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Adhesive Dynamics
Adhesive dynamics (AD) is a method for simulating the dynamic response of biological
systems in response to force. Biological bonds are mechanical entities that exert force
under strain, and applying forces to biological bonds modulates their rate of dissociation.
Since small numbers of events usually control biological interactions, we developed a
simple method for sampling probability distributions for the formation or failure of indi-
vidual bonds. This method allows a simple coupling between force and strain and
kinetics, while capturing the stochastic response of biological systems. Biological bonds
are dynamically reconfigured in response to applied mechanical stresses, and a detailed
spatio-temporal map of molecules and the forces they exert emerges from AD. The shape
or motion of materials bearing the molecules is easily calculated from a mechanical
energy balance provided the rheology of the material is known. AD was originally used
to simulate the dynamics of adhesion of leukocytes under flow, but new advances have
allowed the method to be extended to many other applications, including but not limited
to the binding of viruses to surface, the clustering of adhesion molecules driven by stiff
substrates, and the effect of cell-cell interaction on cell capture and rolling dynamics.
The technique has also been applied to applications outside of biology. A particular
exciting recent development is the combination of signaling with AD (so-called integrated
signaling adhesive dynamics, or ISAD), which allows facile integration of signaling net-
works with mechanical models of cell adhesion and motility. Potential opportunities in
applying AD are summarized. [DOI: 10.1115/1.4026402]
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1 Introduction

The first paper on adhesive dynamics (AD) was published 20
years ago [1]. Since then, AD has become widely used for a wide
spectrum of problems in biological mechanics, as well as for
applications outside of biology. The purpose of this review is to
introduce AD, explain several demonstrated uses of AD, and to
discuss new and emerging applications of the method to problems
both within and outside biology.

Adhesive dynamics was first used to understand the dynamics
of leukocyte adhesion under flow. Starting in the late 1980s, key
experiments from the McIntire and Springer laboratories showed
that when leukocytes were under flow, they displayed a wide vari-
ety of dynamic phenomena, including a curious dynamic state
called rolling, in which receptor-ligand bonds formed and broke
between the cell and substrate at a coordinated rate [2,3]. Our lab-
oratory had tried to get other cell types to roll via antibody-
antigen interactions [4] with limited success, and it led us to con-
sider ways of mapping the rheology of adhesion molecules to the
dynamics of adhesion itself.

The groundwork for AD had been laid by three key previous
papers. The first was the classic paper by Bell [5], who was the
first to suggest that the kinetic rate of failure of adhesion bonds
should be modulated by force, F,

kr ¼ ko
r exp

cF

kbT

� �
(1)

where kf is the observed off rate, ko
r is the unstressed off rate (in

the absence of force), c is the length to the transition state, and
kbT the thermal energy [5]. We refer to c as the reactive compli-
ance, as it sets the sensitivity of a bond to dissociation to a

force; the larger the reactive compliance, the more sensitive the
molecule. The Bell model only allows for cases where force
accelerates dissociation, but it is now known that exceptions
exist [6]. The second paper was a simple model of cell capture
under shear flow that Doug Lauffenburger and I wrote, in which
we could determine whether adhesion was controlled by kinetics
(when the reaction rates were too slow) or by mechanics (when
the reaction rates were fast) [7]. Finally, Micah Dembo and I,
with colleagues, developed a tape peeling model of the dynamics
of adhesion, in which the rate of peeling under an applied ten-
sion could be calculated from the density, strength and
mechano-chemical response of the adhesion molecules [8]. This
was the first paper to introduce the concept of “slip” and “catch”
bonding, in which forces could accelerate or inhibit the dissocia-
tion of bonds. This paper suggested that membrane peeling was
due to a small amount of bond slippage, in which the bond fail-
ure rate has to increase with force, but not too fast to prevent
continued adhesion with the substrate.

2 Methodology

When I constructed AD, it was from a simple desire to under-
stand how various modes of bond failure would lead to the
dynamics of adhesion. I also wanted a model in which the
mechanical energy balance was satisfied rigorously, without sim-
plifying assumptions. Also, the dynamics of rolling showed signif-
icant saltation [3], which I inferred were due to small numbers of
adhesive bonds between the cell and substrate. This required a
method that had some stochasticity.

