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Abstract
Introduction—We developed a multiscale model to simulate
the dynamics of platelet aggregation by recruitment of
unactivated platelets flowing in viscous shear flows by an
activated platelet deposited onto a blood vessel wall. This
model uses coarse grained molecular dynamics for platelets
at the microscale and dissipative particle dynamics for the
shear flow at the macroscale. Under conditions of relatively
low shear, aggregation is mediated by fibrinogen via aIIbb3
receptors.
Methods—The binding of aIIbb3 and fibrinogen is modeled
by a molecular-level hybrid force field consisting of Morse
potential and Hooke law for the nonbonded and bonded
interactions, respectively. The force field, parametrized in
two different interaction scales, is calculated by correlating
with the platelet contact area measured in vitro and the
detaching force between aIIbb3 and fibrinogen.
Results—Using our model, we derived, the relationship
between recruitment force and distance between the centers
of mass of two platelets, by integrating the molecular-scale
inter-platelet interactions during recruitment aggregation in
shear flows. Our model indicates that assuming a rigid-
platelet model, underestimates the contact area by 89% and
the detaching force by 93% as compared to a model that
takes into account the platelet deformability leading to a
prediction of a significantly lower attachment during recruit-
ment.
Conclusions—The molecular-level predictive capability of
our model sheds a light on differences observed between
transient and permanent platelet aggregation patterns. The
model and simulation framework can be further adapted to
simulate initial thrombus formation involving multiple flow-
ing platelets as well as deposition and adhesion onto blood
vessels.

Keywords—Multiscale modeling, Hybrid force field, Contact

area, Detaching force.

INTRODUCTION

Cardiovascular diseases account for 31% of all
deaths globally and in US, annually.1 Whether due to
acute thrombosis associated with myocardial infarc-
tion, or progressive intermittent atherothrombotic
events, significant ventricular dysfunction may result,
leading to heart failure. Thrombosis in vascular disease
is potentiated by interactions of blood constituents
with an injured vascular wall and non-physiological
flow patterns characterizing cardiovascular patholo-
gies. It has been recognized that through the complex
and dynamic process of aggregation platelets play a
significant role in thrombus formation that may lead to
cardiovascular diseases.

Aggregation is the ‘‘cohesion’’ of platelets to each
other and to the thrombogenic surfaces.16 At low-in-
termediate shear, as commonly occurs in veins and
larger arteries, aggregation is predominantly mediated
by aIIbb3 on free-flowing platelets which engage fib-
rinogen (Fg) adsorbed on platelet monolayers, com-
posing the initial thrombi. Aggregation is mediated by
several factors including glycoprotein receptors, their
ligands, and shear stress acting as a stimulus.16,17,23,28

The distinct aggregation phenomena such as tether
formation,23 reversible and stable aggregation,23

filopodia formation,7 and aggregation without per-
ceptible shape change or filopodia formation was
studied extensively during the past decades.7,16,17,23,28

Each of the above phenomena are mediated by diverse
flow conditions and involve participation of different
glycoprotein receptors and their ligands. Aggregation
at low shear levels occurs through the interactions of
fibrinogen with integrin aIIbb3. Pathological flow
conditions can affect the process of thrombus forma-
tion by altering the dynamics of aIIbb3–Fg binding.2,34

These observations motivate the investigation of the
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mechanical response of platelets to such flow condi-
tions.

Aggregation leading to thrombus formation has been
an intriguing phenomenon and has attracted remark-
able attention from modelers in the
past.6,13–15,19,26,27,30,31,41,42,45 A few different
approaches have been used to model aggregation and
disaggregation phenomena. Continuum multiscale
models for aggregation26,27 and thrombus formation45

examined the role of flow conditions, platelet’s position
in the flow and the receptor–ligand bond in aggregation.
Though the approach can accommodate the platelet
shape and proximity to the wall for characterizing the
aggregation properties, it cannot simulate the interac-
tions of the receptors at the microscale. DPD-PDE-
based hybrid methods for studying platelet aggrega-
tion41,42 neglected the receptors and thus incapable of
capturing such microscale phenomena. Common to all
these models was treating platelets as rigid particles
because of platelet’s much higher stiffness as compared
to red blood cells (RBCs), likely underestimating the
contact properties during aggregation.

At smaller scales, such as in microcirculation, blood
shows complex rheological behavior which leads to the
migratory behavior of smaller cells. During margina-
tion, RBCs in the core flow push smaller constituents
like platelets to the periphery, forming a cell-depleted
layer. This peripheral cell-depleted layer has lower
viscosity compared to the RBC core. This unique
property has been utilized in our own in vitro experi-
ments, in which platelets forced to the periphery of the
microchannel adhere to immobilized vWF and begin
the process of recruitment.

It has been demonstrated by two research
groups16,23,36 that under certain shear flow conditions,
platelet aggregation occurs without visible platelet
shape change and filopodia formation. Under condi-
tions of low shear stress below 10 dyne/cm2, the
receptor aIIbb3 and the fibrinogen form a bridge
(aIIbb3–Fg–aIIbb3) which initiates platelet aggrega-
tion without visible shape change.23 Therefore, the first
phase of our modeling considers aggregation without
activation where platelets retain their discoid shape
and do not have filopodia.

Using DPD to describe the viscous flow and CGMD
to describe the intra-platelet constituents, we con-
structed a multiscale model for platelets in viscous
flows.46 This model allowed us to study the mapping of
hemodynamic shear stresses on platelet membrane
surface and platelet dynamics in flow like flipping. We
extended this model to a platelet model48 with 140,015
particles and validated the intra-platelet components
(which constitute the bilayer platelet membrane, gel
like cytoplasm and intra-platelet cytoskeleton) prop-
erties with the published in vitro experiments. This

multiscale platelet model continuously changes its
morphology in response to the dynamic flow
stresses.46,48 However, these models did not include yet
receptors and associated inter-platelet force fields
required for modeling aggregation.

