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• Parametric analysis of cell collision and adhesion efficiency.
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a b s t r a c t

Blood cell aggregation and adhesion to endothelial cells under shear flow are crucial to many biological
processes such as thrombi formation, inflammatory cascade, and tumormetastasis, inwhich these cellular
interactions aremainlymediated by the underlying receptor–ligand bindings.While theoreticalmodeling
of aggregation dynamics and adhesion kinetics of interacting cells have beenwell studied separately, how
to couple these two processes remains unclear. Here we develop a combined model that couples cellular
aggregation dynamics and adhesion kinetics under shear flow. The impacts of shear rate (or shear stress)
and molecular binding affinity were elucidated. This study provides a unified model where the action of
a fluid flow drives cell aggregation and adhesion under the modulations of the mechanical shear flow
and receptor–ligand interaction kinetics. It offers an insight into understanding the relevant biological
processes and functions.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
c

Blood cell aggregation and adhesion to endothelial cells under
shear flow are crucial tomany biological processes such as thrombi
formation, inflammatory cascade, and tumormetastasis. For exam-
ple, homotypic aggregation of activated platelets induced by high
shear stress or by chemokines is involved in many diseases such
as atherosclerosis and thrombosis [1] while heterotypic aggrega-
tion between platelets and neutrophils (PMNs) is responsible for
thrombosis progression [2] and acute myocardial infarction [3]. In
inflammatory cascade, flowing PMNs adhere to the endothelium of
post-capillary venule tomediate the sequential transmigration and
phagocytosis at the target site [4]. Tumor cells also interact with
leukocytes in blood flow, e.g., between PMNs and melanoma cells
[5–8] or colon carcinoma cells [9,10], to facilitate tumormetastasis.
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Homotypic or heterotypic aggregation of blood cells is mainly
governed by blood flow and binding kinetics of interacting
molecules. A body of experimental evidence, via flow chamber as-
say and cone–plate viscometer [11,12], demonstrates that shear-
induced aggregation of PMNs and transfected cells is shear-rate de-
pendent [12]. The underlying cellular adhesive molecules, e.g., β2
integrin and intercellular adhesivemolecule 1 (ICAM-1), is found to
play a key regulating role [5]. On the other hand, theoreticalmodels
based on population balance equation [13] have been developed to
test the size distribution of cell aggregates and predict the aggre-
gation dynamics in a uniform shear field for homotypic aggrega-
tion of human blood platelets [14] or PMNs [13,15], as well as for
heterotypic aggregation of platelets and PMNs [16] or PMNs and
tumor cells [5]. Noting that these measurements and models are
referred to as the flow field in a free stream of a blood vessel, the
impact of presence of endothelium monolayer on cell aggregation
as well as cell adhesion mediated by the interactions of blood cells
and endothelial cells should be taken into account.
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Fig. 1. Schematic of cell aggregation and adhesion under shear flow. Cell aggregation and adhesion occur in a chamber of 20 (L) × 1.0 (H) mm, in which three regions,
R1, R2 , and R3 with a height of 0.96, 0.02, and 0.02 mm are considered separately. R indicates the cell radius assumed to be a sphere.
Cell–cell interactions becomemore complicatedwhen the flow-
ing cells are marginalized to the vicinity of the endothelium. In
addition to the similar dynamics of shear-induced aggregation of
blood cells arising in free stream, the marginalized cells occasion-
ally collide with the endothelium and result in rolling over, teth-
ering onto, and crawling along endothelial cells. Again, cell adhe-
sion and detachment are governed by binding kinetics of interact-
ing molecules under shear flow. For instance, PMNs or beads bear-
ing selectin and/or integrin receptors are driven to flow over the
ligand-immobilized or—expressed substrate or cells and the shear
stress dependence of rolling velocity, tether rate, and ‘‘stop-and-
go’’ frequency have been determined experimentally using a flow
chamber assay [17,18]. Using a (gas-driven)micropipette adhesion
assay, not only adhesion dynamics between the two cells is quanti-
fied but binding kinetics of the receptor–ligand interactions is also
determined under zero force. By contrast, theoreticalmodels of cell
adhesion have been developed, as observed that cell adhesion is
governed by cell margination from free stream, cellular Brownian
motion andmolecular diffusion near endothelium, and binding ki-
netics of two contact molecules [19]. Evidently, these models are
different from those for cell aggregation in free stream, since the
endothelial cells are lined stably as a monolayer.

Although cell aggregation and adhesion dynamics are well
studied separately, their integration under blood flow has been
poorly understood. Here we develop a model to combine both the
cell aggregation in free stream and the cell adhesion in the vicinity
of the endothelium. Using two-body collision theory and a binding
kinetics model for a small system, the impacts of shear flow and
binding kinetics of interactingmolecules are analyzed. Comparison
of the predictions with measured data validates our model.