Adhesive dynamics is a simulation, in which the current config-
uration is used to calculate the likelihood of future events. The
method is Eulerian, in that current information is used to calculate
the configuration of the system at the end of the next time step.
AD has four principle elements: a rendering of each adhesion
molecule, a mechanical energy balance, a chemical reaction
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scheme, and a prescription for how the particle and all its attached
parts will advance for every time step. We keep track of the end
point position of each molecule, which was made possible by
computing power that easily allowed tracking tens of thousands of
receptors. The mechanical energy balance solves F¼ma for a
rigid spherical particle. However, because the particle Reynolds
number is low, we ignored inertia, and the velocity emerged from
a balance of forces

~Fadhesion þ ~Fnon�specific þ ~Fdrag ¼ 0 (2)

from which the velocity can be determined since it is incorporated
in the drag. Note, the force balance includes the torque on the
particle, and both the velocity and the angular velocity are deter-
mined in all directions. The mobility matrix, which includes the
drag in all directions, including cross terms, was assembled from
known solutions of the motion of a hard sphere near a wall in vis-
cous shear flow [1]. From this relationship, the instantaneous ve-
locity is known from the sum of applied forces. The adhesive
bonds were modeled as springs, so calculating the net adhesive
force acted along the bond axis in proportion to strain was
straightforward. The nonspecific forces are body forces which
include gravity, van der Waals attraction and steric stabilization
forces that prevent the particle from getting too close to the
wall [1].

In AD, the connection point between each adhesion molecule
and the cell body is known. Generally, kinetics are coupled to
either the strain on the molecules, or the force. Dembo and co-
workers posited a relationship between dissociation and strain
which involved the unstressed forward and reverse rates, the
spring constant, r, and a transition state spring constant, rts [8];
this formulation was used in the earliest versions of AD. Once the
kinetics are known, calculating the formation and breakage of
bonds during each time step of the simulation is done by sampling
random numbers and comparing to calculated probabilities of
events. These probabilities are,

Pf ¼ 1� expð�kf DtÞ
Pr ¼ 1� expð�krDtÞ

(3)

where Pf is the probability of formation in the time step Dt corre-
sponding to the forward reaction rate, kf, which depends on
the distance between unbound ligands and receptors; and Pr is
the probability of failure of a bond in the time step, which
results from kr, which depends on the molecule’s length or force.
Therefore, there is natural coupling between mechanics and bond
failure; this feature of AD has been widely adopted into many
biomechanical simulations [9]. This feature of the algorithm is so
obvious (at least now) and so compelling that it is often subcon-
sciously incorporated into simulations of force driven bond fail-
ure. Each unbound and bound receptor pair is interrogated in each
time step to determine whether bonds will form or break, but the
reconfiguration of the system is enacted at the end of the time
step.

Correspondingly, the velocity, as calculated from Eq. (2), deter-
mines the kinematics of the particle, and all the attached receptors,
during the time step. The particle, and the positions of all recep-
tors, are repositioned according to the velocity. In the original ver-
sion of AD, the particle exhibited rigid body motion, but in later
versions of AD, deformation of the membrane or cell must be
taken into account to accurately reposition the receptors.

In the original version of AD, the cell was equipped with rigid
microvilli of a number and topology that was suggested by
electron micrographs of cells [10] (see Fig. 1). Several adhesion
molecules, such as P-selectin glycoprotein ligand-1 (PSGL-1) and
L-selectin are both known to cluster on the tips of microvilli
[10,11], and given that microvilli lengths are much longer than
the receptor length, only the receptors at the tips of microvilli are

relevant for the early stages of leukocyte rolling. We assumed that
the hydrodynamic resistance of the microvilli resembled that of a
Brinkman bed [12] so the leukocyte behaved hydrodynamically as
if it had an increased radius equal to that of the cell body plus the
microvilli length.

Because the method is Eulerian, all decisions about the behav-
ior of the system at the end of the time step (tþDt) are made at
the current time, t. Eulerian methods are inherently unstable for
large time-steps. Generally, the time step should be set to be
smaller than the fastest event. Large time-steps lead to instabilities
that can be either subtle or apparent, and numerical checks with
smaller time-steps should be performed to make sure results are
invariant. Also, one should be careful with the generation of ran-
dom numbers; identical zeros can cause bonds to form and break
in unlikely places, leading to further instabilities. Also, because
AD is a simulation, it is a computer experiment, and like all
experiments, it needs to be conducted some number of times to
obtain a statistically meaningful result.

3 Relating Bond Mechanics to Dynamics of Adhesion

Using the Bell model to describe bond failure, we performed a
series of calculation that related Bell model parameters (ko

r and c)
to the dynamics of adhesion. The conclusions of both Dembo and
co-workers [8] and Hammer and Apte [1] suggested that the me-
chanical response to bond failure controlled the dynamics of adhe-
sion, but the relationship had not been systematically mapped. We
therefore, performed simulations varying kr

o and c, and character-
ized the results by the rolling velocity, with zero representing firm
adhesion, small velocities (much less than the hydrodynamic ve-
locity) representing rolling, and large velocities representing no
adhesion. This simple binning of the dynamic states greatly over-
simplifies the dynamics of adhesion, yet is useful to ascertain
broad relationships between bond mechanics and dynamics. The
main result, illustrated in Fig. 2, which was produced with all
other parameters constant (such as on-rate and shear rate), illus-
trates a very small area in kr