We extended the previous efforts to study, and
accurately reproduced, the properties of recruitment
aggregation by incorporating the role of receptors at
the molecular scale. We formulate a hybrid force field
based on Morse potential for modeling the long-med-
ium range interactions and harmonic potential for
modeling aIIbb3–Fg–aIIbb3 bond formation between
the platelets. The Morse potential has been used to
model intercellular interactions for red blood cell
aggregation,47 to simulate binding of GPIb and
vWF,38 and to model thrombus formation.45 Since
platelet aggregation involves an initial contact and
then bonding two aIIbb3 receptors to an Fg molecule,
the hybrid force field incorporates both the coarse-
grained initial contact and the fine-grained binding
between the receptors.

We validated our recruitment aggregation simula-
tions with in vitro measurements of contact area and
detaching force of platelets flowing in microchannels
and predicted quantities such as recruitment force,
approach speed and minimum distance between two
platelets, which are very challenging to measure
in vitro. Utilizing our deformable model, a formula for
recruitment force as a function of the distance between
platelet centers is introduced for the first time, and the
inaccuracies stemming from treating the platelets as
rigid are demonstrated.

MULTISCALE MODELING

Following our previous work,8,46,48 our multiscale
model uses DPD for simulating the top scale macro-
scopic shear flow and CGMD (Coarse Grained
Molecular Dynamics) for the mesoscopic bottom scale
of the molecular model of platelets.8,46 Each DPD
particle embodies a cluster of atoms or molecules and
their collective motion is governed by following4,11:

dvi ¼
1

mi

XN

j6¼i

ðFC
i dtþ FD

i dtþ FR
i

ffiffiffiffiffi
dt

p
þ FE

i dtÞ ð1Þ

where

FC
i ¼ a 1:0� rij

rc

� �
eij;

FD
ij ¼ �cxD rij

� �
eij � vij
� �

eij;
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FR
ij ¼ rxR rij

� �
1ijeij;

xD rij
� �

¼ xR rij
� �� �2¼ 1:0� rij

rc

� �2k

where FC, FD;FR are conservative, dissipative and

random forces acting on the particle and FE is the
external force exerted to each particle to lead the fluid
flow. rij is the inter-particle distance vij ¼ vi � vj, is the

relative velocity and eij is a unit vector in the direction

ri � rj. 1ij is the standard Gaussian random variable

with zero mean and unit variance, a is the maximum

inter-particle repulsion given by a ¼ 75kbT= qfrc
� �

where qf is the number of fluid particles. Español et al.4

established a relation between and and weight func-

tions given by r2 ¼ 2ckBT, kBT ¼ 1:0.
We use the DPD method described above with

parameters a ¼ 25:0, c ¼ 67:5, k ¼ 0:25, rc ¼ 1:78 to
achieve force-driven viscous shear flow in straight
microchannel of dimensions 35:6� 16� 35:6 lm. The
dynamic viscosity of the flow is 1.07 mPa s. We imple-
ment periodic boundary conditions in x and z dimen-
sions. In y dimension no-slip boundary condition
between the flow and the vessel wall is imposed as previ-
ously described by us.40 This general no-slip condition
consists of the generation of fictitious particles by
reflecting flowparticles across the vesselwall (constructed
with triangular plane) with inverted velocity to develop
an equilibrated shear layer across the microchannel wall,
thereby imposing zero velocities at the wall plane.40,44

CGMD potential is given by

VCGMD ¼
X

bonds

kb r� r0ð Þ2þ
X

L�J

4�ij
rij
r

	 
12

� rij
r

	 
6
� �

;

ð2Þ

where kb is the force constant, �ij is the well depth of

the Lenard Jones (L–J) potential and rij is the finite

distance and r is the interparticle distance.
As described in our previous work48 the first term in

Eq. (2) describes the deformability of the membrane.18

Young’s modulus for our membrane is
(1.5 ± 0.6) 9 103 dyne/cm2.46 To compare, the
Young’s modulus for human platelet is
(1.7 ± 0.6) 9 103 dyne/cm2.12 The second term de-
scribes the interaction between membrane and the
intercellular particles. The bond energy between two

adjacent membrane particles is given by kb ¼ 2:54�
10�3 kcal/mol/A2 and r0 ¼ 42:7 nm. Departing from a
rigid platelet model and using this model to study
aggregation allowed us to study the impact of platelet
deformability during recruitment aggregation.

The DPD–CGMD methods are spatially interfaced
at the platelet membrane surface using the following
hybrid force field46

dvi ¼
1

mi

XN

j6¼i

ðrULJ rij
� �

dtþ FD
ij

ffiffiffiffiffi
dt

p
þ FR

ij dtÞ; ð3Þ

where ULJ ¼ 4� r
rij

	 
6

�2 r
rij

	 
12
� �

, FD
ij ¼ �cxD rij

� �

eij � vij
� �

eij and FR
ij ¼ rxR rij

� �
1ijeij � and r are the

characteristic energy and distance parameters in
CGMD. Other parameters including c and r have the
same definitions as in DPD. All forces are truncated
beyond a cutoff radius which defines the length scale in
the fluid-platelet contact region.5

The L–J force maintains the cytoskeleton-confined
shapes and the incompressibility of the platelets
against the applied stress of the surrounding flow. The
dissipative and random force terms simulate interac-
tions between the flow and platelet through exchange
of momentum which preserves local thermodynamic
and mechanical properties. No-slip boundary condi-
tion is imposed on the platelet membrane through this
intricate repulsive-drag force. The dissipative forces of
the membrane particles drag the flow particles thereby
reproducing boundary layer mechanism where adja-
cent layers are dragged by one another. At the same
time, the L–J force provides a repulsive force thus
preventing the flow particles from penetrating through
the platelet membrane.46

Using the above methodologies, we have a platelet
model immersed in DPD fluid in which the
microstructural changes of platelets respond to the
extracellular viscous shear stresses transferred to them.
Since the platelet membrane is allowed to deform, it
enables deformability in response to such mechanical
stresses. The interaction between the two systems
preserves dynamic properties of the flowing platelets,
such as the flipping motion.46

