that solve the mo-

bility problem, in which the forces and torques acting on the particles are

specified, along with the external far-field flow, and the rigid body motions,

i.e., the translational and rotational velocities of these particles, are deter-

mined. Although a comprehensive exposition of the general algorithm has

been documented by King and Hammer (16), a succinct description of the

same is provided here. A detailed description of the adhesive dynamics

model for platelet-von Willebrand factor and platelet-platelet binding that

includes all assumptions made and their respective justifications is presented

in Part II.

Hydrodynamic calculations

The hydrodynamic problem involves the creeping motion of two rigid oblate

spheroid particles in a semi-infinite three-dimensional domain, D, bounded

by an infinite plane at z¼ 0 (Fig. 1). Individual particle size was fixed at 23
23 0.5mm3, with a platelet major radius of a¼ 1mm. The Reynolds number

of this system was calculated as NRE ¼ g�ra2=m ¼ O(10�2) , 1, where g� ¼
10,000 s�1 is the shear rate, a¼ 1mm is the particle radius, r¼ 1.0239 g/cm3

is the density of blood plasma, and m¼ 1.2 cP is the viscosity of plasma. The

flow is well within the Stokes regime. The Stokes equation is

=P ¼ m=
2u; = � u ¼ 0; (1)
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where u is the velocity, P is the pressure, and m is the viscosity of the fluid.

The ambient flow is linear shear,

uN ¼ g�z; (2)

where g� is the shear rate and z is the distance from the infinite flat wall (Fig.

1). The no-slip condition on all surfaces is assumed. At the surface of the wall

(z ¼ 0), the velocity is zero,

uz¼0 ¼ 0: (3)

At the spheroid surface, the velocity consists only of the rigid bodymotion of

the particle,

u ¼ UðpÞ 1v
ðpÞ 3 ðx� xðpÞÞ x 2 S

ðpÞ
; (4)

whereU(p) is the translational velocity,v(p) is the rotational velocity, and x(p)

is the centroid of platelet particle p.

The completed double layer-boundary integral equation method (CDL-

BIEM) (19), a boundary elements solution technique to solve the integral

representation of the Stokes equation, was used to solve Eqs. 1–4. The platelet

surface was discretized into 384 QUAD9 elements (depicted in Fig. 1),

giving rise to 1538 nodal points on each platelet. The integral representation

of the Stokes equation is shown below.

ujðXÞ1
Z
S

nkðxÞSijkðX; xÞuiðxÞdSðxÞ

¼ �
Z
S

GijðX; xÞskiðxÞnkðxÞdSðxÞ; X 2 D: (5)

Here, Gij is the singularity solution due to a point force on the bounding

surface, S, at x acting in the j direction in the fluid. n is the normal at x and

points out of the particle and into the fluid. s is the stress tensor and is given

by

s ¼ �pI1mð=u1 ð=uÞtÞ; (6)

where superscript t denotes the transpose operator and I is the identity matrix.

Sijk is the ikth component of the stress tensor corresponding to flow produced

by a point force at x in the j direction. The solution method as described

by Phan-Thien et al. (20) for particulate flow near a plane wall is followed

here. The integration is carried out over the bounding surface, S ¼
+SðpÞ1SN; where SN is the infinite plane, S(p) is the bounding surface of

particle p ¼ 1,. . .,N, where N is the number of particles in domain D. The

integrals on the RHS and LHS of Eq. 5 are known as the single-layer and

double-layer potentials, respectively, based on analogy with electrostatic

potential theory. Equation 5 is termed a boundary integral equation (BIE)

when X is evaluated at the particle surface (i.e., X 2 S(p)). It has been shown

that a BIE containing only the single-layer potential is sufficient to represent

the Stokes disturbance flow problem for particles undergoing rigid body

motion. However, this integral equation takes the form of a Fredholm integral

equation of the first kind, which for a mobility problem is generally ill-posed

and becomes increasingly numerically unstable for more refined boundary

element meshes (19). An alternative formulation of the integral Stokes

equation involves only the double-layer term. This double layer represen-

tation, by itself, is incapable of exerting any force or torque on the fluid and

possesses null solutions; this results in an indeterminate system. Power and

Miranda (21) addressed the shortcomings of the double layer and developed

a solution technique to complete the double-layer representation. To com-

plete the range, they incorporated into the integral representation a velocity

field arising from a known distribution of point forces and torques placed at

the center of each particle. The null space of the double-layer kernel has a

dimension of 6N, each null solution corresponding to the rigid body motion

of each particle. Power and Miranda coupled the forces and torques acting at

the center of each particle with the null solutions on the particle surfaces to

produce 6N additional linearly independent equations needed to make the

double-layer density fully determinate, i.e., to obtain a unique solution.

Successive convergence of the iterative equation is possible only after

appropriate (mathematical) deflation of the endpoint 11 eigenvalue (19).

The final form of the boundary integral equations is

fjðzÞ1 ðKfÞjðzÞ1f
ðp;lÞ
j ðzÞÆfðp;lÞ

;fæ� c
ðpÞ
j ðzÞÆcðpÞ

;fæ

¼ bjðzÞ � 1

2
c

ðpÞ
j ÆcðpÞ

; bæ; z 2 S; (7)

where fj is the unknown surface density of the double-layer distribution, K

stands for the double-layer surface integral operator, fðp;lÞ are the ortho-

normalized null solutions corresponding to the translational (l ¼ 1, 2, 3) and

rotational (l¼ 4, 5, 6) motions of particle p, and the angled brackets represent

the inner product Æp;qæ ¼ R
S
pðxÞ � qðxÞdSðxÞ; p takes on values from 1 toN,

l takes on values from 1 to 6, cðpÞðzÞ ¼ n=
ffiffiffiffiffiffiffi
SðpÞ

p
; z 2 SðpÞ

0; z;SðpÞ

�
are the

orthonormalized eigenvectors of the adjoint operator Ky,

bjðzÞ ¼ �u
N

j 1 +
N

a¼1

F
ðaÞ
i � 1

2
ðTðaÞ 3=Þi

� �
Gjiðz; xðaÞ

c Þ; z 2 S;

where F(a) and T(a) are the force and torque acting on cell a at the center of

mass xðaÞc of the particle, and uNj is any ambient fluid velocity that is a valid

solution of the Stokes equation.

These equations are solved by successive iteration forf. Once the double-

layer density, f, is determined, the surface velocity field can be obtained as

follows:

ujðzÞ ¼ �f
ðp;lÞ
j ðzÞÆfðp;lÞ

;fæ: (8)

By taking the inner product of Eq. 8 and f(n,m) (n ¼ 1,. . .,N; m ¼
1,2,3,4,5,6), the rigid body motion of particle n can be extracted. Once the

translational and rotational velocities of the particles are obtained, positions

of nodal points on each particle surface, centroid of each particle, and bond

endpoints are updated and the simulation proceeds to the next time step.