o� c gives rise to rolling [13]. Larger
values of kr

o and c make adhesion weaker, and small values of kr
o

and c support firm arrest. The symbols in the kr
o� c envelope are

independent measurements of Bell-model parameters for chemis-
tries that are known to support rolling (for example, see Ref.
[14]). Most of these measurements were taken by measuring the
pause-times of leukocytes on sparsely-coated molecular surfaces
under flow [14]. The mapping of these parameters, obtained from
independent measurements, to the appropriate region of the phase
diagram that corresponds to rolling gives great confidence in the
ability of AD to simulate leukocyte adhesion.

Fig. 1 Idealized rendering of a leukocyte in the original version
of adhesive dynamics, where the leukocyte was modeled as a
hard sphere with adhesive springs. The net motion of the cell
comes from a balance of forces, easily derived from tracking
the endpoints of each adhesion molecule. Figure reproduced
from Ref. [1] with permission from Elsevier.
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An insight that comes from the diagram in Fig. 2 is that ev-
ery horizontal line (every constant value of kr

o) is a locus of
constant chemical affinity, kf/kr

o, because the entire diagram is
calculated at the same value of kf. It is clear that every dynamic
state can be observed at one chemical affinity, illustrating that
chemical affinity does not control the dynamics of adhesion.
The dynamics of adhesion are controlled by other features of
the molecules—their unstressed off rate and their mechano-
chemical response.

An illustration of the spatio-temporal dynamics during bond
formation and breakage, published by King and Hammer [15], is
shown in Fig. 3 [16]. This calculation was done for a hard
sphere rolling over a ligand-coated substrate in Couette flow. The
approximation of a hard sphere was appropriate because we had
developed “cell-free” rolling in which the dynamics of rolling was
recreated by decorating hard spheres with a selectin ligand, such
as the tetra-saccharide sialyl-Lewisx [17]; we have made rigorous
comparisons between the dynamics of bead rolling and the results
of simulations [18] to verify that the model was correct. The left
panel shows a spatio-temporal map of bonds in the contact zone
between a bead and surface, in the reference frame of the bead,
with each line segment indicating a bond, and red bonds under
strain. As the particle moves to the right, bonds are convected to
the back end of the contact zone to break. Therefore, rolling
involves the coordinated formation of bonds at the front and
breakage at the back. A spatio-temporal map of bond location and
stress is a feature of every AD simulation. The right-most vertical
panel shows how the total number of bonds fluctuates during the
rolling motion of a cell over a surface. Clearly, the number of
bonds fluctuates around an average, owing to the fact that small
numbers of bonds control rolling. Correspondingly, minima in the
number of bonds lead to maxima in the rolling velocity. This fluc-
tuation explains the process of saltation, in which cells can roll
with sudden leaps in velocity [19].

Single molecule physicists have measured the failure rate of ad-
hesion molecules as a function of the applied force. Insightfully,
Evans used Kramer’s rate theory to argue that the rate at which
bonds are pulled could influence the rate of failure, and that bonds
with two energy minima would be sensitive to changes in the rate
of applied force, since this rate could affect the relative influence
of each minima [20]. In some circumstances, this shifting of min-
ima could make the bonds appear like catch bonds. It had been

suspected that such apparent catch bond behavior could be respon-
sible for biological effects such as the “shear threshold effect,”
first observed by Springer’s laboratory, in which adhesion under
flow appears to increase, then decrease with shear rate [21]. An
alternative explanation for the shear threshold effect would be that
the on-rate for bond formation increases with shear rate [22], lead-
ing to an apparent increase in adhesion, before increasing shear
caused bond failure. The relative contribution of these two
competing effects—increased bond formation and shifting bond
minima—were tested in AD simulations in two papers from our
laboratory. We conclusively showed that the shear threshold
emerges from the shifting minima in bond failure, owing to the
emergence of minima with lower dissociation rates at higher shear
rates, and not increasing bond formation rates at higher shear [23].
Further calculations by Beste and Hammer [6], showed when the
shear threshold should emerge, and for precisely what conditions,
and which molecules. For instance, a key prediction is that the
conditions for which the shear threshold will emerge for P- and
L-selectin are different, and these results are consistent with
experiment [6].

Fig. 3 A simulation of a single particle rolling in Couette flow
on a P-selectin surface, reproduced from Ref. [15] with permis-
sion of Elsevier. Panel (a) shows the distribution of bonds in
the reference frame of the cell, which is moving from left to
right. Bonds are line segments that are color coded, where red
indicates bonds that are under strain. Bond are convected from
the back to the front of the contact zone. Panel (c) shows the
total number of bonds as a function of time, which fluctuates.
The number of bonds needed to support rolling is very small.
Panel (b) shows the rolling velocity, which fluctuates and is
anti-correlated with the bond number.