In this work, we study the recruitment aggregation
in which flowing platelet undergoes aggregation
through binding of Fg adsorbed on the surface of an
adhered platelet mediated by aIIbb3. There are
80,000–100,000 aIIbb3 receptors on a typical platelet
surface24 that serve as a physical connector between
fibrinogen and the platelet cytoskeleton.16,23,34 To re-
duce the computational cost, we use DPD to simulate
plasma flow and the recruitment of marginated platelet
is considered by using Morse potential, assuming that
platelets are already marginated towards the vessel
wall to the cell free layer characteristic of plasma flow
in the microcirculation. Figure 1, shows a complete
picture of our model setup. Our model consists of two
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platelets in Poiseuille viscous shear flow in a
microchannel. We assume that the platelets have
marginated and entered the cell free layer. We consider
homotypic interactions in which one platelet is adhered
to the lower wall of the microchannel and the flowing
platelet is recruited to it leading to aggregation. A
platelet is modeled as a discoid shaped spheroid with a
2 lm semi-major axis and 0.5 lm semi-minor axis.48

At the fluid-platelet interface, the membrane prevents
fluid particles from penetrating while maintaining the
flowing platelet flipping dynamics.33 In low-interme-
diate shear flows aggregation requires aIIbb3 and li-
gand Fg binding and can occur independent of shape
change.23 Each platelet includes 67,004 aIIbb3 recep-
tors24 represented by particles and distributed uni-
formly on the membrane. Receptor density on the
platelet surface is 2342 particles/lm2.

THE AGGREGATION MODEL

Recruitment aggregation undergoes diverse phases
until forming a stable aggregate. The aggregation
model developed here is capable of modeling recruit-
ment in the cell-free layer and aggregation at the mi-
croscales. This multiscale process requires a hybrid
force field that precisely describes the interaction
between platelets. We present an interplatelet force

field and its parametrization for recruitment aggrega-
tion.

The Interplatelet Force Field

We construct an electrical-neutral molecular-scale
force field that can efficiently yield the properties of
recruitment aggregation. To mimic the dynamic bind-
ing of the receptors during aggregation we use a har-
monic term.41,42 At the same time, we use a Morse
term in the force field to mimic the long-medium range
effect of aggregation.45 So, the functional expression
for molecular dynamics potential is represented by

Utotal ¼ Ubonded þUnonbonded; ð4Þ

where

Ubonded ¼
X

bonds

fA

2r0
r� r0ð Þ2

and

Unonbonded ¼
X

neighbors

D0 e�2a r�r0ð Þ � 2e�a r�r0ð Þ
	 


;

where r is the distance between two particles and r0 is
the equilibrium bond length, D0 is the well depth, a is
the scaling factor, r0 is the equilibrium bond length

rij ¼ ri � rj, rij ¼ rij


 

, eij ¼ rij=rij and fA is the force
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strength coefficient. Differentiating the potential, the
hybrid force field is written as:

Fij ¼ 2aD0 e�2a rij�r0ð Þ � e�a rij�r0ð Þ
	 


þ fA 1� rij
r0

� �� �
eij

ð5Þ

We performed an initial analysis of the force field to
assess its effect on recruitment aggregation character-
istics. The Morse term in the force field consists of (i)

an attractive part �e�a rij�r0ð Þ
	 


that contributes to

aggregation by initiating and enhancing bond forma-

tion and (ii) a repulsive part e�2a rij�r0ð Þ
	 


that prevents

the membrane particles from overlapping during
aggregation. The parameter r0 represents the force
relaxation distance, Fij is repulsive when rij<r0 and

attractive when rij>r0.

To adapt the force field Eq. (5) for modeling
aggregation at microscales we use the bond length of
r0 ¼ 0:38 which is the equilibrium bond length of
aIIbb3–Fg–aIIbb3 (67.5 nm)10 in dimensionless units.
To determine the cutoff (rc) for aggregation we use
the approximate distance between platelet surface
when a bond can begin to form. The aIIbb3 recep-
tors extend about 20 nm above the surface29,43 and
Fg is about 47.5 nm in molecular length,20 the
approximate distance between platelet surface for
aggregation to begin is 87.5 nm. The undetermined

parameters a;D0 and fA which control the forces
between the two platelets are further determined by
correlating with contact area measured from the
in vitro experimental images (see details in ‘‘In Vitro
Experiments’’).

Parameter Determination

With the formula for aggregation force constructed
(‘‘The Interplatelet Force Field’’), we proceed to the
next step, i.e., determining the values of the parame-
ters. Using the interplatelet force field we performed a
series of numerical experiments to understand the
dependencies and sensitivities of the parameters in the
force field on platelet aggregation. We determine the
values of the parameters in the interplatelet force field
by correlating simulation results with in vitro results.
We design this in three steps. Step 1, determining the
values for r0 and rc from the molecular level details
such as the equilibrium bond length and length of
aIIbb3 extension from the platelet surface. Step 2,
performing coarse grained tuning of the parameters (a
and D0) in the Morse term. Step 3, fine grained tuning

of parameter (fA) in Hooke’s term. Having described
the first step at the end of ‘‘The Interplatelet Force

Field’’ we present the rationale and details of the sec-
ond and third steps in the following paragraphs.

Coarse-Grained Tuning Using Contact Area

The trajectory of the approaching recruited platelet to
the already deposited platelet is governed by the Morse
term in the force field, whereas the bond formation
between the receptors is from the Hooke’s term in the
force field. We therefore begin this process by coarse
grained tuning of the parameters that affect contact
position using the rigid platelet model and then proceed
to fine grained tuning of the parameter that directly re-
lates to the aIIbb3–Fg bond based on molecular level
details in ‘‘Fine-Grained Tuning Using Detaching
Force’’. Since a controls the well width of the potential,
any change in the value of a significantly affects the tra-
jectory of the approaching platelet and hence affects the
eventual conferred contact between platelets.

