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Numerical investigation of adhesion dynamics of a deformable cell pair
on an adhesive substrate in shear flow
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Adhesion dynamics of cells is of great value to biological systems and adhesion-based biomedical applica-
tions. Although adhesion of a single cell or capsule has been widely studied, physical insights into the adhesion
dynamics of aggregates containing two or more cells remain elusive. In this paper, we numerically investigate
the dynamic adhesion of a deformable cell pair to a flat substrate under shear flow. Specifically, the immersed
boundary–lattice Boltzmann method is utilized as the flow solver, and the stochastic receptor-ligand kinetics
model is implemented to recover cell-substrate and cell-cell adhesive interactions. Special attention is paid to the
roles of the cell deformability and adhesion strengths in cellular motion. Four distinct adhesion states, namely,
rolling, tumbling, firm adhesion, and detachment, are identified and presented in phase diagrams as a function
of the adhesion strengths for cell pairs with different deformabilities. The simulation results suggest that both
the cell-cell and cell-substrate adhesion strengths act as the resistance to the rolling motion, and dominate the
transition among various adhesion states. The cell deformability not only enhances the resistance effect, but also
contributes to detachment or fast tumbling of the cell pair. These findings enrich the understanding of adhesion
dynamics of cell aggregates, which could shed light on complex adhesion processes and provide instructions in
developing adhesion-based applications.
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I. INTRODUCTION

Cell adhesion is of fundamental importance in many phys-
iological processes, including immune response, hemostatic
plug formation, and stem cell homing [1–3]. Adherent cells
(e.g., leukocytes, thrombocytes, and stem cells) may exhibit
different mechanical properties and various expressions of
adhesion molecules, which yields distinct adhesion capacity
and characteristics. In biomedical applications, by utilizing
the adhesion characteristics of specific cells, adhesion-based
microfluidics has been developed to manipulate and sort the
target cells [4–6]. Specific adhesion states of the cells are
physical outcomes of the delicate balance between the adhe-
sive forces and the hydrodynamic forces under certain phys-
iological and physical conditions. Therefore, investigations
into the complex interplay among the imposed flow, cells, and
adhesive interactions would be valuable for understanding the
adhesion mechanisms.

Plenty of work has been carried out both experimentally
and numerically to provide insights into adhesion dynamics
of a single cell [7,8]. Cell adhesion is mainly regulated by
molecular bonding between cell-surface receptors and their
ligands in the external environment or counter-receptors on
other cells, and the associated adhesive interactions can be
numerically interpreted by various models like the Morse
potential model [9,10], the deterministic model [11,12], and
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the probabilistic model [13,14]. First proposed by Hammer
and Apte, the stochastic receptor-ligand binding kinetic was
proven to be a faithful numerical approach to understanding
the dynamics of leukocyte adhesion [13]. Continuous efforts
have been made then to enrich its applicability to different
cell types (e.g., red blood cells, platelets, and tumor cells),
deformable capsules, and other adhesive interactions [15–19].
In particular, the near-wall adhesion dynamics is affected by
both the flow shear rate and the molecular properties of adhe-
sion bonds (e.g., bond elasticity, association and dissociation
rates, receptor and ligand densities, etc.) [20–22]. Besides,
hydrodynamics of the thin fluid layer between the cell-cell or
cell-substrate surfaces was shown to be influential to the sep-
aration distance and the adhesion dynamics [23,24], indicat-
ing the importance of cellular protrusions in receptor-ligand
proximity [25]. Moreover, some recent studies indicated that
increasing the cell deformability enlarges the cell-substrate
contact area and thus reduces the rolling velocity [14,17,26],
which in turn affects transitions among various adhesion states
such as rolling, firm-adhesion, and detachment [12,27]. Typ-
ical transitions of crawling-to-flipping and flipping-to-rolling
were observed for malaria-infected RBCs owing to the cell
stiffening and shape change [19,28].

In blood circulation or imposed fluid within microfluidics,
cells may migrate as individuals, but may also move col-
lectively as chains or clusters. The adhesion of cell aggre-
gates to the vascular endothelium is vital in many impor-
tant physiological processes. For example, the aggregation of
platelets plays a particular role in hemostatic and thrombotic
processes [2]; circulating tumor cell (CTC) clusters possess
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much greater metastatic potential and efficiency of seeding
colonies than individual CTCs [29,30]. These phenomena
raise the question of how the adhesion behavior of aggregates
containing two or more cells differs from the motion of a
single cell. Initial works on this topic usually simplified the
cells into particles and thus neglected the adhesive forces
among them. The studies were then focused on the collision
and crossing processes in shear flow, aiming to explain the in-
fluences of flow rate, inertia, particle deformation, and initial
separation distance on the pairwise interaction [31–34]. King
and Hammer considered the adhesion between multiple iso-
lated rigid particles and a surface in Couette flow; they found
that increasing particle proximity reduces the rolling velocity
[35]. More recently, some interesting progress was made on
the topic by considering the deformation of cells. Alexeev
et al. investigated approaching and separation motions of two
deformable capsules and noticed that such motion depends
on substrate compliance, capsule elasticity, and the adhesion
strength to the substrate [10]. The aggregation and dissoci-
ation of multiple cells in shear flow were studied by Zhang
et al. [36], and the dynamic behaviors of the aggregate were
shown to be related to the strength of intercellular adhesion.
Gupta et al. further incorporated the stochastic receptor-ligand
binding kinetics for the cell-cell interactions, to investigate the
adhesion and detachment between two deformable cells under
pulling forces [37]. These studies emphasize the interactions
among cells in the free stream. Nevertheless, investigations
into the dynamics of aggregated cells in the context of near-
wall adhesion remain scarce.