Fig. 2 The state diagram for leukocyte adhesion, reprinted
from Ref. [13] with permission from the National Academy of
Sciences. The dynamic states of leukocyte adhesion are calcu-
lated as a function of the unstressed off rate (kr

o) and reactive
compliance (c). Different dynamic states of adhesion are real-
ized, including firm adhesion, transient or rolling adhesion, and
no adhesion. Symbols represent independent measurements of
kr

o- c for molecules known to support rolling, consistent with
the model predictions.
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4 Conditions for Firm Arrest

Leukocyte rolling is a precondition for firm arrest, but other ad-
hesion molecules must participate in the adhesion cascade to give
rise to firm binding. This is clear from the state diagram, which
illustrates that selectins are equipped to support rolling, but not
firm adhesion. In leukocytes, integrins are responsible for firm
adhesion, either b2-integrins which binds to ICAM-1, or that
switch conformation in response to signals, or the b1-integrin
VLA-4 which supports rolling and then, through conformational
change, takes on a conformation required for firm adhesion.
Springer has performed work to identify the conformational states
of integrins and integrin sub-domains, such as the I-domain, that
are responsible for activation and firm adhesion [24].

The main question we addressed with AD was, what combina-
tion of integrins and selectins, and in what concentrations, are
required for firm adhesion? One can expect the interaction
between the two adhesion molecules to be complex, made more
complicated by the switch in conformation and hence mechanical
state of the b2-integrin. But at a more basic level, one can ask a
simple question: given a certain number of mechanically stronger
integrins, and a certain number of selectins, what is the expected
outcome of an encounter with a surface? Furthermore, can there
be a synergistic relationship between the two molecules, such that
the presence of one enhances the adhesive effect of the other. For
example, for a given number of activated integrins, will the level
of firm arrest be the same or greater if there are additional selectin
interactions? We hypothesized, and later showed in cell free sys-
tems, that combinations of selectins and integrins could enhance
firm adhesion synergistically [25].

The goal of these calculations is to understand the requirements
for firm adhesion. With a given level of selectins, which by
themselves support rolling, how many additional interactions
are necessary to give rise to firm adhesion? Since AD can
straightforwardly be extended to multiple adhesion receptors, this

calculation was a natural extension of the method which illustrates
its power. The result is a Leukocyte Activation State Diagram,
illustrated in Fig. 4, where one can assess how many integrins need
to be activated, to what mechanical strength, on rate, and density,
to secure firm binding, given a number of selectin interactions [26].
The change in mechanical strength is illustrated by a leftward shift
in the dotted line, corresponding to lower values of the reactive
compliance, which captures a larger region in firm binding. Thus,
the diagram illustrates how much of a change in mechanical
strength, or how many molecules must change mechanical
strength, or how quickly they must react, to give firm arrest.

5 Integrated Signaling Adhesive Dynamics (ISAD)

A reasonable question is how these integrins become activated
through signaling pathways. There are several hypotheses that
have been advanced for the onset of firm adhesion [27]. One is
that chemokine receptors engage chemokines presented on endo-
thelium during leukocyte rolling, leading to an outside-in signal
that activates internal pathways, in turn activating integrins. The
other is that engagement of integrins in passive, low strength
states lead to an outside-signal through integrins that primes the
internal signaling machinery, putting the integrins on a hair trig-
ger. This priming may be enough to activate integrins by itself,
or may need the assistance of a small amount of local
chemokine.

The elucidation of the connection between signaling and
adhesion requires some sort of integrated model. The model is
integrated because it combines a mechanical model of adhesion,
such as AD, with some description of the signaling pathways in a
cell. Over the course of several years, we developed a sequence of
such models, each of which incorporated unique architectural fea-
tures of the signaling cascade. In all of these models, the signaling
ultimately leads to changes in adhesion through a chemical

Fig. 4 The leukocyte activation diagram, calculated in Bhatia and Hammer [26].
This diagram calculates the state of adhesion as a function of the properties of
integrin receptors, including the on rate, the density, and the strength of integrins
that are necessary to stop a leukocyte. Any combination of these parameters to the
right of the dotted line indicates a cell will adhere firmly if the reactive compliance
is below the number indicated on the line, or above the integrin density or greater
than the on rate associated with the line. Integrin activation is tantamount to
increasing integrin density (such as increased expression of Mac-1), increasing
the integrin on-rate (moving up on this diagram) or moving the dotted line to the
left, which captures a larger region of the diagram in firm adhesion. Reprinted from
[26] with permission of the National Academy of Sciences.
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reaction that convert an adhesion receptor between different bio-
mechanical states. These activated integrins bind with mechanical
strength to cognate ligands, increasing the probability of firm ad-
hesion, as predicted by the state diagrams described above. A
number of biochemical analyses have identified the key molecular
players that bind to integrin receptor cytoplasmic tails, inducing
conversion to mechanically strong states, including RapL, talin,
and kindlin [28]. This class of simulation is called integrated sig-
naling adhesive dynamics (ISAD).