Maul et al. (22) carried out an experimental and computational study of

the sedimentation of ‘‘platelets’’ (hexagonal flakes) near a wall at low

Reynolds numbers to verify the reliability of CDL-BIEM for predicting

particle-wall hydrodynamic interactions for the case of a platelet shape,

which has two disparate length scales. They showed that this computational

method remains efficient and stable and gives good agreement with the ex-

perimental results. Further, we extensively validated the flow behavior of a

platelet near a wall as predicted by this numerical technique (23). We found

excellent agreement between 1), the numerical results of Maul et al. (22), 2),

the analytical results of Kim et al. (24), and 3), the analytical solution of

Jeffery (25), and our theoretical predictions of platelet 3-Dmotion near a wall

in both quiescent fluid and linear shear flow (23).

Short-range repulsive force calculations

Both particle and wall surfaces were coated with a steric layer to model the

glycocalyx layer and surface roughness of biological cells (16), and also to

FIGURE 1 Schematic diagram showing two platelets translating and ro-

tating in shear flow near an infinite plane wall. The major radius, a, and cen-

troid height, H, are defined as is the coordinate system and flow direction.
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account for the presence of finite-sized vWF molecules bound to the platelet

surface. This surface roughness layer comprises bumpy regions with a

maximum thickness of 50 nm. It was assumed that fluid could easily pass

through this layer, causing no or minimal modification to the existing flow

field. In other words, the glycocalyx layer is assumed to be a layer on the cell

surface that has negligible hydrodynamic effects, such that the platelets’

bounding surfaces that hydrodynamically influence the flow of nearby cells

can exclude the thickness of the glycocalyx. A very short-range repulsive

force that acts between the outer edges of the surface roughness layers or

glycocalices was included in the model to account for nonspecific short-

range interactions, such as electrostatic repulsion, that strongly dominate

when cell membranes, glycocalices, or glycoproteins contact each other (26).

This contact force is an empirical relationship of the form

Frep ¼ F0

t e
�te

1� e
�te; (9)

where F0 ¼ 500 pN�m, t ¼ 2000 mm�1, and e is the surface-to-surface

separation based on the distance between the tips of the opposing surface

roughness layers (16). This repulsive force is directed along a line segment

connecting the two nodes on either of the two opposing surfaces that are in

closest proximity to each other. At distances,20 nm between the interacting

surfaces, the magnitude of repulsive force exerted becomes significant. At 15

nm separation, the repulsive force is 0.0374 pN, which is approximately two

times the Stokes drag force on a 1-mm-diameter sphere sedimenting at 1mm/s

in a fluid of viscosity 1 cP. Bell et al. also used an exponential relation, albeit

of a different form, to empirically model the distance-dependent nonspecific

interaction energy that results in a net repulsion between the cell-cell surfaces

(27). For purely hydrodynamic simulations, a thinner steric layer of 40 nm

was provided on each surface to model the glycocalyx and surface roughness

of the cells, and also to prevent any surface overlap during a collision en-

counter between two surfaces. Note that except for the calculation of re-

pulsive force acting between two opposing surfaces, the separation distance

between the two surfaces was always measured from the edges of the ‘‘real’’

surfaces and not from the outer edge of the steric layers on these surfaces.

Numerical implementation

The CDL-BIEM codewaswritten in Fortran 95 and double-precision was used

for all calculations. Simulations were executed on dual-core AMD-Opteron

SUNFire X2100 (2.4 GHz) processors. Runtime was a function of the time

step, shear rate, and number of iterations required for results to converge at each

time step. Integration of the double layer during simulations showed rapid

convergence, with usually two iterations necessary to obtain a relative error

,0.0005, when the particleswere not within reactive contact distance.Weused

an initial time step of 10�6 s for nonadhesive platelet mobility calculations and

10�7 s for platelet aggregation simulations, since the stiffness of the bond

springs increases the sensitivity of numerical calculations to changes in cell

position. For simulations of platelets undergoing reactive collisions (aggrega-

tion), the time step was allowed to dynamically change depending on the level

of difficulty encountered during convergence of the double layer calculations.

Specifically, the time step was reduced by an order of magnitude whenever the

number of fixed-point iterations required for attaining convergence increased

by 100. Hydrodynamic collisions without reaction could be resolved even at

the smallest particle-particle separation distanceswithout requiring reduction in

the time step. Explicitly added lubrication forces to compensate for numerically

underpredicted lubrication effects were disregarded in our model, since the

distances over which the lubrication approximation becomes important are less

than the surface roughness layer of thickness 50 nm.

The most stable orientation for unactivated platelets in linear shear flow is

with their major axis parallel to the surface (horizontal orientation). Platelet

rotational velocity in linear shear flow is highly nonlinear with respect to its

orientation; the rotational velocity is large when the axis of revolution of the

platelet becomes nearly parallel to the flow direction. Thus, platelets remain

in nonhorizontal orientations for rather short periods of time as compared to

the time in which they maintain stable horizontal orientations (23). Hence, all

simulations were started with initial platelet orientations such that the axes of

revolution of both platelets were perpendicular to the surface. Effects of

gravity on platelet motion near the vessel wall were neglected because of the

disparate timescales of the settling time of cells under gravity versus travel

time in the direction of shear flow. An order-of-magnitude estimate of the

relative difference in timescales can be obtained by comparing the Stokes

settling velocity of a sphere of equivalent platelet volume in plasma with the

velocity of a freely flowing object in linear shear flow at a distance of 1.5 mm

from the vessel surface. The Stokes settling velocity is given by u ¼
ð2r2ðrp � rgÞgÞð9mÞ ¼ 0.0293 mm/s, where m ¼ 1.2 cP is the viscosity of

plasma, r ¼ 0.63 mm is the volume-equivalent spherical radius of a platelet,

rg ¼ 1.0239 g/cm3 is the density of plasma, and rp ¼ 1.0645 g/cm3 is the

density of human platelets (28). The flow velocity at 1.5 mm from the wall at

a linear shear rate of 4000 s�1 is 6000 mm/s, which is O(105) larger than the
Stokes settling velocity. This justifies the neglect of gravity at high shear

rates. Note that the presence of the wall will further reduce the Stokes ve-

locity in any direction of settling.