In this work, in order to arrive at a generic scenario, we
consider an aggregate of two deformable cells which initially
adheres to the vessel wall (i.e., an adhesive substrate), and
numerically investigate the adhesion dynamics of the cell
pair under linear shear flow. The immersed boundary–lattice
Boltzmann method is utilized as the flow solver [27,38],
while the stochastic receptor-ligand kinetics [13] is incorpo-
rated to recover the cell-to-cell and cell-to-substrate adhesive
interactions. By varying the adhesion strength or the cell
deformability, four distinct adhesion states, namely, rolling,
tumbling, firm adhesion, and detachment, are identified, and
phase diagrams for these states are established. The study de-
scribed herein presents simulations for the dynamic adhesion
of multiple deformable cells with the interactions of cell-cell
and cell-wall stochastic bonds binding under imposed flow.

The remaining parts of this paper are organized as follows.
A brief description of the computational framework and the
numerical setup are included in Sec. II. Section III presents the
simulation results and detailed discussions of the dynamics of
the cell pair near the adhesive wall and exposed in the shear
flow. Conclusions are finally drawn in Sec. IV.

II. METHODOLOGY

A. Problem definition

The physical configuration of the present problem is il-
lustrated in Fig. 1. The cell is defined as a deformable cap-
sule enclosed by an isotropic hyperelastic membrane. Two
identical cells having an equilibrium spherical shape with a
radius R are placed near the bottom wall. The two cells are in

FIG. 1. Schematic illustration of the adhesion of a cell pair in
shear flow. The deformable cells are initially in the shape of a sphere
with the radius R, in tandem arrangement along the flow direction.
The linear shear flow (shear rate γ̇ ) is generated by assigning the
top wall with a constant velocity of uw . Cell-cell and cell-substrate
adhesive interactions are mediated by the binding of adhesion bonds
with the probabilistic rule.

close proximity and range along the flow direction. A linear
shear flow with a shear rate of γ̇ is induced by the moving
top wall. Internal and external fluids of the cell are assumed
to be Newtonian and incompressible with the same density
ρ and viscosity ν. It should be noted that the cytoplasmic
viscosity of the cell is usually larger than the ambient fluid.
The effect of the cytoplasmic viscosity on cell adhesion can
be found in the study of Khismatullin and Truskey [39],
in which cell deformability is modulated by the viscosity.
In the present study, the effect of the viscosity ratio is not
considered, and membrane elasticity plays a dominant role
in determining cell deformability. With regard to adhesive
interactions between the surfaces, cell-to-wall and cell-to-cell
adhesions are mediated by specific binding between cell re-
ceptors and their counterparts on the substrate or the other cell.
The receptors are located on the tips of cellular protrusions,
such as microvilli of leukocytes and knobs of malaria-infected
erythrocytes, which are of significance to bring the adhesion
molecules to sufficient proximity for binding [25,40]. As the
adhesion bond is linked and stretched, a pulling force is
generated and applied on the protrusions. For simplicity, the
protrusions are treated as massless rigid cylinders which only
transmit forces but have no influence on the fluid field.

The proposed problem will be numerically investigated in
this paper. Specifically, the lattice Boltzmann method serves
as the flow solver, in which the immersed boundary method is
implemented to cast the boundary effect of the cell membrane.
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A constitutive energy model consisting of strain, bending,
surface, and volume constraints is used to govern the elastic
mechanics of the membrane; the finite-element method is
employed to solve the constitutive equation. The adhesive
interactions are modeled by the stochastic receptor-ligand
binding kinetics. Details and validation of the present model
can be found in our previous studies [27,41]. Here, only a brief
outline of the numerical methods is given as follows.

B. Immersed boundary–lattice Boltzmann method

The multiple-relaxation-time lattice Boltzmann equation
(MRT-LBE) with force term is used to govern the fluid flow
[42,43],

fi(x + ei�t, t + �t ) − fi(x, t ) = �i(x, t )�t + Fi(x, t )�t,
(1)

�(x, t ) = −M−1S[m(x, t ) − m(eq)(x, t )]. (2)

The particle distribution functions fi are transformed into
the velocity moments m for the collision via m = M · f ; m(eq)

is the equilibrium value of the velocity moments; S represents
a diagonal relaxation matrix consisting of the relaxation pa-
rameters. The external force term Fi incorporates the effect of
body force f̄ into Eq. (1) by

F(x, t ) = M−1

(
I − 1

2
S
)

MF̄(x, t ), (3)