ISAD was used to simulate the progressive rolling and firm adhe-
sion of cells on chemokine coated substrates that bear both integrin
and selectin ligands. We developed models that incorporated both
deterministic and stochastic signaling networks, with increasing
degree of detail for the signaling networks, from coarse graining to
complete articulation of each element of the relevant biochemical
pathways [29–31]. We focus on the most recent versions of these
which employs the next subvolume method to simulate each bio-
chemical pathway within the cell in each reaction volume [32]. Phil-
osophically, the reason why the articulation of each biochemical step
in the pathway is valuable is that this allows facile testing of models
using the tools of molecular biology, including siRNA knock down
and transfection. When signaling is coarse grained, the coupling
between individual mutation and the signaling can be unclear.

The numerical strategy of this technique is similar to that
employed in the Gillespie method [33], where all possible
dynamic changes are placed in an event queue from which the
most rapid events are pulled. In this case, time-steps in the AD
part of the simulation, in which the mechanical steps of adhesion
are considered, are compared to time-steps for the biochemical
reactions in the signaling pathway, and the most rapid event is
taken from the event queue.

A characteristic simulated pathway and spatio-temporal
result of simulation is shown in Fig. 5. Panel (a) illustrates the full
signaling network that was simulated using the reaction-diffusion

models. Panel (b) represents the temporal emergence of different
molecules in a simulation of leukocyte stopping under flow on a
substrate bearing selectin/ICAM-1/chemokine, starting with liga-
tion of selectin to ligand, and progressing to down stream effec-
tors, such as RapL, and finally activated integrins. Panel (c) shows
the spatio-temporal emergence of each molecule under a projec-
tion of the contact zone during a trajectory during which the cell
stops. Adhesion molecules are restricted to be within the contact
zone but cytoplasmic signaling molecules diffuse away from the
contact zone.

These simulations were used to determine the effects of multi-
ple chemokines on cell adhesion. Chemokine diversity is a major
regulator of leukocyte activation, and chemokines can ligate mul-
tiple chemokine receptors. We used ISAD to explore the role that
chemokines play in leukocyte stopping [32]. First, one question is
whether chemokines drive leukocyte activation through repeated
binding of receptors, or by the occupancy of receptors? Chemo-
kine receptor turnover would be given as kf[CC]þ kr, whereas
total chemokine ligation would be given [CC]/([CC]þKD). We
showed that cell stopping is correlated with total chemokine re-
ceptor occupancy. The simulations also provided insight into the
effect that multiple chemokine receptors can have on cell stop-
ping. If two chemokines bind the same receptor and operate
through a single chemokine, the results are additive; the net effect
on cell stopping is as if the two chemokines were added. How-
ever, if each chemokine acts through two separate receptors, and
each of these receptors act through the same chemokine, the arrest
dynamics suggest a synergistic interaction, where the effect of the
two chemokines is greater than the sum of their concentrations
[32]. The results of these simulations also present a hypothesis for
how chemokines control cell recruitment, in that chemokines-
chemokine receptor interactions need to be sufficiently weak, ei-
ther in number or affinity, to give rise to selective recruitment of
leukocytes.

Fig. 5 Integrated adhesive dynamics (ISAD) for the simulation of T-cell adhesion under flow. Panel (a) shows the reaction path-
ways that are simulated as a part of ISAD, starting with the chemokine and ending at the activation of the integrin into a high
strength state. Panel (b) shows the progressive accumulation of each important molecule, starting from the chemokine and cul-
minating in the ligation of Rap1 at the integrin. Panel (c) shows the spatio-temporal dynamics of molecular engagement from ad-
hesion molecules to signaling molecules in the vicinity of the contact zone (the circle) during the progressive activation of the
cell. Image taken from Ref. [32] with permission of the American Chemical Society.
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6 Role of Cell Mechanics in Leukocyte Adhesion

Since bonds are under mechanical load in cell adhesion under
flow, cell deformation should have a quantitative effect on the
number and type of adhesion receptors that are needed for adhe-
sion. Fundamentally, the dynamics of adhesion are controlled pri-
marily by the mechano-chemical properties of adhesion receptors,
as shown previously, so mechanics can modulate the dynamics,
not define it. Yet, precise quantitative relationships between cell
adhesion, numbers of receptors and cell mechanics require more
accurate descriptors of cell shape.