Using the rigid platelet model, we determine the
range for a 2 0:8; 1:2½ � with D0 ¼ 10:0. The lower limit
for a is determined because when a<0:8 the inter-
platelet force becomes too strong and cannot maintain
the correct thermodynamic properties (temperature is
not stable and increases to 5.99 in DPD units). With
the increase in a value the contribution from the

repulsive part e�2a rij�r0ð Þ
	 


in the Morse term of the

force field becomes stronger. This leads to an effective
repulsive interplatelet effect leading to a decrease in
contact area. So, for a>1:2, the contact area keeps
decreasing with increase in a. In Fig. 2, we present the
mean contact area for three different values of a. We
observe two important aspects of modeling aggrega-
tion using the rigid platelets. First, the rigid platelet
model fails to predict the contact area observed in the
experiments—underestimating it by 89%. Second,
contact area is influenced by change in a value and the
relationship is depicted in Fig. 2. Further investigation
into the force field reveals that a higher value of a not
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FIGURE 2. Mean value of contact area (lm2) during the
stable state of aggregation against the simulated time (ls).
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only provides a higher attractive force but also
increases the repulsive force which works towards
decreasing the effective contact area. Therefore,
determination of the a value becomes an optimization
problem of the attractive and repulsive parts of the
Morse term in the force field.

The numerical results agreed with the above analysis
and the efficacy of this optimization approach is clearly
demonstrated in Fig. 2. After finding the optimal value
for a we proceed to determine D0. However, increasing
D0 increases the force magnitude which does not
maintain the integrity of the model. Therefore, after
finishing the process for coarse grained parametriza-
tion we find that the optimal values for a ¼ 1:0 and
D0 ¼ 10:0, respectively.

Fine-Grained Tuning Using Detaching Force

Using the optimal values from the coarse-grained
parametrization we then proceed to the next step for fine

grained tuning of fA using detaching force between the
platelets. This requires tuning the aIIbb3–Fg bond
strength in theaggregationmodel, forwhichweutilize the
deformable platelet model. We use previously published
rupture forces between aIIbb3 and Fg21 to calculate the
detaching force (details in ‘‘Measures and Formulas’’).
Figure 3 presents the detaching force for four different

values of fA 2 0:1; 1:0; 10:0; 100:0f g and the range of
detaching force highlighted using a grey band. It is clear

that fA ¼ 10:0 provides the correct rupture force.

NUMERICAL SIMULATIONS

Simulation Settings

All simulations were performed with NVE ensem-
ble, using LAMMPS (Large-scale of Atomic/Molecu-
lar Massively Parallel Simulator) code32 with some

added algorithms like no-slip boundary condition,40

DPD–CGMD hybrid potential for interactions
between platelets and flow46 and hybrid DPD-Morse
potential for reducing compressibility of the flow.8 The
setup for our model is presented in Fig. 1. In our
simulations, a typical blood viscous Poiseuille flow was
employed in a microchannel of length (L) 35.6 lm,
height (H) 35.6 lm and width (W) 16.0 lm. We con-
sider platelets in a cell-free layer (marginated), and
each platelet was modeled as an ellipsoid with 140,303
particles with dimension 4� 4� 1 in lm.48 Our mul-
tiscale platelet model continuously changes its mor-
phology in response to the dynamic flow stresses while
flowing and flipping. For modeling rigid platelets, we
use LAMMPS fix rigid command. The rigid platelet
model adapts the same platelet model with a rigid
constraint. The total force on a rigid platelet is calcu-
lated as the sum of forces on the individual con-
stituents and the positions, velocities, and orientations
of the constituent particles are updated every time step
so that the platelet moves as a single entity. The
number density for fluid is 3.0. The fluid flow was
driven in x-direction using a body force gx = 0.002.
Periodic boundary condition was employed in x and z
direction. We followed40 to implement a no slip
boundary condition on the wall in the y direction. The
integration timestep size reported is 2.5 9 10�5 (Ta-
ble 1). We run the simulations until stable aggregation
is reached and there is no significant change in contact
area. Physical quantities in dimensionless units were
further converted into physical units for the interpre-
tation of aggregation and flow properties. The wall
shear stress is 6.7 dyne/cm2 and shear rate is 619 s�1

with a flow viscosity of 1.07 mPa s.
The ability of platelet membrane receptor aIIbb3 to

associate with Fg, thus triggering recruitment aggre-
gation of unactivated platelets,16 makes it crucial to
measure the interaction between platelet membrane
receptors. We conducted accordingly simulations to
study the impact of the force field parameters on
aggregation characteristics like contact area and dis-
tance between platelets.

Measures and Formulas

The inter-platelet distance refers to the distance
between the centers of mass of two platelets, and is
calculated as:

x ¼ rA � rBk k2 ð6Þ

rA and rB are the centers of mass for platelets A
(adhered to the wall) and B (recruited from flow),
respectively.
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To calculate the nearest distance, rij is computed
between the ith particle on membrane platelet A and
jth particle on membrane of platelet B,

dmin ¼ min rijjrij ¼ ri � rj
�� ��

2
; ri 2 MA; rj 2 MB

n o
: ð7Þ

MA andMB are the group of membrane particles for
platelets A and B, respectively.

For calculating the contact area, we need a thresh-
old value that defines aggregation contact area repre-
sented by each membrane particle. The threshold value
(Td) refers to the distance between platelet surface
when a bond begins to form. The aIIbb3 receptors
extend about 20 nm above the surface29,43 and Fg is
about 47.5 nm in molecular length.20 The approxi-
mated distance between platelet surface at the time of
aggregation is 87.5 nm.

We define the set of contact particles as:

CAB ¼ rijrij<Td; rij ¼ ri � rj
�� ��

2
ri 2 MA; rj 2 MB

n o

ð8Þ

Hence, contact area is defined as:

Ca ¼ CABj j: S

Mj j ; ð9Þ

where S is the surface area and M is the set of mem-
brane particles of the platelet where |Æ| is the notation
for cardinality of a set.

We use our simulations to calculate the detaching
force and validate it with in vitro values. In our simu-
lations, the detaching force is calculated as a multiple
of rupture force per aIIbb3–Fg bond and number of
bonds between platelets. The number of aIIbb3
receptors in the contact region, assuming homoge-
neous distribution, is calculated from experimental
observations. Given that only 10% of the number of
aIIbb3 receptors in the contact region may participate
in bonding with Fg,39 an approximate number of
aIIbb3–Fg bonds between platelets is obtained.