F̄(x, t ) = ωi

[
ei − u(x, t )

c2
s

+ ei · u(x, t )

c4
s

ei

]
· f̄ (x, t ), (4)

where ei represents the 19 lattice velocity vectors for the
D3Q19 model, ωi (i = 0, 1, . . . , 18) is the weight coefficient,
and cs = √

1/3�x/�t is the sound speed. The macroscopic
density and velocity can be obtained from

ρ =
∑

i

fi, ρu =
∑

i

fiei + �t

2
f̄ . (5)

The shear flow is induced by moving the top wall with a
velocity uw, which can be realized by the halfway bounce-
back method [44],

fi′ (x, t + 1) = f ∗
i (x, t ) − 2ωiρ

uw · ei

c2
s

, (6)

where i′ denotes the velocity direction opposite to i, i.e., ei′ =
−ei, and f ∗

i (x, t ) is the postcollision distribution function.
Stationary walls are applied by setting uw = 0.

The immersed boundary method (IBM) is employed to
pose the effect of the deformable moving boundary of the
cell membrane on the flow field. In IBM, fluid-membrane
interaction is explicitly coupled through the spreading and
interpolation equations [45],

f̄ (x, t ) =
∫

F(s, t )δ[x − X(s, t )]ds, (7)

U(s, t ) =
∫

u(x, t )δ[x − X(s, t )]dx, (8)

where X, F, and U denote the Lagrangian coordinates,
boundary force density, and velocity of the membrane nodes,

respectively. The Dirac delta function δ(r) = φ(x)φ(y)φ(z)
can be discretized by several interpolation functions φ with
different ranges [45]. The finite range of the interpolations
would introduce interface thickness and thus increase the
hydrodynamic radius of the cell [38]. Thus, the linear inter-
polation function is adopted to have a small thickness of the
numerical interface,

φ(r) =
{

1 − |r| 0 � |r| � 1

0 1 � |r| . (9)

The locations of the Lagrangian points on the mem-
brane are updated through the second-order Adams-Bashforth
scheme,

X(s, t + �t ) = X(s, t ) + [
3
2 U(s, t ) − 1

2 U(s, t − �t )
]
�t .

(10)

C. Cell model

The membrane of the cell is assumed to be a very thin
shell, which is considered as a two-dimensional structure
immersed in the three-dimensional fluid. A subdivision proce-
dure similar to Ramanujan and Pozrikidis [46] is used to ho-
mogeneously generate the triangular meshes on the spherical
membrane. The fluid forces imposed on the membrane yield
its deformation and thus generate restoring forces towards the
equilibrium state. The deformation of the cell membrane can
be interpreted from the perspective of energy, which gives the
following constitutive energy model [47]:

W = WS + WB + WA+V , (11)

where WS , WB, and WA+V denote the strain energy, bending
energy, and constraints on the cell surface area and volume, re-
spectively. In this study, the two-dimensional Mooney-Rivlin
law is employed for the strain energy term WS ,

WS = KS

2

∫ [



(
I1 + 2 + 1

I2 + 1

)

+ (1 − 
 )

(
I1 + 2

I2 + 1
+ I2 + 1

)]
dA, (12)

where I1 and I2 are the strain invariants relating to the local
membrane deformation tensor, and 
 is a constant coefficient.
KS denotes the surface shear modulus, and the surface elastic
modulus is ES = 3KS [48]. Deviations of the deformed angle
θ between two adjacent face elements from the equilibrium
angle θ eq are constrained by the bending energy

WB = KB

∫
[1 − cos(θ − θ eq)]dA. (13)

The value of the bending modulus with the fixed ratio
KB/R2KS = 0.02 is used to avoid buckling or collapse of the
membrane in case of strong local curvature while maintaining
negligible effects on the overall cell deformation [27,49].
Finally, constraints on the total surface area A and volume V
of the cell are imposed by the energy term

WA+V = KA

2

(A − Aeq)2

Aeq
+ KV

2

(V − V eq)2

V eq
, (14)
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where Aeq and V eq are the equilibrium surface area and
equilibrium volume, respectively. The moduli KA = 0.05 and
KV = 0.05 are used to ensure small deviations of the mem-
brane surface and cytosol volume. As the energy of the
membrane is obtained according to the deformation, the forces
F on the discrete membrane nodes are calculated with the
principle of virtual work.

As for the adhesive interactions, bond binding between
receptors and their counterparts is governed by the stochastic
binding kinetics. The adhesion force Fb generated from a
stressed bond is modeled as a linear spring [13,50],

Fb = σ (xm − λ), (15)

where σ is the elastic constant, λ is the equilibrium bond
length, and xm is the length of the stretched bond. To model
the stochastic nature of receptor-ligand interactions, form-
ing and breaking of the bonds are governed by the asso-
ciation probability Pf = 1 − exp(−k f �t ) and dissociation
probability Pr = 1 − exp(−kr�t ). The forward reaction rate
k f and reverse reaction rate kr are, respectively, defined
as [13,51]

k f = k0
f exp

[
−σts(xm − λ)2

2kbT

]
, (16)

and

kr = k0
r exp

[
− (σ − σts)(xm − λ)2

2kbT

]
, (17)

where k0
f and k0

r are the unstressed association and dissoci-
ation rates, respectively; kb is the Boltzmann constant; T is
the absolute temperature. The transition state elastic constant
σts regulates the transition between “slip” bonds and “catch”
bonds. As a slip bond (σ > σts), its lifetime decreases with the
increase of the applied force; it is called the catch bond (σ <

σts) if the bond lifetime is prolonged by the force, which was
only observed for weak forces [50,52]. Since the applied shear
flow in this study is sufficiently strong, we set σts = 0.02σ for
the case of slip bonds [27,39].