There are two types of cell deformation—local and global.
Local deformation includes deformation of microvilli, which are
known to display viscoelastic deformation [34]. Global deforma-
tion includes calculation of the changes in shape of the cell. Side
views of cells during rolling under high shear conclusively show
that cells adopt a tear drop shape, which leads to increasing the
contact zone and promoting adhesion [35].

Caputo and Hammer addressed the role of deformable, cylindri-
cal microvilli in the dynamics of cell adhesion when the remain-
der of the cell body was rigid [36]. The simulations included
microvilli that followed a classical Voigt model for viscoelastic
deformation. Previously, Shao and Hochmuth made elegant meas-
urements of the elasticity and viscosity of microvilli on human
neutrophils [34]. We performed numerous simulations with differ-
ent values of the spring constant and viscosity of the microvilli,
and showed that minima in velocity for neutrophils rolling on
selectins occurred at precisely the measured materials properties
of the microvilli [36].

Several laboratories have addressed the ambitious undertaking
of including all cell deformation in models of cell rolling. Jadhav
and coworkers used an immersed boundary element method to
calculate changes in cell shape under hydrodynamic stress and
correspondingly calculate changes in cell shape for an elastic shell
which surrounds and is surrounded by a viscous fluid [35]. Briefly,
the technique requires placement of nodes into the boundary

outlining the periphery of the cell, and then recalculates the
Navier-Stokes equations for the displaced nodes. As illustrated in
Fig. 6, these calculations illustrate that the contact area increases
and the rolling velocity decreases when the cells are deformable.
Khismatullin and Truskey performed a similar calculation that
appeared a bit later, using a volume-of-fluid method for dealing
with a more complex cell rheology that was more similar to neu-
trophil rheology [37].

7 Multicellular Adhesive Dynamics

A natural extension of AD would extend it to the interaction
among multiple cells. The first steps were taken by including pair-
wise cell-cell interactions, in which the two cells could interact
both adhesively and hydrodynamically. Adhesive dynamics was
first extended to multiple cells by Michael R. King while he was a
postdoctoral associate in my laboratory, who developed multipar-
ticle adhesive dynamics (or MAD). In these calculations, the par-
ticles were rigid, and the hydrodynamics were resolved using a
boundary integral method [15,16,38]. We performed a series of
calculations that included a recreation of training of leukocytes,
when leukocytes are rolling on substrates and they align behind
each other without directly interacting molecularly [15]. The
mechanism of training is that the stochastic fluctuation of cell
motion in the direction normal to the flow ultimately leads to a
preference for the cell to follow the streamline of the neighbor
immediately preceding; fluctuations in motion that place a rolling
particle in the wake of another rolling particle are favorable, and
this effect continues until the particles are aligned [15]. Another
calculation that was performed is to understand how already
adherent cells can help capture other cells from a free stream [39].
This effect would have obvious physiological effects on cell
recruitment during inflammation, where it is important that many
cells marginate to the blood vessel wall in numbers for a robust
cellular response. At first glance, it might appear that the ability

Fig. 6 Simulation by Jadhav and coworkers [35] on the effect of macroscopic deformation on
the progressive rolling and firm adhesion of a cell, modeled with an elastic shell of varying stiff-
ness. The calculations account for the deformation, spreading, increased contact zone and
decreased rolling velocity for more deformable cells in higher shear fields. Reprinted from [35]
with the permission of the authors and Elsevier.
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to capture a cell downstream violates the reversibility of low
Reynolds number Stokes flow, but in this case, the fluctuation in
cell motion, due to bond fluctuation, breaks reversibility and
allows incoming cells to cross streamlines. This crossing need
be only tens of nanometers for the cells to come in molecular con-
tact with the substrate, and as a result the capture zone could
extend many cell diameters downstream of the already adherent
particle [39].

Finally, we used MAD to perform a calculation on the effect of
passing cells on the dynamics of adhesion that were already ad-
herent. In these calculations, we did not allow any specific interac-
tion between cells [38]. Reflexively, one might assume that
collisions would lead to greater fluctuations in motion of already
adherent rolling cells, but in actuality, the opposite is true. Passing
“collisions” with already rolling cells increases their adhesion;
the collisions lead to decreased fluctuations in the rolling velocity,
because collisions press the already adherent cell close in contact
with the substrate, increasing bond formation [38]. This effect
was predicted by simulations and confirmed by experiments.