Matching simulation predictions to
experimental results

Huang and Hellums (17) determined the overall collision efficiency, hc, of

platelets aggregating at high shear rates by fitting parameters of the mathe-

matical expression derived for aggregation rate as determined from the

population balance equation (PBE) to the experimental observations of

shear-induced platelet aggregation. Platelets were modeled as rigid spheres,

and the Smoluchowski equation for predicting the collision frequency of

spherical particles in linear shear flow assuming linear particle trajectories

was multiplied by the collision efficiency parameter, hc, to generate a coa-

lescence kernel. To distinguish the cell-cell ‘‘binding efficiency’’ from the

hydrodynamic effects between particles in flow, one must account for a

corrective factor called the ‘‘hydrodynamic efficiency’’, hh, that provides a

measure of the effect of hydrodynamic interactions between spheres on the

collision outcome of particles encountering one another in unbounded shear

flow. The collision frequency for two spherical particles flowing in linear

shear flow far from any bounding surfaces was compared for the cases of

linear spherical (Smoluchowski) trajectories, with no interparticle hydro-

dynamic effects, versus particle trajectories influenced by hydrodynamic

interactions between spheres (reactive collision gap defined as 128 nm). The

collision frequency (Eq. 12) for spherical particle trajectories influenced by

hydrodynamic interactions was found to be 0.53 times that for flowing

spheres that possessed linear trajectories, yielding the ‘‘hydrodynamic effi-

ciency’’ for this system, hh ¼ 0.53. By dividing the overall collision effi-

ciency by this factor, we obtain the binding efficiency of all particles that

undergo collisions. Konstantopoulos et al. (29) experimentally measured the

fraction of suspended platelets that bound large vWF multimers when sub-

jected to high shear rates. For n colliding platelets, the total number of all

possible collisions ¼ ðn!Þ=ððn� 2Þ!2!Þ or nC2. The number of all possible

collisions between vWF-positive platelets is n1C2, and the number of col-

lisions between vWF-negative platelets is n�C2, where subscripts n1 and n�
denote the total numbers of vWF-positive and vWF-negative platelets, re-

spectively. The total number of all possible collisions that can occur between

a vWF-positive platelet and a vWF-negative platelet ¼ (n1)(n�). Collisions
that occur between two vWF-negative platelets will not result in any kind of

binding between the two cells, whereas in all other cases, there is a finite

probability for platelet-platelet binding. Table 1 reproduces the results of

Huang and Hellums (17) and illustrates the stepwise method employed to

estimate the binding efficiency between a vWF-positive platelet and a vWF-

negative platelet.

Important assumptions that were made in the development of Table 1 are

listed below:

1. A 1:1 correlation is assumed between transient platelet-platelet binding

and platelet aggregation, i.e., the fraction of collisions that result in inter-

platelet contact via GPIba-vWF bonds during a collision is assumed

to result in the formation of permanent aggregates via aIIbb3-vWF
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binding or any other receptor-ligand binding that mediates permanent

platelet-platelet aggregation.

2. For the calculation of binding efficiency between two colliding platelets,

it is assumed that all possible combinations of collisions took place over

the duration of the shear-induced platelet aggregation experiments

carried out by Huang and Hellums, which ranged from 20 to 100 s.

RESULTS

We first examined the effects of particle shape and the in-

fluence of the proximity of a plane surface (vessel wall) on

platelet collisions in shear flow before studying the bio-

physical aspects of platelet-platelet bridging via formation of

GPIba-vWF-GPIba bonds. Metrics that define important

characteristics of platelet collisions relevant to this study are

collision frequency, contact duration during a collision, and

extent of surface area on each colliding platelet that enters the

particle-particle reactive zone. The latter two characteristics

of a two-particle collision can be combined to produce a

metric called the time-integral of contact area that is an in-

dicator for the probability of an adhesion event between the

two blood cells that briefly encounter each other during flow.

Adequate knowledge of the physics of cell collisions and

contacting lends insight into the biophysical aspects of cell-

cell binding in a flow environment and enables quantitative

comparisons to be drawn regarding effects of particle shape,

presence of bounding walls, and initial particle flow trajec-

tories on the outcome of adhesive interactions between

flowing cells.

Hydrodynamic collisions between platelets:
effects of particle shape and proximity of a plane
wall when flow is symmetric about the flow plane

We first studied the characteristics of hydrodynamic en-

counters between two platelets in linear shear flow for those

cases in which flow is symmetric about the xz plane (plane of
flow; Fig. 1), i.e., the distance in the y-direction (normal to the

flow plane) between the centroids of both platelets is zero

throughout the duration of flow. A hydrodynamic encounter

of one platelet with another platelet is defined as a ‘‘colli-

sion’’ if, during flow, the two platelets come within reactive

binding distance to each other. During a collision, the platelet

surfaces need not necessarily have physically come into

contact. The reactive distance between the two platelets was

set at 260 nm for this set of platelet flow simulations (adhe-

sion absent). The reactive gap of 260 nm was calculated

based on the total bond length of two GPIba receptor mol-

ecules bound to a single vWF multimer of average size that

bridges the two receptors on different platelets by forming a

bond at either endpoint of the multimer. For the case of

symmetric flow about the xz plane, platelet-platelet collisions
were observed to occur through several distinct mechanisms.

Sphere-sphere collisions, on the other hand, are characterized

by a single mechanism in which the faster-flowing sphere

collides with and rolls over the slower-flowing sphere. The

naming convention for the two platelet particles is explained

in Fig. 1. One mechanism of collision between two platelet

particles is here termed a ‘‘glide-over’’ mechanism (Fig. 2 A),
which is characterized by the upstream, or faster-flowing,

platelet flowing over the downstream, or slower, platelet and

thereby reactively contacting it, followed by simultaneous

rotation and separation of the two platelets. In the ‘‘glide-

under’’ mechanism of collision, the upstream platelet flows

to a limited extent beneath the downstream platelet as a result

of simultaneous rotation, and then rotates with the first and

separates (Fig. 2 B). A third mechanism is characterized by

intermittent contacting and occurs when the platelets begin

flow at approximately the same height. Here, one observes a

succession of contacting followed by a brief period of no

contact that lasts for several rotations (Fig. 2 C). The mech-

anisms of platelet collisions are not limited to the three ex-

amples described here. These particular three were described

because they are representative of many platelet collisions

and demonstrate the considerable differences between

sphere-sphere collisions and platelet-platelet collisions. The

mechanism by which a platelet collision takes place depends

on the initial distance between the platelets in the velocity, the

velocity gradient, and the vorticity direction, i.e., in the x, y,
and z directions.
We tested an entire range of starting positions of two

platelets that allowed for symmetric flow about the flow

TABLE 1 Calculation of binding efficiency for two colliding platelets

1 Shear rate,

g (s�1)

2 Collision

efficiency,

hc (17)

3 Binding efficiency,

hb ¼ hc/hh,

where hh ¼ 0.53

4 Fraction of

platelets that are

L-vWF1 (29) f

5 Fraction of all

possible collisions

that are between

L-vWF1 platelets

only ¼ ðn1C2Þ=ðnC2Þ ; f 2

when n is large

6 Fraction of all possible

collisions that are

between L-vWF1
and L-vWF� platelets ¼
ðn1n�Þ=ðnC2Þ ; 2f(1 � f)

when n is large

7 hb specific for

collisions between

L-vWF1 and

L-vWF� platelets ¼
column 3/column 6

4500 0.0015 0.0028 0.035 0.0012 0.068 0.041

5400 0.0018 0.0034 0.038 0.0014 0.073 0.047

6300 0.0037 0.0070 0.040 0.0016 0.077 0.091

7200 0.0044 0.0083 0.041 0.0016 0.079 0.105

7700 0.008 0.0151 0.041 0.0016 0.079 0.191

8000 0.01 0.0189 0.042 0.0017 0.080 0.236
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plane, to determine the starting configurations that resulted in

a platelet-platelet collision. Fig. 3, A and B, conveys the

relative starting positions of two platelets that bring about a

collision, as well as starting configurations that do not lead to

close encounters that could result in interplatelet binding, and

includes both situations in which 1), the wall has a domi-

nating effect on platelet flow trajectories, and 2), wall effects

are negligible. The same sets of initial conditions were re-

peated for two spherical particles, in which the particle vol-

ume was set equal to that of a platelet (sphere of radius 0.63

mm) (Fig. 3, C andD). Fig. 3, A–D, shows that sphere-sphere
collisions appear to be approximately twice as numerous as

platelet-platelet collisions when the flow is symmetric about

the flow plane, i.e., the Dy gap between the two hydrody-

namically interacting particle centroids is 0. Also, the oc-

currence of a particle-particle collision is observed to be less

frequent closer to the surface than farther from the surface.