The binding state of the bond is checked at each time step
during the simulation. An existing formed bond is ruptured
if the bond length xm exceeds a reactive distance dr or the
calculated probability Pr is greater than a random number
generated between 0 and 1. Similarly, within the reactive
distance, a bond may be formed in terms of the association
probability. Note that both the cell-cell and cell-substrate
adhesive interactions are modeled by the above binding
kinetics.

It is also suggested that, in order to prevent membrane-
membrane and membrane-substrate overlap, a short-range
repulsive force [27,47] should be applied on the membrane
nodes when the distance between the nearby membranes or
the distance between the membrane and wall falls within a cut-
off distance. Physically, this repulsive force could arise from
the compressing of the protrusions. In our implementations,
the normal cutoff distance to the wall is 0.5�x, and the cutoff
value is 1.8�x for the membrane nodes. The short-range
repulsive force maintains at least one layer of fluid nodes
between the surfaces while it has no effect on the adhesive
binding. We note that the lubrication hydrodynamics in the

gap between the surfaces could affect membrane motion and
receptor-ligand binding [23–25]. To capture such effect, in
future work, higher resolution is necessary to more accurately
resolve the fluid flow in the gap, and alternatively, lubrication
correction could be introduced [53].

D. Simulation parameters

The computational fluid domain is 12R × 8R × 8R with
periodic boundary condition implemented in the x and y
directions. The shear flow is induced by the moving top wall
along the x direction with velocity uw, leading to an average
shear rate of γ̇ = uw/8R. The initial setup of the cell is a
sphere with the radius of R = 8�x, and the lattice constant
�x is equal to 0.5 μm. The cell membrane is represented by
a finite-element mesh consisting of 1620 flat triangular ele-
ments and 812 nodes, which is obtained from the subdivision
of a regular icosahedron. The protrusions are set with the
length of the microvilli being 0.5 μm [13,39] and distributed
on each membrane node, giving a total number of Nm =
812 on one cell [13,54]. Although usually there are several
receptors on the tip, only one bond is allowed to be formed in
the simulation to represent the binding of the receptor site.
The ligand sites on the substrate are uniformly distributed
on square lattices at a distance of 0.25 μm, corresponding to
a density of 16/μm2 [55]. The maximum reactive distance
for receptor-ligand bonding is set to dr = 300 nm with an
equilibrium bond length of 100 nm [56]. To have initial
binding, the two cells are placed with the membrane 0.5 μm
away from the substrate and 1 μm away from each other;
in this case, several initial bonds (more than 20 are within
the reaction distance) could be formed between the surfaces
according to the association rate.

The dimensionless parameters that have significant impacts
on adhesion behaviors of a single cell or capsule involve
the capillary number Ca = ρνRγ̇ /ES , cell-substrate adhesion
strength �s = σs/ρνRγ̇ , on rate Kon = k0

f /γ̇ and off rate
Koff = k0

r /γ̇ [12,22,27]. To characterize the effect of the
adhesion force between the cells, the intercellular adhesion
strength is defined as �c = σc/ρνRγ̇ . In the limit of small
Reynolds number (Re � 0.1, defined as Re = R2γ̇ /ν), inertia
effects can be neglected and the effect of Re on deformation
and adhesion of the cell is negligible [27,38]; that is, the
exact value of Re is irrelevant within this range. Therefore,
the Reynolds number is set to 0.05 in all subsequent sim-
ulations for shorter simulation time. In the present study,
we mainly focus on the effects of cell deformability (Ca)
and the adhesion strengths (�s and �c) on cell pair adhe-
sion dynamics. The reaction rates Kon = 1 and Koff = 0.1
are chosen for cell-substrate binding; in this case, a single
cell would exhibit rolling adhesion under the shear flow
[20,22]. Note that the same parameters are used for the cell-
cell and cell-substrate bonds except the adhesion strengths.
With the shear rate γ̇ fixed, �s, �c, and Ca are varied by
varying the bond elastic constants (σs and σc) and the surface
shear modulus KS , respectively. Considering the randomness
of the adhesion model, six independent simulation runs are
performed for each case. Each simulation contributes to the
mean values of motion characteristics and their standard
deviations.
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FIG. 2. Simulation snapshots of a cell pair presenting the rolling
adhesion state at Ca = 0.002, �s = 50, and �c = 50. The left column
is the side view. A triangular element of each cell is marked as the
tracker of the cell motion, red for the rear cell and green (light gray)
for the front cell. The right column shows the bottom shape and
bond forces (in lattice units) acting on the membrane, and the linked
protrusions are marked with white nodes.