The increase in computational power makes it possible to
increase volume fraction (hematocrit) of particles. The hematocrit
of whole blood is 40–45 (volume fraction – 0.4–0.45), and
researchers are progressively increasing volume fraction to
approach a realistic simulation of whole blood, at least in a small
vessels. As a note added in proof, Freund and coworkers found
that at a hematocrit of 25%, collisions of red cells with a passing,
firmly adherent leukocyte increase the normal force (in addition to
increasing the force acting on the adherent particle in the direction
of flow) [40]. I have no doubt that in the next decade we will see a
fully realistic simulation of cell adhesion under flow in a blood
vessel at the hematocrit of blood.

8 Beyond Leukocytes

Although AD was originally developed for leukocyte adhesion
under flow, there is no a priori reason its use should be restricted
to leukocyte adhesion. Recent developments have shown how AD
can be used for other blood cells, such as platelets [41–45], sickle
cells and infected erythrocytes [46–50], viruses [51,52] and bio-
adhesive interfaces [53].

9 Blood Cell Adhesion

The King laboratory applied AD to dynamics of platelet adhe-
sion, and platelet-surface interactions [41–44]. This version of AD
is called platelet adhesive dynamics, or “PAD.” The complication
in this problem is the hydrodynamics of motion of a platelet,
which was modeled as a rigid oblate spheroid. The hydrodynamic
are solved with a completed double layer-boundary integral equa-
tion method (CBL-BIEM). Because an oblate spheroid has two
axes, the dynamics of motion is complicated by the orientation of
these axes relative to the axes of extension and vorticity. The
problem is further complicated when there are two platelets near
the wall, and their principle axes are orientated arbitrarily relative
to each other. As a result, the dynamics of platelet motion near a
wall in shear flow are fascinating, and given to sudden changes of
orientation, flipping, orbits, and other interesting dynamic phe-
nomena [42]. The model was used to understand the role of von
Willebrand factor in controlling platelet aggregation in flow via
the GP-Iba receptor [43], comparing between experiments and
theory.

The long-range application for simulations such as these would
be the formation of thrombi on damaged blood vessel walls. As a
significant first step toward this process, PAD, was used to simu-
late adhesion and tethering oblate spheroids via GP-Iba onto the
damaged vessel wall followed by simulation of collisions between
a flowing platelet with a downstream adherent platelet [54]. The
simulations illustrated parts of platelets that would be responsible
for platelet-platelet adhesive interactions. The simulations show

that the platelet’s spheroid shape plays a unique role in promoting
both platelet-surface and platelet-platelet interactions.

Another application of AD is to the adhesion of blood cells
infected with malaria. Fedosov and coworkers performed ambi-
tious simulations of the adhesion and flipping of an infected red
cell over a surface using AD, modeling the red cell as a network
with 500 nodes with an appropriate rheology shown to faithfully
recreate the material properties of the erythrocyte membrane [46].
The malarial parasite was included in the cell as a rigid body, and
its shape, relative to the shape of the erythrocyte, induces higher
variances in cell motion, and pronounced flipping of the red cell
as it tethers to the surface [48]. Simulations of the average veloc-
ity of rolling motion agree with that observed for infected red
cells. Additionally, the Karniadakis laboratory applied AD to the
effects of sickle cell disease, and the effect sickle cells can have
on the occlusion of blood flow in small vessels. These simulations
involved the simulation of sickle cell adhesion to a wall with a
simulation of the flow of blood cells in the vessel at a hematocrit
approaching that of blood using a particle dissipation method. The
simulation address the conditions of sickle cell shape, adhesive-
ness and elasticity that can cause the occlusion of a small blood
vessel, resulting in a vasal occlusion crisis [55].

10 Brownian Adhesive Dynamics (BRAD)

Of course, AD can be used for the adhesion of particles of dif-
ferent sizes, provided the appropriate body forces are added to the
simulations. For nano-particles or viruses, fluctuations in viral
motion, caused by Brownian forces, can be included in the
simulations. This version of AD is called brownian adhesive dy-
namics, or BRAD. The motion of the particles comes from solu-
tion of the Langevin equation with a fluctuating adhesive force
added to the thermal forces to drive particle motion.

We used the method to simulate viral docking, with specific
interest in the docking of HIV to T-cell surfaces [51,52]. The cal-
culations were intended to make adjustments to the estimates of
viral docking calculated by Hlavacek and Perelson, based on sim-
ple models for the binding of multivalent particles to surfaces that
involved steric hinderance factors [56]. We reasoned that features
such as receptor overlap and radius of curvature would affect the
quantity of viral attachment proteins that could bind to the cell
surface. Indeed, BRAD simulations show that while viral binding
is rapid, the number of engaged VAPs is less than previously
thought, due to geometric surface constraints [51,52]. However,
we also used BRAD to address a conundrum in the dynamics of
HIV binding, which is why the time scale for fusion of HIV at the
cell surface is so long. It is known that gp-120, the glycoprotein
for biding the T-cell receptors (TCR), is present as a trimer,
attached to a single gp41 stalk. Each of the arms of the triskelion
can be engaged to a single TCR. We used AD to explore the dy-
namics of the reorganization of the linked arms of gp120-TCR
using AD, where we modeled the reorganization of TCRs in the
T-cell membrane due to fluid drag [57]. The hypothesis was that
the delay in time for entry is due to the delay for forming organ-
ized clusters of TCR that efficiently promote fusion. Illustrated in
Fig. 7, we simulate the temporal reorganization of receptors in the
T-cell interface, where the color-coding indicates TCR which are
engaged to the same triskelion. After gp120-TCR bonds are
formed, the combined actions of TCR diffusion and reconfigura-
tion due to unbinding unfavorable configurations and reformation
of favorable configurations lead to the formation of tight clusters
of TCRs into distinct trimers over a period of minutes [57]. We
hypothesize this delay accounts for the delay in HIV entry during
fusion.