The wall clearly has strong hydrodynamic effects on collision

outcomes, because particles that would collide when their

initial relative positions are far from the surface, do not

necessarily do so when the cells are brought in close prox-

imity to the wall.

Characteristics of platelet-platelet collisions:
effect of proximity of the wall

We quantified certain important aspects of platelet-platelet

collision events whose starting configurations are marked by

dark gray boxes in Fig. 3, A and B. We examined individual

platelet trajectories, time duration of cell-cell contact during a

collision, average surface area of contact, maximum instan-

taneous area of contact with respect to each platelet, and the

time integral of the contact area for each platelet. The latter

quantity provides, from a flow perspective, a measure of the

adhesion probability between the two cell surfaces. It was

apparent from the visualization of colliding platelet trajec-

tories and comparison of the quantified metrics that the in-

fluence of the wall on the collision outcome was significant

for certain initial configurations, but minimal for other con-

figurations. The influence of wall proximity was found to be

more important for initial configurations in which the relative

distance between the two platelet centroids in the z-direction
was smaller, i.e., 0.25 mm. Fig. 4 A shows the time evolution

of motion of two colliding platelets close to and far from the

wall for an initial configuration in which the platelets were

placed 2.5 mm apart in the x-direction and 0.25 mm apart in

the z-direction at the start of the simulation. These two rep-

resentative collision trajectories are qualitatively different.

The difference between the mechanisms of collision close to

and far from the wall is clearly visible in Fig. 4 A. During the
collision occurring close to the surface, the upstream platelet

pivots about one end of the downstream platelet, and after

rotating, slides over the platelet and then flows away. When

far from the surface, the colliding platelets are observed to

rotate together with a slight overlap of the contact regions and

then separate. The contact time, tc, during collision close to

the wall was found to be 22.84 ms (shear rate g� ¼ 500 s�1),

31% greater than the contact time during collision far from

the wall, which was 17.39 ms. The maximum instantaneous

contact area, Amax
c ; on one of the two colliding platelets

during collisions close to and far from the wall were 1.27

mm2 and 0.85 mm2, respectively. We also calculated the time

integral of contact area as
R ti1tc
ti

Aplatelet
c dt for each platelet,

where ti is the time at which the two platelets first come

within colliding distance. The time integral of contact area for

the close-to-wall collision was found to be 10.0 mm2-ms and

9.7 mm2-ms for the upstream and downstream platelets, re-

FIGURE 2 Three series of sequential frames depicting the different mech-

anisms observed for collisions between two platelets when flow is symmetric

about the flow plane. (A) Glide-over mechanism. (B) Glide-under mecha-

nism. (C) Intermittent-contact mechanism. Frames containing a star in the

right-hand upper corner indicate that the two platelets depicted are within

reactive contact distance of each other. The times during flow corresponding

to the particle orientations are indicated in the respective frames. The im-

posed fluid shear rate is 500 s�1.
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spectively, which can be compared with the time integral of

contact area obtained for the far-from-wall collision, found

to be 6.1 mm2-ms and 6.0 mm2-ms for the upstream and

downstream platelets, respectively.

Fig. 4, B and C, compares the contact time and maximum

instantaneous contact area on one of the two colliding

platelets for collisions taking place close to and far from the

surface. For initial configurations in which the distance in the

z-direction between the platelet centroids is larger, i.e., 0.5 or
0.75 mm, the collision behavior was usually found to be

similar. An incremental change in the Dx distance between

the two platelets is found to have dramatic consequences on

the contact properties. Slight modification in the initial

x-distance between two platelet cells results in a slight de-

viation in the relative z-positions at the time of contact, and/or

can profoundly affect the relative orientations of the indi-

vidual platelets due to shear-induced rotation when they

reach near-contact distances. A slight change in the initial

x-separation can possibly convert a glide-under collision into
a glide-over collision or convert a cell-cell encounter from a

no-contact event into a collision event. Maximum contact

areas, average contact areas, and therefore the time integral of

contact area were always found to be slightly different for

each of the two platelets interacting in the collision, for the

collisions that were analyzed. This is expected because of the

asymmetric interactions between nonspherical particles dur-

ing close encounters.

Collision frequency: effect of particle shape and
proximity of a plane wall

The effect of particle shape and proximity of a bounding wall

on the particle trajectories can be concisely quantified and

compared by determining the collision frequencies of platelet

and spherical particles suspended in fluid undergoing shear.

We performed a rigorous series of simulations in which two

particles were given an initial separation distance of 10 mm
(10 times the platelet radius) in the flow direction (x-direc-
tion), so that particle-particle hydrodynamic interactions at

the start of flow would be small initially and thus the ag-

gregate effects of hydrodynamic interactions between the two

particles and the wall could be systematically compared. The

full range of relative positions between two particles was

tested by varying the relative distances between the particle

centroids in the y- and z-directions (Fig. 5). For one set of

simulations, the downstream particle was given an initial

FIGURE 3 Plots of the initial configurations of two particles in linear shear flow that either do or do not result in a collision. For all configurations shown in

these plots, the initial difference between the particle centroids in the y-direction is zero. The downstream platelet was given a starting height, as indicated in the

individual plots, that was not varied over the range of initial configurations. The upstream platelet position was varied in both the x- and the z-direction. The

abscissa in all plots is the initial difference in the x-direction between both platelet centroids. (A) Plot for initial platelet-platelet configurations near the wall. (B)
Plot for initial platelet-platelet configurations far from the wall. (C) Plot for initial sphere-sphere configurations near the wall. (D) Plot for initial sphere-sphere

configurations far from the wall.
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height of 1.5 mm, thus allowing the study of the influence of

the wall on the fate of particle-particle encounters (Fig. 5, A
and C). For another set of simulations, the downstream par-

ticle was initially placed 12 mm from the surface, to deter-

mine the effects of particle shape on particle collisions

independent of wall effects (Fig. 5, B and D). These simu-

lations were performed for two platelet cells (Fig. 5, A and B),
and two spherical particles of equivalent platelet volume

(sphere of radius 0.63 mm) (Fig. 5, C and D). Fig. 5, A–D,
shows the full range of initial particle-particle configurations

that were tested. A darkened square in the figure indicates

that the corresponding initial relative particle position results

in a collision. The maximum reactive distance was set to 260

nm for these collisions.