Detaching force data is obtained from previously
published21 rupture force for aIIbb3–Fg bonds
obtained through Atomic force microscopy (AFM)
experiments. AFM is a technique used to perform
force spectroscopy and can measure precise bonding or
adhesion forces at the single molecule level. The mea-
sured quantity is the rupture force with piconewton
resolution.3 For measuring the rupture force between
the aIIbb3 and Fg bonds a bead coated with fibrinogen
was trapped by a focused laser beam in a flow chamber
and repeatedly brought in contact with purified aIIbb3
immobilized on silica beads. Tension was produced
when the bead was displaced from the laser focus until
the aIIbb3–fibrinogen or aIIbb3–fibrin bond ruptured.
This is a proxy for aIIbb3 receptors on platelets
interacting with fibrinogen. The applied force strength
was then recorded as the rupture force for aIIbb3 and
Fg bonds. The detaching force range is calculated as
multiples of the rupture force range for aIIbb3 and Fg
bonds (10.0–20.0 pN)21 obtained in vitro using AFM
and approximate number of aIIbb3–Fg bonds.

Since aggregation is a dynamic phenomenon, we use
RMSF to analyze differences in trajectory that arise
from rigidity or deformability of the platelets and
determine a stable state for aggregation. Specifically,
RMSF is used to determine an average position about
which the system may poses some small fluctuations.
We calculate the RMSD (Root mean square deviation)
and RMSF by the following formula:

RMSF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

ri tþ Dtð Þ � ri tð Þð Þ2
vuut ; ð10Þ

where N is the number of particles whose positions are
being compared and ri(t) is the position of particle i at
time t.

From the massive amounts of data generated in the
simulations we can calculate platelet force between two
platelets generated by the accumulating pairwise force
between the platelets. In this work we report the
magnitude of aggregation force for every 0.104 ls.
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TABLE 1. Parameters for aggregation model.

Key model param-

eters

Model values in DPD

units

Model values in SI

units Key biophysical properties

r0 0.38 67.5 nm Equilibrium bond length for aIIbb3–Fg–aIIbb310

rc 0.5 87.5 nm Calculated from aIIbb3 extending above the surface and Fg29,43

a 1.0 5.62 lm�1 Correlation with contact area from in vitro experiments (‘‘Validation’’)

D0 10.0 1.45 9 10�19 J Correlation with contact area from in vitro experiments (‘‘Validation’’)

fA 10.0 0.82 pN Correlation with AFM21

Dt 2.5 9 10�5 52 ps Timestep size
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Unit Conversion

The model units are converted from dimensionless

units to physical units.48 The reference length rr ¼ Dq

D�
q
,

where Dq ¼ 4 lm and Dq
* = 4, the reference mass

mr ¼ qr3r
q� where the fluid density of plasma q ¼

1060 kg/m3 and the particle density q* = 3. Reference
units are presented in Table 2.

IN VITRO EXPERIMENTS

Whole blood, 30 mL, was obtained by antecubital
venipuncture from consenting healthy adult volunteers
as per a Stony Brook University IRB-approved pro-
tocol and anticoagulated with 10% ACD-A. Isolated
platelets (GFP) and red blood cells (RBC) were pre-
pared from whole blood as previously described.9,37

Flow-induced aggregation was initiated through a two-
step process. First, 1x105/ll GFP and RBCs (40% final
concentration) were mixed in Hepes-buffered modified
Tyrode’s solution (‘‘platelet buffer’’). This mixture was
perfused through a 0.1 9 1 mm microchannel (Luer
VI0.1, ibidi USA Inc., Fitchburg, WI) pre-coated with
100 lg/mL vWF at 15 dyne/cm2 for 1 min using a
syringe pump (NE-1010, New Era Pump Systems,
Farmingdale, NY). The inclusion of RBCs promotes
margination of platelets out of the core flow entering
the microchannel and increases local platelet density.
The GFP-RBC mixture was subsequently allowed to
settle for 19 min to initiate adhesion of marginated
platelets to immobilized GFP. The residual GFP-RBC
mixture was flushed gently with Tyrode’s solution,
after which a 1.5 9 105/lLl GFP solution mixed with
1.5 mg/mL fibrinogen was perfused at 6.7 dyne/cm2

for up to 20 min. Platelet motion was captured at 200
fps on a Zyla sCMOS camera (Andor Technology,
South Windsor, CT) mounted on an inverted DIC
microscope with 100 9 oil immersion objectives
(NA = 1.45, Eclipse Ti-E, Nikon Instruments Inc.,
Melville, NY). Exported images were analyzed for
contact events, selected based on the interaction of
individual discoid platelets. Using NIH ImageJ, a re-

gion of interest capturing the aggregation or recruit-
ment event was smoothed using Gaussian blur, with
contrast adjusted using a FFT-based bandpass filter.
Platelet major and minor radii, center coordinates, and
major axis rotation angles were measured from the
ellipses bounding the contacting platelets. Ellipsoidal
volume for each platelet was calculated using thickness
approximated from platelets flipping under flow con-
ditions. Contact area between two interacting platelets
was calculated using a meshing approach, with the
number of surface points within the intersection
‘‘contacting’’ threshold of the three-dimensional pla-
telet models counted and multiplied by the unit surface
area of each platelet to determine the inter-platelet
contact area. Supplemental Material S1 shows platelet
aggregation without any visible shape change and
Supplemental Material S2 presents a histogram of
contact area with mean and variance.

RESULTS

Using the model, we can investigate some pre-ag-
gregation and aggregation characteristics, including
the distance between platelets, approach speed, contact
area and detaching force. We present these results and
explore their dynamics in relation to our interplatelet
force field.