11 Bio-Adhesive Interfaces

The principles of AD are not limited to the adhesion of a parti-
cle to a surface, but rather can be used for all biological processes
that involve the mechanics of assembly via biological adhesion
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molecules that bear stress. In some sense, AD becomes an agent-
based simulation, in which simple design rules for the formation
and breakage of bonds govern how the assembly forms, breaks,
and reconfigures. As such, the class of algorithms involving AD is
probably much more widely applicable than has been previously
realized.

Two recent examples include the clustering of adhesion recep-
tors due to the mechanical resistance from the substrate or the gly-
cocalyx [53], and the clutch model for the extension of filopodia
[58].

We developed a model of integrin receptor dynamics and clus-
tering that was designed to address a number of seemingly unre-
lated observations. One observation is that cells, when placed on

stiffer substrates, exert large traction forces and become invasive
and motile [59]. A second observation is that cancer cells are
known to have aberrant profiles of receptor glycosylation [60],
and that steric stabilization is known to give rise to receptor clus-
tering [61]. We developed a model, illustrated in Fig. 8, in which
springlike receptors, embedded in an elastic membrane, bind to
elastic substrates, among the resistance of springlike repellers.
The two resistances—the glycocalyx and the elastic substrate—
present an energetic penalty to the formation of bonds. The system
responds by clustering the receptors, which minimizes the areas
that have to be deformed or the areas in which the glycocalyx
must be compressed. Increasing resistances, such as increasing
substrate elasticity, leads to increasing receptor clustering and

Fig. 7 A simulation of the organization of TCR-gp120 bonds during the docking of HIV to the cell
surface. Color coding indicates TCR that are bound to the same virus triskelion. The simulations
indicate that after 12 s, the disorganized binding has minimized energy to lead to the formation of
several well organized trimers. Figure reproduced from Ref. [57] with the permission of Elsevier.
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focal adhesion assembly, which in turn leads to increased signal
transduction [53]. This mechanical effect may provide a simple
explanation for the biochemical effects on cells due to changes in
substrate elasticity [62].

The principles of AD can be used to understand the dynamic
interaction of extensible structures on adhesive substrates. Chan
and Odde [9] developed a simple model for the extension of a filo-
pod on a compliant substrate, in which integrins could dissociate
and rebind to a substrate as a function of stress, using an AD like
algorithm (using Eq. (3) to simulate the formation and breakage
of adhesion bonds). The models predicted two regimes of filopo-
dial extension, depending on the stiffness of the substrate: a fric-
tional slippage on high stiffnesses and an oscillatory extension on
softer substrates [9]. These calculations illustrate that AD can be
used to calculate the formation and breakage of bonds, and the
formation and dynamic reassembly of cells interacting with sub-
strates under mechanical stiffness.

12 Concluding Remarks

Following the initial developments of AD, in which leukocyte
adhesion under flow was faithfully recreated, substantial new uses
for AD have emerged. Within leukocyte adhesion, the main new
development, which should propel future research, is the integra-
tion of signaling with AD, to understand how intracellular proc-
esses can affect cell adhesion. Extension to different cell types,
and to physiologically hematocrits, should allow the simulation of
realistic dynamics in blood vessels, particularly in states of dis-
ease. The dynamics of viral binding may be simulated, although
multiscale models of the behavior of viral attachment proteins,
with a bit more sophistication than adhesive springs, may be nec-
essary to bring these models to fruition. And finally, AD may be
used to understand complex interfacial phenomena, such as the
formation of cell clusters and filopodia, and with realistic, agent
based models of receptor-cytoskeletal assembly, and the integra-
tion of signaling networks with interfacial mechanics, may be
able to model the assembly of surface structures such as focal
adhesions [63,64] and podosomes [65]. In the long term, AD may
also be used for dynamic stochastic regulation of any stochastic
cell process, including gene regulation, enzymatic reactions, and
channel opening.
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