As shown in Fig. 1, ‘‘blood flow’’ in a chamber with a length
of L and a height of H is segregated into three regions: Region 1
(R1) denotes the body flow along the main stream with a height
of r1, where ‘‘blood cells’’ are able to collide freely with each other
and form aggregates; Region 2 (R2) is referred to as the transient
flow with a height of r2, where the cells are close to but do not
interact with vessel wall; Region 3 (R3) represents the local flow
with proximity to the blood vessel with a height of r3, where the
cells are able to contact with the wall and induce cell adhesion.

In a two-dimensional (2D) Couette flow along X3-axis with a
flow velocity v = G × X2, sphere collision occurs due to the ve-
locity gradient or shear rate, G. Based on Smoluchowski two-body
collision theory in colloidal dynamics [13], the collision frequency
depends on sphere concentration C , shear rate G, and sphere ra-
dius R (inset in Fig. 1). In the case of uniformly distributed spheres,
two-body collision frequency per unit volume, f , in the three-
dimensional (3D) case, f = 16R3GC2/3, is simplified as the value
per unit area in the 2D case:

f = 2R2GC2. (1)

The two-body collision brings the spheres into contact and pro-
vides the opportunities for surface-presented receptors and lig-
ands to bind with each other. Supposing two spheres collide at
φ1 = −φ1

0 (φ1
0 is the initial contact angle; inset in Fig. 1) in a

mirror-image manner, which is a so-called transient doublet. Yet
the doublet will remain attached under hydrodynamic force until
all the bonds break up, which is named a non-separating doublet.

For a transient doublet rotating from −φ1
0 to φ1

0, the contact
duration, τ , is given by:

τ = (5/G){tan−1
[(tanφ1

0)/2]}. (2)

It is known that shear flow applies a normal force (FN =

αNηR2G sin2 θ1 sin 2φ1) and a shear force (FS = αSηR2G[(cos 2θ2
cosφ2)

2
+ (cos θ2 sinφ2)

2
]
1/2) to the doublet, where αN and αS are

force coefficients as a function of the dumbbell geometry and η is
the medium viscosity [13]. Noting that shear force FS is neglected
as it has little effect on the break-up of the doublet [13,19], the ap-
plied force yields in the 2D case,

FN = αNηR2G sin 2φ1. (3)

To predict the fate of existing bonds in a doublet so formed,
a probabilistic model based on small system kinetics [20] is de-
veloped, which describes the binding kinetics of a small number
of receptor–ligand bonds, n (1, 2, 3, . . . ,N , where N is the maxi-
mum number of bonds able to be formed between two spheres)
[5,19,21,22]:

dpn/dt = Acmrmlkfpn−1 − (Acmrmlkf + nkr(n))pn

+ (n + 1)kr(n+1)pn+1. (4)

Here, pn is the probability of having n bonds at time t,mr and ml
are the respective site densities of receptors and ligands, kr(n) and
kf are the respective reverse rate for nth bond and forward rate, and
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Table 1
Typical parameter values for numerical calculations.a

Parameter Value Parameter Value Parameter Value

a/(nm) 0.046 Ac/(µm)2 10 kagf /(µm2
· s−1) 1.65 × 10−5

mr/(µm−2) 650 ml/(µm−2) 380 kr0 (krag)/(s−1) 1.0
kB/(N · m · K−1) 1.38 × 10−23 η/(Pa · s) 0.001 kadf /(µm2

· s−1) 0.8 × 10−5

ρliq/(kg · m−3) 998.2 ρcell/(kg · m−3) 1100 kadr /(s−1) 1.0
g/(m · s−2) 9.8 TK /(K) 298 αN 19.33
a These parameters are adopted from the typical values presenting in the literatures [24–26].
Ac is the contact area between two spheres. Adhesion probability,
Pa, yields 1− p0, indicating that at least one bond is formed to link
two spheres.

External forces are found to affect the dissociation of recep-
tor–ligand bonds, which is so-called mechano-chemical coupling
effect. In an existing model, kr(n) is assumed to be a function of
the applied force, F , that is equally shared by the number of bonds,
n [23]. It is formulated as an exponential force dependence of re-
verse rate,

kr(n)(F/n) = kr0 exp[aFN/(nkBT )], (5)

where kr0 is the zero-force reverse rate, a the bond interaction
range, kB the Boltzmann constant, and T the absolute temperature.

FLUENT 6.3.26 is used to solve the Navier–Stokes equation, and
the aggregation and adhesion dynamics is integrated into compu-
tational fluid dynamics (CFD) by user defined files. The modeling
parameters and validation are described in the Supplemental Ma-
terials (see Appendix A).