III. RESULTS AND DISCUSSIONS

A. Adhesion states of the cell pair

By varying the parameters Ca, �s, and �c, four distinct
dynamic adhesion states, namely, rolling, tumbling, firm adhe-
sion, and detachment, are observed. Before more delicate in-
vestigation into the dynamical characteristics (e.g., migration
velocity, deformation degree, and bond number), simulation
snapshots and motion characteristics of the cell pair are first
illustrated in Figs. 2–6 to demonstrate the four adhesion states.
For ease of description, we name the cell initially put in the
downstream as the front cell, and the initially upstream cell as
the rear cell. Two triangular elements on the membranes are
marked in green and red for the front cell and the rear cell,
respectively, as tracers to illustrate the cell motion.

The parametric settings in Fig. 2, i.e., Ca = 0.002, �s =
50, and �c = 50, represent the case with small deformability
and weak cell-substrate and cell-cell adhesion strengths. In
such adhesion condition, rolling adhesion of the cell pair is
observed. Driven by hydrodynamic force from the shear flow,
the two cells are slightly deformed and keep rolling along

FIG. 3. Simulation snapshots of a cell pair presenting the tum-
bling adhesion state at Ca = 0.002, �s = 50, and �c = 150.

FIG. 4. Simulation snapshots of a cell pair presenting the firm-
adhesion state at Ca = 0.002, �s = 100, and �c = 150.

the substrate. Bonds at the trailing edge of each cell are
highly stretched, providing pulling forces to counterbalance
the hydrodynamic force before their breakage. Meanwhile,
new bonds are continually formed at the leading edge with
the rotation of the cell. It is worth noting that although only
a few bonds at the periphery of the contact region provide
main pulling forces, the unstressed bonds (length less than λ)
at the center contribute to quickly filling up the load-bearing
bonds after bond breakage and thus maintain the rolling
motion. Similar physics was also observed by Khismatullin
and Truskey [39] and Zhang et al. [27] for the rolling adhesion
of a single cell. Once the balance between the association and
dissociation of bonds is achieved, stable rolling motion can be
established. Under such state, the dynamical characteristics
of the front cell (see Fig. 6), such as the linked bonds and
the migration velocity, generally remains constant, although
minor fluctuations caused by the binding kinetics exist.

The small value of �c indicates weak intercellular bind-
ing, which triggers the relative rotation of the two cells.
By increasing the intercellular adhesion strength up to 150,
the relative rotation vanishes and the cell pair reaches the
tumbling state (Fig. 3). The strengthened bonds between the
two cells not only give rise to larger resistance to rolling, but

FIG. 5. Simulation snapshots of a cell pair presenting the detach-
ment state at Ca = 0.008, �s = 50, and �c = 150.
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FIG. 6. Time histories of (a) the translational velocity of the front cell and (b) the number of linked bonds on its bottom, for the four distinct
cases shown in Figs. 2–5.

also stimulate the deformation of the cells. Consequently, the
hydrodynamic force acting on the cell pair makes the rear
cell break away from the substrate and raises it over the front
cell. A dramatic increase in the migration velocity could be
observed due to the detachment (as seen in Fig. 6). The lifted
cell will roll over the lower cell and attach the substrate again,
after which another circle of tumbling commences and the
periodic tumbling state forms.

By strengthening the adhesion between the cell and the
substrate to �s = 100, as in Fig. 4, the cell is largely flattened
at the bottom by the bond force, which in turn induces more
bonds to be formed. As a consequence, the two cells are firmly
attached to the substrate by the pulling forces from the bonds
on the bottom and between the cells, and the firm-adhesion
state is achieved. On the contrary, by reducing the cell-
substrate adhesion strength and enlarging cell deformability
(Ca = 0.008, �s = 50, as in Fig. 5), the bonds do not have
sufficient strength to sustain the hydrodynamic load exerted
by the flowing fluid. The rear cell first detaches from the
substrate and leads to the detachment of the whole cell pair.
It should be noted that, in some cases with small intercellular
binding force, one cell detaches from both the substrate and
the other cell. Although this is different from the motion in
Fig. 5, we also regard these cases as the detachment state.

B. Phase diagrams for the adhesion dynamics

The numerical examples shown in the previous subsection
indicate strong dependence of adhesion states of the cell pair
on the adhesion strengths and cell deformability. Physiolog-
ically, the capillary number is ranging from 1 × 10−4 to
5 × 10−3 for leukocytes rolling [14,26]; the receptor-ligand
bond that mediates cell adhesion is also varied in the adhesion
strength, which was measured for single P-, E-, and L-selectin
bonds and was estimated to be in the range of 37–250 pN
[57]. To further investigate how motion states of the cell
pair are affected by these properties, phase diagrams in the
space of the intercellular and cell-substrate adhesion strengths

with different cell deformability are established and shown in
Fig. 7. The capillary number is varied from 0.001 to 0.008;
�c is from 0 to 250, and �s varies from 25 to 200. All the
four adhesion states can be identified in the phase diagrams.
It is noteworthy that a single cell was predicted to present
rolling adhesion within the range of parameters, whereas the
presence of the second cell significantly changes the adhesive
dynamics.