The frequency of collision between two particles in a flow

environment is a function of the relative velocity between

them. If particles of a single size and shape are suspended in a

shearing fluid, with a concentration of _n particles/volume,

and the relative velocity between any two flowing particles is

vrel, then the collision rate between particles suspended in a

fluid and a single flowing particle, p, can be calculated as

_R ¼ _n

Z
S

vrel ds; (10)

where S is the far upstream cross-sectional area through

which all particles that pass eventually collide with a particle,

p, located downstream of S, and this area lies in the plane

containing the velocity gradient direction (z plane) and the

vorticity direction (y plane). dS is the incremental surface area

through which particles of volumetric concentration _n are

flowing with a velocity of vrel relative to particle p. The rate at
which collisions occur per unit volume between any two

particles in the shearing fluid is given by

_Rv ¼ _n2

Z
S

vrelds: (11)

In linear shear flow, the relative velocity between two par-

ticles sufficiently separated from each other such that the

hydrodynamic interaction is minimal, is vrel ¼ _gZrel. In these

FIGURE 4 Plots comparing the collision behavior of two platelets close to and far from the surface for seven different starting configurations that result in a

collision. (A) A series of sequential frames showing the platelet trajectories during collision close to and far from the surface for an initial configuration of two

platelets in which the distance between the platelet centroids was 2.5 mm in the x-direction and 0.25 mm in the z-direction. Frames containing a star in the

righthand upper corner indicate that the two platelets depicted are within reactive contact distance of each other. (B) Comparison between contact durations for

seven different starting configurations when the two platelets were placed close to or far from the wall. (C) Comparison of maximum instantaneous contact

areas on one of the two platelets for seven different starting configurations when the two platelets were placed close to or far from the wall.
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surface integrals, to calculate _Rv (Eq. 11), S has been

discretized, such that DS ¼ 0.01 mm2. Note that each in-

dividual trajectory simulation is performed with much greater

spatial accuracy. Equation 11 is rewritten, after discretizing

the surface integral, as

_Rv ¼ 2 _n
2 _gDS +

DSC

Zrel; (12)

where DSc ¼ all DS that result in a collision. A factor of 2 is

incorporated, since the collision behavior as mapped in Figs.

5–7 is symmetric about the y axis (vorticity direction).

Therefore, in our simulations, DS is varied incrementally

only in the positive y-direction. A comparison of collision

rates for two different geometries or particle shapes can be

easily performed as shown below, when the shear rate is

unchanged:

FIGURE 5 Grid maps depicting the initial relative particle positions that result in a homogeneous particle-particle collision based on a reactive particle gap

of 260 nm for different particle shapes and distances from the wall. (A–D) Two-dimensional grids depicting incremental relative separations in the y- and

z-directions between two particles that begin flow at 10.0 mm apart in the flow direction (x-direction). A shaded square indicates the occurrence of a collision for

the corresponding initial particle configuration. Each 2-D grid depicts 676 different initial particle configurations. (A) Collision pattern for two platelets flowing

near the surface, in which the downstream platelet begins flow at a height of 1.5 mm. (B) Collision pattern for two platelets flowing far from the surface, in

which the downstream platelet begins flow at a height of 12.0 mm. (C and D) Collision patterns for two spheres, each of radius 0.63 mm, with the same starting

initial configurations as in A and B, respectively. (E) Comparison of collision rates for all four different conditions depicted in A–D, as well as collision rates for

heterogeneous platelet-sphere collisions, as depicted in Fig. 7, A and B, after normalizing with the collision rate for far-wall sphere flow (Eq. 13).
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ð _RvÞ1
ð _RvÞ2

¼ +
DSC

ðZrelÞ1
+

DSC
ðZrelÞ2

: (13)

Fig. 5 E compares the rate or frequency of successful

collisions that occur between two particles, observed in

Fig. 5, A–D, after normalization by the collision rate for

0.63-mm spheres (Fig. 5 D), in which the collision mecha-

nism involved is essentially independent of wall boundary

effects.

The collision behavior of two particles both of the same

size and shape as mapped in Fig. 5, A–D, is strikingly dif-

ferent for spheres and oblate spheroids, although the only

difference between both shapes is simply a reduction of the

spheroid radius in one direction. The wall effect manifests as

a slight rearrangement in the collision pattern when the col-

liding spheres are brought closer to the wall, and in a

somewhat more pronounced change in the collision pattern

for flowing platelets. Fig. 5 E provides more insight into the

FIGURE 6 Grid maps depicting the initial relative particle positions that result in a homogeneous particle-particle collision based on a reactive particle gap of

128 nm for different particle shapes and distances from the wall. (A–D) Two-dimensional grids depicting incremental relative separations in the y- and

z-directions between two particles that begin flow 10.0 mm apart in the flow direction (x-direction). A shaded square indicates the occurrence of a collision for

the corresponding initial particle configuration. Each 2-D grid depicts 676 different initial particle configurations. (A) Collision pattern for two platelets flowing

near the surface, in which the downstream platelet begins flow at a height of 1.5 mm. (B) Collision pattern for two platelets flowing far from the surface, in

which the downstream platelet begins flow at a height of 12.0 mm. (C and D) Collision patterns for two spheres, each of radius 0.63 mm, with starting initial

configurations as in A and B, respectively. (E) Comparison of collision rates for all four different conditions depicted in A–D, as well as collision rates for

heterogeneous platelet-sphere collisions depicted in Fig. 7, C and D, after normalizing with the collision rate for far-wall sphere flow (Eq. 13).
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effects of the wall on the overall particle collision frequency.

The presence of the wall acts to boost the collision rate for

particles of either shape. Because the platelet has a disc

shape, it is intuitively expected that at larger z-separations
between the two platelets, collisions will be rare and therefore

the platelet collision frequency should be less than that for

spheres when wall effects are unimportant. This is evident

from Fig. 5 E, where the platelet far-wall collision frequency
is 0.76 times that for spheres. The wall-induced increase in

the collision rate for platelets (40% increase) is much more

than that for spheres (7.7% increase). It is interesting to note

that the disproportionate increase in collision rates for both

particle shapes due to wall presence results in similar colli-

sion frequencies for platelets and spheres close to the wall

(,1% difference). Note that although there are fewer inci-

dences of particle collision closer to the wall compared to far

from the wall, more of the near-wall collisions take place

when the particles have higher relative velocity differences,

and this accounts for the increased rates of collision.

We repeated the collision frequency analysis for a reactive

collision gap between two particles equal to approximately

half the value used in the previous simulations (lb¼ 260 nm),

i.e., lb ¼128 nm (Fig. 6). This is also the equilibrium bond

length used in the adhesive dynamics simulations of vWF

bridging two GPIba receptors located on different platelets.

Fig. 6 E shows a comparison, similar to that depicted in

Fig. 5E, of the collision frequencies for platelet and spherical-
shaped particles in both the presence and absence of bounding

wall effects, normalized by the collision rate for 0.63-mm
spheres, in whichwall effects are unimportant (Fig. 6D), for a
reactive gap lb of 128 nm. The relative frequencies of collision

shown in Fig. 6 E are qualitatively similar to that in Fig. 5 E.
Although the platelet far-wall collision rate is less than the

sphere far-wall collision rate, the difference is less pronounced.