Validation

Our aggregation model can predict the molecular
level aggregation phenomena and clearly illustrate the
microphenomena involved during the evolution of
bond formations. Figure 3 shows the detaching force
calculated for deformable platelets lies within the range
of detaching force measured in vitro. In Fig. 4, mean
contact area (measured when the platelets form a
stable aggregate) from simulations is compared with
the mean contact area measured from in vitro images
(‘‘In Vitro Experiments’’). From the Supplemental
Material S3 and Fig. 4 we can see the contact area
between the platelets increases and then reaches a
stable state. We simulate aggregation until the RMSF
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TABLE 2. Reference units used in the model for unit conversions from dimensionless to SI units.

Terms Symbol/formula Model values SI values SI units

Length rr 1 1.78 9 10�7 m

Time tr 1 2.08 9 10�6 s

Mass mr 1 1.99 9 10�18 kg

Force mrrr
t2r

1 8.15 9 10�14 N

Energy
mrr2r
t2r

1 1.45 9 10�20 J

Velocity rr
tr

1 8.53 9 10�2 m/s
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of the recruited platelet is stable. Figure 5 presents
RMSF of the recruited platelet averaged over 0.26 ls.
The figure also includes subplots (a), (b) and (c)
showing the RMSF decreasing with time and pos-
sessing fewer fluctuations. Figure 12 presents the top
view of contact area highlighted using blue color with
simulated time. With this we can conclude that our
model is in good agreement with the measured (i)
contact area and (ii) detaching force.

Marginated Platelets

We calculate the nearest distance dmin (as defined in
‘‘Measures and Formulas’’) between the platelet
membranes and present the change in platelet trajec-
tory during the process of recruitment for different a.
Figure 6 presents the evolution of dmin vs. simulated
time for three values of a values with D0 = 10.0 and
highlighting the threshold Td ¼ 87:5 nm (as defined in
‘‘Measures and Formulas’’). From Fig. 6, we notice

that for each value of a, the nearest distance of the
platelet before contact is characterized by a large drop
which is depicted in the figure as a change of 1:2 lm
before contact. As the flowing platelet comes in contact
to the adhered platelet the trajectory becomes
stable characterized by small fluctuations below the
threshold value. Comparing the trajectory for the three
a values we observe that the time to recruit a platelet
from the free flow increases as the value of a increases.
For a = 0.8 it takes 0.83 ls which increases to 7 ls for
a = 1.2. Validating with the in vitro measurements, we
found that a = 1.0 with D0 = 10.0 is the correct
parameter set for the aggregation force field (see
‘‘Parameter Determination’’). Therefore, our model
predicts that the trajectory for recruitment is given by
a = 1.0 and time to recruit a platelet from flow is
2.29 ls.

Figure 7 shows the approach speed of the platelets
calculated using dmin averaged over 0.52 ls. We ob-
serve that as the value of a increases the peak approach
speed decreases. For a = 0.8, the peak approach is
254:3 cm/s which decreases to 142:2 cm/s for a ¼ 1:2.
Figure 7 also presents a sequence of animation snap-
shots of platelets colored by velocity to illustrate the
change in velocity while flowing in their recruitment
trajectory. The sequences A, B, C present the evolution
of recruitment for a = 0.8, 1.0, 1.2 respectively. The
subfigures A.2, B.2 and C.2 show the peak velocity for
the respective a values at first contact with the adhered
platelet. The difference in peak velocities is reflected in
the moving platelet through the color bar. Figure 7
and Supplemental Material S4 show propagation of
velocity in the recruited platelet from the point of
contact to the furthest end. Using our model with the
correct parameters, we predict that the value for the
peak speed is 102:3 cm/s and the evolution of speed is
given by a = 1.0 during the recruitment process.
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FIGURE 5. RMSF (window size 0.104 ls, step size 0.26 ls) of
the recruited platelet.
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Finally, we calculate force between platelets when
the recruited platelet approaches the platelet adhered
to the wall. Figure 8 presents the force between pla-
telets against the simulated time for different values of
a with D0 = 10.0. This force is between the platelets
because of the applied force field. Using parameters
found in ‘‘Parameter Determination’’, it can be
inferred that the evolution of force between platelets
for recruitment given by a = 1.0 finds the balance
between the attractive and repulsive forces. These
observations reflect the impact of a during the
recruitment process.

By analyzing measured forces between aggregating
platelets due to the aIIbb3–Fg–aIIbb3 bond, we dis-
cover the model of the recruiting force as a function of
inter-platelet distance x as follows:
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F xð Þ ¼ S xð Þ �M xð Þ � 1� S xð Þð Þ �H xð Þ
¼ S xð Þ � F0 exp �b x� xbð Þð Þ � 1� S xð Þð Þ

� kb x� xbð Þ ð11Þ

where

S xð Þ ¼ 1

1� exp 50 x� 2:345ð Þð Þ

In this equation, x is the inter-platelet distance as
defined in ‘‘Measures and Formulas’’. The term M(x)
presents the Morse-like non-bonded interaction that
usually dominates in long-medium range distance. The
term H(x) is the Hooke-like bonded interaction and
describes the impact of aIIbb3–Fg–aIIbb3 bonds that
occur during platelet aggregation under low shear flow.
S(x) reflects the smoothed transition from marginated
effect to bond-mediated aggregation.

Table 3 presents the parameters for recruitment
force derived using our model. The model given in
Eq. (11) modifies the previous models that only rely on
Morse terms by incorporating the previously-neglected
effect of molecular-scale bonds, thus improving the
accuracy of describing the recruitment with molecular
details.

Figure 9 presents the force against the center dis-
tance x (as defined in ‘‘Measures and Formulas’’) for
a = 1.0 and D0 = 10.0. Since force during recruit-

ment cannot be measured directly from the in vitro
images, this function, determined using particle level
details, can directly provide the force by using the
distance between platelet centers from in vitro images
without going through the complex and expensive
process of modeling.