For ease of description, the rolling and firm-adhesion states
are labeled as regions I and III, respectively; the tumbling
and detachment states are labeled as region II since both the
adhesion states are characterized by the detachment of the
rear cell. The cell pairs that present a stop-and-go motion
or exhibit inconsistent adhesion states in different simulation
runs are considered as the transition state that partitions the
regions (dashed lines). As a general observation in the phase
diagrams, cell pairs with weak cell-cell interactions (�c)
and small deformability (Ca) are more prone to rolling, and
increases in the intercellular adhesion strength would lead to
firm adhesion at strong cell-to-wall adhesion and tumbling or
detaching at small �s.

In particular, for the most rigid membrane [i.e., Ca =
0.001 in Fig. 7(a)], both the cells are hardly deformed,
maintaining the spherical shape which is conducive to rolling.
Even with the adhesion strength up to �s = 200, the cell pair
could present rolling adhesion as �c is very small (�50). Nev-
ertheless, larger intercellular adhesion strength (�c � 100)
strengthens the bonding between cells and thus impedes the
rolling motion. As a result, the motion of the cell pair receiv-
ing large bonding forces from the substrate transforms into
the firm-adhesion state. It is observed that the critical value
of �s for the roll-to-firm (I-III) transition decreases with the
increase of �c, which indicates that firm adhesion of the cell
pair is facilitated by the adhesive force between the cells. In
contrast, for weak cell-substrate adhesion strength (�s < 50),
the rear cell is lifted up by the hydrodynamic force, ending
up in detachment or tumbling. It can be noted that only in
a certain parameter case, i.e., �c = 100 and �s = 25, does
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FIG. 7. Adhesion phase diagrams of the cell pair as a function of cell-cell and cell-substrate adhesion strengths with various capillary
numbers (Ca = 0.001–0.008). Stop-and-go adhesion is defined as a transition state, marked with the upper triangular.

the cell pair exhibit a detachment state. This is the case that
the rear cell detaches from both the wall and the other cell,
while the front cell still rolls on the substrate. Nevertheless, as
�c increases to 150, the intercellular adhesive force is strong
enough to bind the two cells and contributes to the detachment
of the rolling front cell. Then after the rollover, the cells could
still interact with the substrate alternately, resulting in the
tumbling state.

Although slightly increasing the capillary number to 0.002
enlarges regions II and III and shrinks the rolling region, no
essential change in the borderline among the state regions
is spotted by comparing Fig. 7(b) with Fig. 7(a). Besides,
it is noted that the cell pairs can no longer exhibit a stable
rolling adhesion state when �c � 150. Under such strong
intercellular adhesion, the two cells are firmly bonded as a
whole. Self-rotation is thus obstructed and the cell pair is
more likely to move in the tumbling or firm-adhesion state.
Moreover, as the cells become more compliant, the effect of

intercellular interaction is more prominent. It is observed in
Figs. 7(c) and 7(d) that the rolling region (I) is extremely
narrowed at Ca = 0.004, and it even vanishes at Ca = 0.008
unless intercellular adhesive force is removed. The reason
is that the more flattened intercellular contact surface under
large Ca contributes to forming more adhesion bonds and
thus suppresses the rolling of the individual cells (see Fig. 5).
In such circumstances, smaller �c is expected for the transi-
tions of rolling to detachment and rolling to firm adhesion.
Accordingly, both region II and region III are expanded
towards smaller �c by increasing the capillary number. The
observation implies that the increase in cell deformability not
only promotes firm adhesion, but also facilitates detachment
of the cell pair if the adhesion strength �s is below a certain
value. Moreover, it is noted that region II even extends towards
larger �s for Ca = 0.008, indicating that cell detachment is
more favored by increasing the deformability. On one hand,
the more deformed rear cell has a larger cross section and
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FIG. 8. (a) Average translational velocity of the front cell and (b) average number of the linked bonds between the two cells. The mean
value and standard error are collected from six independent simulation runs for each case.

is thus subject to a larger torque and drag force. On the
other hand, the cell with large capillary number could be
quickly deformed to a tilt-teardrop shape with only a few
bonds linked at the trailing edge (see Fig. 5), which facilitates
its detachment from the substrate. Therefore, larger �s is
necessary for the more compliant cell pair to achieve firm
attachment or to maintain the tumbling state.

C. Dynamical characteristics of the cell pair

In the above sections, the motions of the cell pair have
been classified into four adhesion states as shown in the phase
diagrams. However, detailed dynamical characteristics of the
aggregate in the same adhesion state could be dependent on
the various cell deformability and adhesion strengths. In this
section, we will investigate their effects on the variation of the
velocity, bond number, and cell deformation.