The wall again acts to enhance the collision rates of the par-

ticles, and this enhancement is ;25% for the case of platelet

collisions (as opposed to 13% for sphere collisions). Close to

the wall, platelet-shaped particles have a collision frequency

higher than that for spheres when the reactive particle gap is

decreased to 128 nm. From both Figs. 5 E and 6 E, it appears
that thewall has a greater hydrodynamic influence on platelet-

platelet collisions than it does on sphere-sphere collisions.

FIGURE 7 Grid maps depicting the initial relative particle positions that result in a heterogeneous particle-particle collision for different particle shapes and

distances from the wall. (A–D) Two-dimensional grids depicting incremental relative separations in the y- and z-directions between two particles that begin

flow 10.0 mm apart in the flow direction. A shaded square indicates the occurrence of a collision for the represented initial particle configuration. Each 2-D grid

depicts 676 different initial particle configurations. (A) Collision pattern for a sphere and a platelet flowing near the surface, in which the platelet is positioned

downstream of the sphere and begins flow at a height of 1.5 mm. (B) Collision pattern for a sphere and a platelet flowing far from the surface, in which the

platelet is positioned downstream of the sphere and begins flow at a height of 12.0 mm. Collisions depicted in A and B are based on a reactive particle gap of 260

nm. (C and D) Same conditions as in A and B, respectively, except that the reactive particle gap is 128 nm.

Platelet Conditions and Aggregation, I 2549

Biophysical Journal 95(5) 2539–2555



Collision patterns are partially a function of the particle-

particle reactive gap since a larger reactive gap effectively

increases the size of the particle, which in turn increases the

multitude of initial relative particle positions that result in a

collision. As lb is decreased, the distinct influence of platelet
shape on collision frequency increases, since the ‘‘effective’’

particle aspect ratio inclusive of the particle reactive gap

tends to approach the actual physical aspect value (i.e., for

lb¼ 260 nm, the ‘‘effective’’ aspect ratio of a platelet is 0.40,

whereas for lb ¼ 128 nm, the ‘‘effective’’ aspect ratio of a

platelet is 0.335). Therefore, the collision frequency is de-

pendent on the size of the reactive particle gap. For spheres,

the ratio of ‘‘total collision encounters’’ close to and far from

the wall remains the same upon reduction of lb (Table 2 A).
Although there is a decrease in effective particle size, there is

no change in the aspect ratio of the particle. Since the

spherical particle shape does not change with a reduction in

the reactive collision gap, the relative effect of the wall re-

mains unchanged, although the total number of collisions

decreases. The ratio of the number of collision encounters

close to the wall to the number far from the wall measures the

effect of the wall but does not embody the characteristic

distribution of initial particle configurations that result in a

collision. This distribution is a function of the particle size,

particle shape, reactive gap between the two particles, and

distance from the wall. Table 2 shows that the ratio of the

total numbers of collision encounters close to and far from the

wall for sphere-sphere collisions is essentially the same for

both reactive collision gaps considered here, which signifies

that the wall has an equal effect on the nature of sphere-

sphere collisions whether the reactive collision gap is 260 nm

or 128 nm. Table 2 further calculates the ratio of total colli-

sion encounters for platelet-platelet collisions and demon-

strates the wall effect as a function of the effective aspect

ratio. Note that the effective aspect ratio of a particle has no

effect on the hydrodynamic flow behavior of the particle or

on hydrodynamic interactions between particle surfaces or

wall effects, but only influences the collision attributes of

particle-particle encounters such as collision time, collision

contact area, and collision frequency.

We also investigated the wall effect on spatial collision

patterns and collision frequency for a platelet-sphere sys-

tem, in which both the platelet and spherical-shaped particle

have equivalent volumes. Fig. 7 comprises four collision

grid maps for hydrodynamic encounters between a sphere

and a platelet initially positioned downstream of the sphere.

Fig. 7, A and B, is for a reactive collision gap of 260 nm, and

Fig. 7, C and D, depicts collision patterns based on a reac-

tive collision gap of 128 nm between the two particle sur-

faces. If particle concentration _n is the same for spherical

and platelet particles in this system and also for the platelet-

platelet and sphere-sphere systems described in Figs. 5 and

6, then their respective collision frequencies can be com-

pared as shown in Figs. 5 E and 6 E. The wall has a sizeable
effect in boosting the platelet-sphere collision rate in both

Figs. 5 E (30% increase in near-wall collision rate compared

to platelet-sphere far-wall collision rate) and 6 E (44% in-

crease in near-wall collision rate compared to platelet-

sphere far-wall collision rate). Note that the collision maps

depicted in Figs. 5–7 do not provide information on the

effect of varying the initial relative platelet angular orien-

tations on collision outcomes.

Detailed collision characteristics of near-wall
platelet-platelet collisions

The collision characteristics for two platelets flowing close to

the wall that exhibit a collision grid map as shown in Fig. 6 A
(lb ¼ 128 nm) were fully determined for a fluid shear rate of

1500 s�1. The collision contact time, maximum instanta-

neous contact surface area on both colliding platelets, and

time integral of contact area for both platelets were quantified

for each initial relative platelet configuration in Fig. 6 A that

resulted in a platelet collision, and are plotted as histograms

in Fig. 8. To ensure that the quantified collision metrics were

independent of the time step chosen for each successive iter-

ation (Dt ¼ 10�6 s), near-wall collision encounters for

starting platelet centroid separations of Dz ¼ 0.5 mm and

Dy ¼ 0.0–1.7 mm (18 distinct collisions in total) were re-

peated using a time step of Dt ¼ 0.5 3 10�6 s and in some

cases a lower time step of Dt ¼ 10�7 s. The average relative

error in the prediction of collision contact time at a time step of

Dt¼ 10�6 s was found to be 0.26%, with a maximum relative

error of 2.2% and aminimum of 0.0%. The chosen time step of

10�6 s is thus found to be a reasonable choice with respect to

both accuracy and speed of computation (relative to compu-

tational time required at lower time steps).

Interestingly, the histograms of the time integral of the

contact area do not show trends similar to that shown by the

histograms of maximum contact areas and collision times.

The histograms of the collision times and maximum contact

areas both show few instances near zero and attain maxima

away from the origin. On the other hand, the histogram trends

for the time integral of contact area are different, and maxima

occur at the origin itself. Although Fig. 4, B and C, depicts a

TABLE 2 Number of two-particle encounters out of a total of

676 encounters that result in a hydrodynamic collision for

two-sphere and two-platelet flows

Total collision encounters

Sphere-sphere collisions lb ¼ 260 nm lb ¼ 128 nm

A: near-wall 120 85

B: far-wall 136 96

Ratio, A/B 0.882 0.885

Platelet-platelet collisions lb ¼ 260 nm lb ¼ 128 nm

A: near-wall 120 85

B: far-wall 133 105

Ratio, A/B 0.902 0.809

Data are based on maps in Figs. 5 and 6.
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strong correlation between the collision times and maximum

contact areas, it is important to note that although this may be

valid for flows symmetric about the flow plane, a strong

correlation does not exist for asymmetric flows. The instan-

taneous contact area depends on the relative platelet positions

during collision. More favorable contact positions that in-

volve significant overlap of the platelet faces require that the

distance between the platelet centroids in the y direction be

nonzero. Collisions that involve larger contact areas that re-

sult from favorable relative positions or orientations of ad-

jacent platelet faces are not necessarily synonymous with

large contact times.