Contact Area and Detaching Force

We predict the contact area between platelets using
Eqs. (8) and (9). Figure 10 presents the contact area
(lm2) between platelets against simulated time (ls)
during recruitment aggregation. From Fig. 10 we can
observe three different phases of aggregation during
the evolution of contact area. In the first phase of
recruitment, contact area increases rapidly, and the
recruited platelet adjusts its position by sliding on the
adhered platelet, thereby finding the optimal position
for contact. We refer to this phase as the positional
adjustment phase of aggregation and bonds are formed
and broken as one platelet slides on the other. This
positional adjustment leads to a rapid increase in
contact area, and dynamic bonding and debonding
leads to fluctuations in the contact area curve during
the positional adjustment phase. From Fig. 10, we can
see that this phase lasts for about 5 ls.

In the second phase, larger number of new bonds
are formed than are broken. We refer to this phase as
the bond formation phase, wherein bond formation
becomes more prominent and few bonds are broken.
This is demonstrated through the consistent growth of
contact area, which possesses significant increments
since the platelet receptors engage in aggressive bond
formation with Fg. This phase takes about 6 ls to
complete.

In the third phase, contact area stabilizes with time,
possessing very small increment area during the last
two ls. This can also be affirmed from RMSF in
Fig. 5. We refer to this phase as the equilibrium phase.
Correlating this evolution of contact area with evolu-
tion of detaching force during different phases of
aggregation, Fig. 11 shows how initially formed bonds
become permanent over time and form a stable aggre-
gate. During these phases, contact area and detaching
force have a linear relationship.

The evolution of contact area through the three
phases (Supplemental Materials S3 and S4) demon-
strates that aggregation begins with transient bond
formation, but with time as adjustment of contact
position concludes, bond formation stabilizes, and
more permanent bonds are formed finally leading to a
stable aggregate. The slow sliding movement of the
flowing platelet over the adhered platelet agreed with
the microphenomena observed in vitro (Supplemental
Material S1).
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TABLE 3. Parameters for recruitment force model given by
Eq. (1).

Model parameters DPD SI

b 0.82 4.6590 (lm)�1

F0 1.93 9 10�2 8.86 9 10�3 pN (lm)�1

xb 17.3 3.070 lm
kb 0.723 3.316 pN (lm)�1

0

0.1

0.2

0.3

0.4

0.5

1.5 2 2.5 3 3.5

Fo
rc

e 
(p

N
)

x (μm)

Computed

Predicted

FIGURE 9. Force (pN) as a function of distance between
platelet centers (lm).
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Figure 9 presents the detaching force for different
values of fA (DPD units) using the deformable platelet
model. The range of detaching force obtained from the
AFM experiments21 (‘‘Measures and Formulas’’) is
indicated with the grey highlighted area. With the in-
crease in fA number of bonds formed between the
platelets increases. A quadratic polynomial can be used
to approximate total detaching force as a function of
fA. The function is given by

Fdetach ¼ 8:4241 exp 0:0365fA
� �

; ð12Þ

where fA 2 0:1; 100½ �. Figure 11 presents detaching
force evolution with time. We observe that there is an
initial spike in bond formation after which bond for-
mation stabilizes and very few new bonds are formed.

Rigid and Deformable Platelets

We compare our recruitment aggregation model for
deformable and rigid platelets. The rigid platelet model
adapts the same platelet model but with a rigid con-
straint. Both models use the same parameter set as
presented in Table 1. We compare our aggregation
model with rigid platelets with the in vitro experiments
and confirm that the rigid platelets underestimate the
final contact area by 89% and detaching force by 91–
93%. Our aggregation model with deformable platelets
can reproduce the correct range of contact area and
detaching force.

Table 4 compares contact area and detaching force
for rigid and deformable platelets calculated from
simulations and obtained in vitro. This shows that a
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rigid constraint, although simplifies the modeling, sig-
nificantly underestimates aggregation strength. Fig-
ure 12 illustrates the contact area difference between
the rigid and deformable platelets through top view
snapshots of the aggregating platelets. The blue parti-
cles in the figure represent particles that have formed a
bond.

A comparative chart for RMSF is presented for
both models in Fig. 13. It is observed that the RMSF is
stable for the deformable model and is characterized
by more fluctuations as compared to the deformable
platelet model. This shows that aggregation in de-
formable platelet is consistently stable compared to
rigid platelets. Due to lower contact area and lower
rate of bond formation rigid platelets have a lower
order of attachment and are more likely to form
transient aggregates under shear flows.

These results lead us to following observations:

� Rigid platelets in the aggregation model lead to a
very significant underestimation of the contact area
by 89% and detaching force by 91–93%.

� In the equilibrium state, the deformable model is
more stable than the rigid model under shear flows.
Hence, rigid platelet aggregates are unstable and
more likely to detach.

Therefore, neglecting deformability may lead to
erroneous predications of aggregation properties.

DISCUSSION AND FUTURE WORK

We developed the first multiscale model of platelet
recruitment and aggregation under flow that includes
bonding receptors on the platelet membrane surface
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TABLE 4. Comparison of rigid and deformable platelets.

Parameters Rigid platelets Deformable platelets In vitro results

Contact area (lm2) 0.213 ± 0.001 2.227 ± 0.003 1.950 ± 0.484

Detaching force (nN) 0.844 ± 0.007 17.842 ± 0.027 9.100 ~ 18.200

FIGURE 12. Comparison between aggregation contact area for rigid and deformable models.
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and responds to extracellular stress.48 We applied it to
study recruitment aggregation of unactivated platelet
by a platelet already attached to a vascular wall at
molecular levels. A hybrid force field is designed to
describe the bonded and nonbonded interactions
between the platelets. A complete parameter sensitivity
study for force field parameters was performed. This
model can accurately describe the target aggregation
characteristics including contact area and detaching
force. Deformable platelets have higher contact area
has been quantitatively demonstrated at the micro-
scales. Even though experiments for thrombus forma-
tion have been conducted in the past, there is scarcity
of literature on platelet aggregation. This model fills
the gap that is present in platelet aggregation data at
microscales. This is the first work that corroborates in
silico and in vitro results of contact area and detaching
force while quantifying the effect of platelet deforma-
bility on aggregation characteristics.