As can be observed in Fig. 6, the rolling and firm-adhesion
cell pairs reach a quasisteady state after the initial transient
evolution. The motion characteristics of the quasisteady state
under different parametric settings are reported below for
comparison. The average translational velocity of the front cell
(almost the same as the rear one) and the average number of
intercellular bonds are shown as a function of cell-substrate
adhesion strength in Fig. 8. It is noted that the velocities
(ux/γ̇ R) of the cases in the firm-adhesion state fall below
0.025, while the velocities of the cases in the transition state
are between 0.025 and 0.05 (dashed straight lines). These
characteristics can be used to identify the specific adhesion
states. A general discipline observed in Fig. 8(a) is that
cell migration velocity decreases with the increase of the
cell-substrate adhesion strength. Besides, the cell pairs with
larger capillary numbers are more affected by the bond force,
presenting a slower migration and more rapid decrease in the
velocity with rising �s. Therefore, the transition from rolling

to firm adhesion occurs at smaller �s for the more compliant
aggregates.

The correlation between the intercellular adhesion strength
and migration velocity is reflected as the sharp decrease of
the velocity when �c reaches 100, as presented in Fig. 8(a).
When we see the number of intercellular bonds in Fig. 8(b), it
is interesting to note that its variations with the parameters
are opposite but similar to the migration velocity, which
indicates the importance of cell-cell interaction in affecting
the rolling of the cell pair. Larger capillary number stimulates
the deformation, which enlarges intercellular contact area and
constructs more bonds. With further increased �c, the cells
are not only more deformed, but also linked with stronger
bonds. Accordingly, cell pairs with larger deformability and
intercellular adhesion strength have more linked bonds, which
in turn provide more resistance against the rolling.

Figure 9 presents the number of linked bonds between the
cells and the substrate in different cases. It is found that the
number of cell-substrate bonds is more sensitive to the cell
deformability and the cell-substrate adhesion strength than to
the intercellular adhesion strength. At small adhesion strength
(�s � 50), the rear cells with different capillary numbers
almost have the same number of linked bonds. Deviations start
with the increase in �s as the bond number increases more
rapidly for more compliant cells. A similar trend for the front
cell can be observed, except that the front cell has more linking
bonds than the rear one during the rolling. Under the forces
from the shear flow and the intercellular bonds, the front cell
is pushed downwards, increasing bond formation while the
rear cell is lifted upwards (see Fig. 4).

Cell deformation is quantified by the deformation param-
eter defined as D = (rmax − rmin)/(rmax + rmin), where rmax

and rmin are the longest and shortest distances between the cell
centroid and the membrane, respectively. Figure 10 illustrates
the deformation parameters of the two cells in different cases.
As expected, cell deformation increases with the cell-substrate
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FIG. 9. Average number of linked bonds on the bottom of (a) the rear cell and (b) the front cell (mean±SE; n = 6).

adhesion strength, and steeper increases are found for the
cell pair with larger capillary numbers. It is noted that the
deformation of the front cell is also slightly increased by in-
creasing the intercellular adhesion strength to 100, whereas a
minor decrease in the deformation of the rear cell is observed,
owing to the vertical deformation imposed by the intercellular
force. Since cell deformability has a major effect on cell-wall
contact area, the variation of bond number with �s is similar
to the variation of the deformation parameter when comparing
Figs. 9 and 10. However, it is worth noting that although the
rear cell has nearly the same number of bonds linked at the
bottom when �s is small (�50), it is featured by different
degrees of deformation for varied capillary numbers. This
indicates that the rear cell, at the rolling state, is deformed
in a way that the forepart is lifted and only a small part of the

bottom at the tail is bonded to the substrate. It is because of
such form of rolling that either increasing the deformability or
reducing the cell-substrate adhesion strength could give rise to
the roll-to-detach transition of the rear cell.

The detaching of the rear cell from the substrate will finally
lead to the detachment or tumbling states of the cell pair. In the
detachment state, the aggregate freely flows with the ambient
fluid and gradually moves far away from the substrate. The
detachment state is not further studied in this work, since
dynamical characteristics of aggregated cells or capsules in
shear flows can be found in previous studies [36,58]. For
cell pairs reaching the tumbling state, the tumbling pattern
is recurring during the adhesion motion as seen in Fig. 6. In
the following, the dynamical characteristics of the periodic
motion are compared.

FIG. 10. Average deformation of (a) the rear cell and (b) the front cell (mean±SE; n = 6).
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FIG. 11. Average period of a tumbling motion (mean±SE; n = 6).

The period of a complete tumbling motion, defined as
the time period between two sequential detachments of the
rear cell, is reported in Fig. 11. During a period, the rear
cell detached, tumbled, and bonded with the substrate; then
after tumbling the other one, the rear cell detached again.
A smaller period indicates faster tumbling of the cell pair
on the substrate, which is observed in cases with larger cell
deformability for the same �s. It is noted that certain tumbling
cases (i.e., Ca = 0.002 with �s = 50, and Ca = 0.008 with
�s = 75 and �c = 150) present a much larger period than
others. This is owing to the particular cell-substrate adhesion
strength that provides just enough resistance to delay the
detachment of the front cell after rolling over and maintains
a short interval during which both cells bind to the substrate
again (i.e., Fig. 3), whereas in other tumbling cases only
one cell interacts with the substrate at the same time. This

particular pattern of tumbling also leads to the observation
that increasing �c clearly shortens the period of the particular
tumbling cases but rarely has effects on the others, since the
intercellular binding force could promote the detachment of
the upstream cell when both cells are adhering to the substrate.