The average of all plotted values of the time integral of

contact area gives a measure of the average adhesion prob-

ability between two colliding platelets, and is characteristic

of the nature of platelet-platelet collisions close to a wall.

Since the standard deviations of the quantifiedmetrics (Fig. 8)

are of the same order of magnitude as the averages, the range

over which the collision duration, maximum collision contact

area, and time integral of contact area vary is substantial when

all initial configurations that produce a collision event are

taken into consideration. To ensure adequate representation

of the characteristics of platelet-platelet collisions close to a

bounding surface without requiring exhaustive adhesive dy-

namics simulations for each unique collision event, three

representative initial platelet configurations were chosen from

the multitude of initial configurations that result in a cell-cell

collision, such that the following three time integrals of contact

area are realized:

I. Average time integral of contact area – 0.5 3 SD

II. Average time integral of contact area

III. Average time integral of contact area 1 0.5 3 SD.

These are referred to as representative collision types I–III,

respectively. Table 3 lists the values of the time integral of

contact area (ATI) of representative collisions that were used

for simulating adhesive dynamics of platelet-platelet binding

close to the wall, and also lists the two-platelet initial con-

figurations that provide the ATI values desired within a rea-

sonable difference (,4%).

Low Reynolds number flows, i.e., Stokes flows, scale

linearly with the shear rate. Therefore, the flow behavior is

ideally independent of the flow shear rate. However, in our

two-platelet adhesive dynamics model there exists a very

short-range repulsive force between the two particles that

becomes significant when the glycocalyx layers of the col-

FIGURE 8 Histograms of quantified

collision characteristics for platelet-

platelet collisions occurring close to a

boundingwall at a shear rate of 1500 s�1.

The reactive collision gap is set at a

maximum of 128 nm. All 85 collision

encounters depicted by Fig. 6 A are

included. The platelets begin flow 10

mm apart in the flow direction. (A) His-
togram of the contact time between two

platelets during collision. (B and C) His-

tograms of the maximum instantaneous

surface contact area of the downstream

and upstreamplatelets, respectively, dur-

ing a collision. (D and E) Histograms of

the time integral of contact area for the

downstream and upstream platelets, re-

spectively. The average value of the

collision metric, as well as the standard

deviation from the average value, is

noted within each histogram.

TABLE 3 Initial platelet-platelet configurations chosen for

three representative near-wall platelet collisions that

characterize platelet collisions near a planar boundary

Representative

collision number

Initial platelet-

platelet

configurations that

provide the desired

ATI values

ATI of initial platelet-

platelet configurations

that produce

representative collisions

Dz

(mm)

Dy

(mm)

Downstream

platelet

Upstream

platelet

I 0.5 1.5 0.0492 0.0456

II 0.5 1.0 0.1048 0.0959

III 0.3 1.2 0.1588 0.1525
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liding particles come within a distance of 15 nm from each

other, and this repulsive force does not scale with the fluid

shear level. At a different shear rate, the same magnitude of

repulsive force may cause the platelets to orient slightly

differently with respect to the wall and each other. In the two-

platelet adhesive dynamics simulations that were carried out

at high shear rates of flow, the highest shear rate considered

was 8000 s�1. The entire set of collisions characteristics

shown in Fig. 8 were requantified for a shear rate of 8000 s�1.

The nature of collisions was found in all cases to be

qualitatively, and in most cases quantitatively, the same for

shear rates of both 8000 s�1 and 1500 s�1 for all initial

platelet configurations that result in a collision near the wall.

The trends in collision contact time, maximum instantaneous

contact area on both colliding platelets, and ATI for both

platelets with incremental increase in the initial Dy between
the platelet centroids (Dz ¼ 0.3 mm) for shear rates of both

1500 s�1 and 8000 s�1 are depicted in Fig. 9. The trends are

the same for both shear rates. Fig. 10 is similar to Fig. 8,

except that the fluid shear rate for all simulations is 8000 s�1

and the time step for each iteration is smaller (Dt ¼ 10�7 s).

In pure Stokes flows, the collision contact time for two

particles at a shear rate of 8000 s�1 is 0.1875 times that ob-

served at a fluid shear rate of 1500 s�1, since the contact

duration non-dimensionalized by shear rate should be the

same regardless of the imposed shear rate. This has been

shown previously for platelet flipping motion on a planar

surface coated with vWF (30). On scaling the collision

contact time, as well as the platelet ATI with shear rate, the

collision metrics at different shear rates can be compared and

their differences quantified. The average difference in the

collision contact time, maximum instantaneous contact areas

on both platelets, and ATI values for both platelets at the two

different shear rates range from ;1–5%. Thus, certain initial

platelet separations do result in slightly different collision

characteristics at the two different shear rates. These differ-

ences can be attributed to the presence of the short-range

repulsive force, which acts between two surfaces in near

contact with each other as discussed in the previous para-

graph. The effect of the nonlinear interparticle repulsive force

on the collision characteristics with increase in fluid shear

rate can be gauged by determining the ratio of the average ATI

values at both shear rates and comparing this ‘‘average ratio’’

with the inverse ratio of the corresponding shear rates. In

reversible shear flows,

ðATIÞg1 � g1 ¼ ðATIÞg2 � g2

or

ðATIÞg1
ðATIÞg2

¼ g2

g1

:

In our simulations, Avg½ððATIÞg1
Þ=ððATIÞg2

Þ� ¼ 0.1989 for

both platelets whileðg2Þ=ðg1Þ ¼ 0:1875;whereg1¼ 8000 s�1

FIGURE 9 Plots demonstrating the

trends of three different collision char-

acteristics as a function of the initial Dy

separation between the two platelet cen-

troids for an initial Dz ¼ 0.3 mm. (A–C)

Shear rate, g ¼ 1500 s�1. (D–F) Shear

rate, g ¼ 8000 s�1. Crosses indicate the

downstream platelet andn the upstream

platelet.
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and g2 ¼ 1500 s�1. The cell-cell repulsive force, which is

independent of the fluid shear rate, is observed to be slightly

less effective in keeping cells apart at higher shear rates (when

cells are subjected to higher shear forces) than at lower shear

rates, as intuitively expected. Thus, there is, on average, a slight

increase in the intimacy of the collision between two platelet

particles at higher shear rates.