The Morse potential has been used to model the
interaction of cells including platelets.45,47 Although
Morse potential can model the microscale properties of
these interactions,45 it did not simulate the molecular
bond formation required for aggregation. We followed
the approach of Ref. 45 using Morse potential for
modeling the recruitment of marginated platelet in the
cell free layer. Importantly, we improved this force
field for modeling aggregation at microscales by add-
ing a Hooke’s term for precisely modeling the recep-
tor–ligand interaction in low shear flows. With this
improvement, the aggregation model possesses an ad-
ded ability of illustrating the microphenomena that
otherwise have been missing.41,42,45

It has been demonstrated in the past23,35,36 that with
the change in vasculature and shear stress conditions,
the receptor and ligands involved in aggregation
change. It is critical that any aggregation/adhesion
model reflects these molecular-level changes induced
by macro-level phenomena. Past numerical aggrega-
tion studies have validated their models at macroscales
using collision characteristics26,27 or growth rate of
thrombus.45 These models, though versatile in condi-
tions and shear stress ranges, lack the validation of the
receptor–ligand bond role in aggregation at the
molecular level. In this work, the aggregation model is
directly validated with in vitro measurements at two
scales. The micro-level phenomena are validated using
the contact area and the nanoscale bond properties are
validated using detaching force. This is the first work
that validates the receptor–ligand bonding with AFM-
based rupture forces.

Contact area is measured from the simulations and
compared with the in vitro measurements. Given the
limitation of the Zyla sCMOS camera (temporal res-
olution of 200 fps and spatial resolution of 0.07 lm/px

at the settings used for in vitro experiments) and in-
verted DIC microscope utilized, contact area is the
only measure that can be directly and reliably quanti-
fied from experimental images. The simulations illus-
trate the evolution of contact area and inform the
phenomena that happen at microscale during aggre-
gation. Through this evolution at microscales, we dis-
cover the different phases of aggregation dynamics.
Each of these phases characterizes a unique aspect of
the platelet recruitment process. In the positional
adjustment phase, platelets go through dynamic bond
formation and breakage. In the bond formation phase,
stable bond formation begins, and few bonds are
broken. In the equilibrium phase, the bonds are sta-
bilized while no significant change in contact area is
observed. Thus, the model’s ability to quantify and
predict aggregation characteristics that cannot be
reliably measured in vitro is an advancement for
exploring molecular level details.

Rupture force validation was performed using the
detaching force for determining fA in the Hooke’s
term. The detaching force and its time-varying
behavior during aggregation, is obtained from the
simulations. The evolution of detaching force during
the different phases shows the growth and stabilization
of bond formation, and detaching force and contact
area is characterized by a linear relationship. This
shows that contact area is proportionately influenced
by the bond formation, thus emphasizing the impor-
tance of the use of detaching force for determining fA

in this model.
Minimum distance and approach speed calculated

from the simulations predict microscale details about
the marginated platelets. The relationship between the
model parameters and their impact on the trajectory of
the marginated platelet provides a detailed
understanding of the recruitment process. Using
parameters determined in ‘‘Parameter Determination’’,
we calculate the trajectory for the recruited platelet and
the evolution of approaching speed and force during
the recruitment process. At the beginning of the
recruitment, the trajectory of the flowing platelet is
steep and approaching speed increases rapidly. At the
time of first contact, minimum distance falls below
threshold and approaching speed peaks. After the first
contact, the minimum distance and approaching speed
stabilize.

The force between the marginated platelets in the
cell free layer was calculated. We formulated a func-
tion for predicting microscale level force during
recruitment using macroscale quantities like inter-
platelet distance. In the function given by Eq. (11), the
exponential term and linear terms are connected using
a sigmoid function. The sigmoid function models the
smooth transition of a platelet from free flow in the
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cell-free layer to bond formation. Previous models,
using only Morse potential for modeling platelet
aggregation, miss the dynamics of the receptor–ligand
binding. Our model, augmenting the Morse force field
by a Hooke’s term, encapsulates the transition from
margination to initiation of aggregation through for-
mation of receptor–ligand bonds.

For simplifying modeling and saving computational
costs, platelets are often modeled as rigid bod-
ies.25–27,45 Previous works have studied the effects of
rigidity assumption on platelets and determined that it
may lead to erroneous predictions.22 The effect of a
rigidity constraint on a platelet model was examined
using this setup for aggregation. In this approach,
rigidity was added to the platelets and key target
properties were compared with the in vitro results. We
confirmed that the rigid model underestimates the
contact area and detaching force. Using RMSF, it was
observed that rigid platelets form unstable aggregates.
Although platelets are less deformable than RBCs, this
work demonstrates that a rigidity assumption is erro-
neous. Error in estimation of contact characteristics
may propagate in thrombus modeling using rigid pla-
telets, thus leading to underestimation of thrombus
growth.

Our model with adjustable parameters can be
adapted to different ranges of shear stress by incor-
porating equilibrium bond length for a pair of receptor
and ligand. For example, for pathological shear stress
as high as 80 dyne/cm2, aggregation is mediated by
GPIb and vWF and the GPIb-vWF equilibrium bond
length is used to determine r0 and rc. As shown in our
previous work, our platelet model can be modified to
consider high shear stress to simulate aggregation in
such pathological conditions.46

Aggregation in free flows and adhesion to the vas-
cular wall can be developed using the same principles.
In future studies, a platelet-mediated thrombus growth
model under shear will be developed. This thrombus
model will adapt the molecular-scale properties of our
current recruitment aggregation model, thus predicting
macro-scale properties using micro-scale principles.
Such a model will have the advantage of reflecting
molecular level changes in receptor–ligand bond for-
mation. We expect our multiscale model to be adopted
by other fields such as drug design by considering the
impact of mechanical events triggering biochemical
responses. Our model can be used for systems phar-
macology models in drug development and delivery.
The prediction capability of our model can enable
manipulation of transmembrane aggregation receptors
via pharmacologic or biochemical agents by changing
their modeling parameters or blocking them com-
pletely, manipulating platelet membrane proper-

ties—e.g. fluidity, and modulating the model
cytoskeletal properties and activation dynamics.
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