During the tumbling motion, the cell pair is repeatedly
pressed and stretched by the shear flow, resulting in varying
numbers of linked bonds between the two cells. The average
minimum and maximum numbers of intercellular bonds are
shown in Fig. 12 to further compare the intercellular interac-
tions of the cell pair during tumbling. The maximum number
of intercellular bonds appears when one cell starts to roll over
the other one (e.g., Fig. 3 γ̇ t = 6), which also reveals the
maximum contact area for the intercellular interactions. After
the rollover, the minimum bond number appears when one
cell is still adhering to the substrate but the other one tends to
drift downstream (e.g., Fig. 3 γ̇ t = 12). With the number of
bonds linked, the bonds are able to persist long enough with
sufficient strength to keep the aggregate from breaking apart.

For cases with Ca = 0.001 and 0.002, the intercellular
adhesion strength shows little influence on the linked bonds:
only a slight increase in the bond number is observed by
increasing �c. It implies that within this range of �c, the
variation of the contact area of the tumbling cell pair is mainly
enforced by the hydrodynamic force. As for cases with Ca =
0.004, however, the linked bonds are pronouncedly increased
by increasing �c, especially the minimum bonds. A similar
variation trend is also observed in cases with Ca = 0.008, but
with nearly double the number of linked bonds (not shown).
Such soft cells can be more easily deformed by the bond force
and the compliant membrane is not able to provide sufficient
force to break the bonds. Thus, the influence of �c on the
intercellular interaction becomes significant as Ca � 0.004.
In addition, it is noted that increases in either �s or Ca
can enlarge the contact area and thus increase the maximum
number of bonds, while the minimum number of bonds is
rarely affected when the deformability is small (Ca � 0.002).

FIG. 12. Minimum and maximum numbers of linked bonds between the two cells during the tumbling motion (mean±SE; n = 6).
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IV. CONCLUSIONS

The adhesion dynamics of an aggregate of two cells under
linear shear flow has been numerically investigated in this
paper. The cell pair could orchestrate into four adhesion states,
namely, rolling, tumbling, firm adhesion, and detachment,
dictated by the competition among cell-cell and cell-substrate
adhesion strengths (quantified by �c and �s) and cell de-
formability (quantified by Ca). Phase diagrams are established
to reveal the association between the motion behavior and
these parameters. Specifically, weaker intercellular adhesion
strength and smaller deformability would favor the rolling
motion of the cell pair. The stronger cell-cell adhesion would
increase the number of intercellular bonds and thus hinder
the rolling motion, and could transfer either towards the firm-
adhesion state with sufficiently strong cell-substrate adhesion,
or towards the tumbling or the detachment state by reducing
�s. The cell deformability also casts significant influence
on the adhesion dynamics of the cell pair. On one hand,
the increase of cell deformability could strengthen adhesive
binding between the surfaces by enlarging contact area and
increasing the number of bonds, which hinders the rolling
motion and expands the firm-adhesion region. On the other
hand, under weak cell-substrate adhesion strength, larger cell
deformability could facilitate the detachment or tumbling
motion due to the tilt-teardrop shape.

It is noteworthy that the adhesion behaviors of the cell
pair clearly differ from that of the individual cells. Within the
parameter space of the phase diagrams presented in this paper,
a single cell would only present rolling adhesion under the
shear flow. The presence of another cell brings in intercellular
interactions and thus complicates the adhesion dynamics. The
results could contribute to further understanding of similar
physiological problems. For instance, the established phase
diagrams may provide an explanation in the physical aspect
for why tumor cell clusters exhibit much higher metastatic ca-
pacity. As compared with the single cell, an aggregate is more

likely to detach or tumble under large flow rates (i.e., small �s)
and then rapidly spread with the bloodstream; at distant sites
with small flow rates or abundant ligands possessing large �s,
the tumor cell aggregate could firmly adhere to the vascular
endothelium which is a prerequisite of the metastatic process.
Thus, if the intercellular adhesion of tumor cells is inhibited
(i.e., to decrease �c), for example, by plakoglobin knockdown,
metastases would be suppressed [30]. Additionally, the adhe-
sive characteristics of cell aggregates also contribute to the
understanding of other diseases, such as platelet aggregation
in thrombosis [59], and in severe malaria, RBC aggregates
adhering to the endothelium to escape splenic clearance [60].
As can be inferred from the phase diagrams, the prevention of
the firm adhesion of the aggregate can be achieved by either
weakening the cell-cell and cell-vessel adhesion to keep it
in the rolling region or softening the cells to facilitate the
detachment.

It should be noted that the number of repeated runs for each
case may not be statistically significant. Certain variations of
the simulation results may show up if increasing the number
of runs. Furthermore, the system only considered an ideal
scenario wherein the cells were arranged as a chain in parallel
with the shear flow, and changes in the chain-flow angle could
radically alter the adhesion dynamics. We also note that some
other factors, such as the on and off reaction rates of the bond,
the presence of a nucleus, and a larger cell cluster, which
would affect the adhesion behaviors in a crucial way, should
be further investigated.
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