DISCUSSION

This article presents a detailed characterization of the full

gamut of collisions observable in a two-platelet linear shear

flow system in close proximity to a planar wall. A two-par-

ticle hydrodynamic encounter in shear flow was recognized

as a collision event if the particle surfaces came within a

distance of each other that was less than or equal to a pre-

defined reactive gap that supports interplatelet reactions that

result in the formation of bridging bonds. Two main features

of our scheme for characterizing platelet-platelet collisions

are 1), qualitative and quantitative comparison of platelet

collision behavior with that observed for sphere-sphere sys-

tems, and 2), quantification of the hydrodynamic effects of a

plane wall on the physics of platelet-platelet and sphere-

sphere collisions. Comparisons of platelet collisions with

sphere collisions were made for two fundamental reasons: 1),

the platelet shape (oblate spheroid) is similar to the spherical

shape except that in the case of an oblate spheroid, the axis of

one of three mutually orthogonal dimensions is smaller, to

produce a flattened or squashed sphere, and 2), extensive

fluid mechanical theoretical and experimental studies of

sphere flows in unbounded and bounded media have been

conducted over the past century. Flow phenomena regarding

spherical particulate motion in shearing fluid in Stokes flows

are relatively well established, and theoretical tools for

studying and modeling sphere flows are relatively abundant.

Thus, a comparison of platelet flow with sphere flow affords

more useful and instructive insight into the significant fea-

tures of platelet-platelet hydrodynamic flow encounters.

We have shown that platelet-platelet collisions are quali-

tatively and quantitatively different from sphere-sphere col-

lisions in terms of the mechanism of collision (particle

trajectories), spatial collision patterns, and collision fre-

quencies. Presence of a planar wall has profound effects on

the spatial collision patterns, nature of particle collisions

(mechanism of collision, collision time, and collision contact

area), and collision frequency. The wall effect on collision

frequency is observed to be greater for platelet collisions than

for sphere collisions. For platelet collisions near a bounding

wall in linear shear flow, we quantitatively characterized all

85 unique collision events between two platelets as depicted

in Fig. 6 A. The time integral of contact area is an important

metric that effectively combines two useful collision metrics,

time duration of a collision and instantaneous contact area on

either particle surface, to provide a comparative measure of

the ability of two particles to undergo a reactive event, and

was determined for all 85 unique near-wall collisions be-

tween two platelets. This metric was used to select three

representative collisions from all possible platelet collisions

FIGURE 10 Histograms of quantified

collision characteristics for platelet-

platelet collisions occurring close to a

boundingwall at a shear rate of 8000 s�1.

The reactive collision gap is set at a

maximum of 128 nm. All 85 collision

encounters depicted in Fig. 6 A are in-

cluded. The platelets begin flow 10 mm

apart from each other in the flow direc-

tion. (A) Contact time between two

platelets during collision. Maximum in-

stantaneous surface contact area of the

downstream (B) and upstream (C) plate-

lets during a collision is shown. Time

integral of contact area for the down-

stream (D) and upstream (E) platelets is

shown. The average value of the colli-

sion metric, as well as the standard devi-

ation from the average value, is noted

within each histogram.
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in close proximity to a wall. These three representative col-

lisions were used to carry out more extensive simulations of

platelet-platelet encounters that include adhesive interac-

tions, which are described in a companion article.

In the absence of any external force, such as gravity or

interparticle attraction/repulsion, particle interactions are

perfectly reversible in Stokes flows due to the linearity of the

Stokes equations (31). When additional interparticle inter-

actions are superimposed upon the hydrodynamic interac-

tions that arise due to flow, the resulting particle collisions are

no longer reversible (32). We have shown previously that the

short-range surface-surface repulsive force acts to prevent

two surfaces from collapsing into each other and does not

cause particle drift (from the wall in the case of platelet-wall

interactions) (23). The presence of interparticle forces intro-

duces irreversibility (and nonlinear scalability if the equa-

tions governing the body forces are nonlinear with respect to

the scaling variable) in the flow solution, i.e., if the flow is

reversed, the flow trajectories of the particles cannot be re-

traced. Since the short-range repulsive force is independent

of the shear rate imposed, a change in shear rate in our

simulations therefore does not guarantee that the colliding

flow paths of the simulated particles will perfectly superim-

pose with flow trajectories at other shear rates. Metrics de-

fining near-wall platelet collision behavior were obtained at

two different shear rates, 1500 s�1 and 8000 s�1, to discern

the effects of the very short-range repulsive force that acts

between the two particle-surface roughness layers on the

scalability of hydrodynamic platelet collisions with shear rate

as predicted by PAD simulations. It was found that the im-

posed particle-particle repulsive force has, on average, a

minor effect on the scalability of the hydrodynamic solution

with respect to shear rate for the range of shear rates studied.

In real flow experiments conducted at different shear rates,

the flow paths when nondimensionalized with respect to

shear rate are not expected to superimpose perfectly due to

many other nonlinear factors in the surrounding fluid, such as

inertia and interparticle forces that affect the platelet flow

trajectories (30). The presence of an interparticle repulsive

force was tantamount to an average increase in the time in-

tegral of contact area of a reactive contact event by;6% over

a 5.3-fold range of shear rates. The range of shear rates

considered in our adhesion studies is less than twofold and

ranges from 4500 to 8000 s�1.

Huang and Hellums (17,18,33) developed a mathematical

model of the dynamics of shear-induced platelet aggregation

and aggregate break-up using the single-component popu-

lation balance equation. Their equation parameters were es-

timated by fitting the model equations to experimental data

obtained from uniform shear-induced platelet aggregate

formation observed in a cone-and-plate viscometer at all

shear rates .3000 s�1. The holistic effects of 1), kinetics of

participating adhesive phenomena, such as rate equations, for

GPIba or aIIBb3 binding to vWF; 2), influence of shear on

binding dynamics; and 3), hydrodynamic effects that govern

the physics of particle-particle contact, such as hydrody-

namic interactions between the particles, duration of contact,

and influence of particle shape, were all combined into a

single parameter termed ‘‘collision efficiency hc’’. Platelets

were modeled as hard spheres, and an additional parameter

was included to account for void fraction present in platelet

aggregates of various sizes. The overall collision efficiency

was quantified for platelet aggregation at a range of high

shear rates and in the presence and absence of chemical ag-

onists. Such quantifications provide insightful understanding

of the relative roles of magnitude of shear and other factors,

like the effect of an agonist; however, the individual roles of

various biophysical factors such as shear force, particle

shape, and binding kinetics that contribute to the process of

platelet aggregation, and their individual extents of contri-

bution cannot be ascertained from their model.

The aim of this article was to present the fluid mechanical

method used to predict hydrodynamic collisions between two

platelet-shaped cells in shear flow in a semi-infinite 3-D re-

gion, and to investigate the collision behavior of platelets by

quantifying the relevant collision metrics and comparing

flow phenomena for platelet collisions with those for sphere

collisions. Our Part II article discusses the development and

application of an adhesive dynamics model for platelet

GPIba receptor binding to vWF multimers in solution and

GPIba-vWF-GPIba bridging of two platelets. Platelet tran-

sient aggregation behavior and relevant trends in bond

characteristics as a function of vWF multimer size, different

binding kinetics, and imposed shear rate in the fluid, as

predicted by PAD, are covered in Part II.
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