Two initial injection settings are used, one has uniform injection
probability (cycles) and the other presents the linearly increased
probability along y-axis (triangles) at two bulk concentrations
of spheres of C0 = 4200 and 8000 mm−2 (plots (a) and (b)
in Fig. 2). Other parameters are given in Table 1. The results
indicated that the aggregation percentage exhibits a transition
phase followed by an equilibrium plateau. Specifically, sphere
aggregation is lower in R1 (solid points) than that in R2 (open points)
at low (4200 mm−2) (Fig. 2(a)) or high (8000 mm−2) (Fig. 2(b))
bulk concentration (Fig. 2), indicating that the spheres appearing
in free stream are able to form less doublets presumably due to
the high velocity in R1. Considering that there exist various types
of blood cell distributions when the cells flow from one blood
vessel to another, we test the impacts of two typical injection
settings at the inlet. One yields a uniform and the other has a
linearly increased probability for spheres injected along the y-
axis, on sphere aggregation (also on adhesion later on) in the
fully developed regimes. As exemplified in Fig. S3, the inverse
distribution of sphere population along y-axis was observed upon
uniform injection since the spheres at large y values readily flow
away at higher velocity (Fig. S3(a)), whereas the linear injection
results in the uniform bulk distribution of spheres along the y-axis
(Fig. S3(b)). Thus, as shown in Fig. 2, the uniform injection (cycles)
induces the higher aggregation than that from linear injection
(triangles) at two bulk concentrations, mainly due to the large
number of spheres at small y values. Interestingly, it was also
found that the time course of sphere aggregation exhibits a slight
fluctuation in R2 in both uniform and linear injection settings
(Fig. 2), suggesting that the interplay between R2 and R1 and/or
even R3 may be critical.

Next, we test the effects of shear rate, site densities and kinetic
rates of interacting molecules, as well as medium viscosity, sphere
radius and concentration on collision efficiency, defined as the
effective number of collisions for doublet formation divided by
the total number of collision. Spheres are injected with a linearly
increased probability and forced to flow over the substrate. Here
the parameters are given in Table 1 except of those indicated
otherwise. On one hand, the efficiency decreases significantly with
Fig. 2. Time course of aggregation percentage, defined as the ratio of number
of doublets to the total number of spheres at that moment in a centered box of
10 × 0.02 mm in the regions of body flow (R1) (closed points) and transient flow
(R2) (open points).

Fig. 3. Parametric analysis of (a) shear rate, (b) site densities and (c) forward rate
(solid points) or reverse rate (open points) of interactingmolecular pair, aswell as (d)
medium viscosity, (e) sphere radius and (f) concentration on aggregation dynamics
in R1 . Collision efficiency is defined as the effective number of collision for doublet
formation divided by the total number of collision.

increase of shear rate mainly due to the shorter contact duration
at the higher shear rate, as seen in Eq. (2) (Fig. 3(a)). It increases
remarkably with increase of site densities and becomes highly
stable upon themass transportation law (Fig. 3(b)). It also increases
with forward rate (open symbols) but not reverse rate (closed
symbols) before the first bond is formed (Fig. 3(c)). Note that data
points at kagf = 1.65× 10−5 µm2

· s−1 (open triangles) are invisible
due to being overlaid by those for reverse rates (closed symbols).
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Fig. 4. Singlet (closed points) and doublet (open points) distributions in R2 and R3 and their interplays across the two regions. Time courses of instantaneous number (1st
row), cumulative flux (2nd row), and instantaneous fraction (3rd row) of singlets or doublets at time t were obtained in a centered box of 10 × 0.02 mm2 in R2 .
On the other hand, the three parameters of medium viscosity
(Fig. 3(d)), sphere radius (Fig. 3(e)) and concentration (Fig. 3(f)) do
not affect much the sphere aggregation. Independence of viscosity
implies that the efficiency is shear rate (instead of shear stress)
dependent. Independence of sphere radius and concentration
suggests that the efficiency is free of sphere size and number, as
described previously [19] where the terms of R and C0 will be
canceled out when calculating the efficiency from Eq. (1). Notably,
high fluctuation and low efficiency are observed for smallest sized
spheres probably due to the low volume fraction over the entire
system. It is also indicated that the efficiency exhibits initially a
short transition phase (<1.0 s for sphere radius and <0.5 s for
other five parameters). Thus, these analyses profile the parametric
dependence of sphere aggregation mediated by receptor–ligand
bonds in free stream or R1.

Not only are the interplays between R1 and R2 crucial to sphere
aggregation in free stream, but those between R2 and R3 are also
important in regulating sphere adhesion to the substrate. Here we
further calculate the population of sphere singlets and doublets
and the flux of spheres across the interface betweenR2 andR3.With
a linear injection setting and a sphere concentration of 4200mm−2,
the time course of fraction of sphere singlets and doublets inR2 was
obtained in a centered box with a dimension of 10 × 0.02 mm2

(cf. Fig. 1), where the box length L/2 is selected for analyzing the
distribution in the fully developed flow regime and the height r2
is chosen to have at least one doublet presenting in the box. Three
sets of forward and reverse rates were used in kagf = kadf = 1.6 ×

10−5 µm2
·s−1, kagr = kadr = 1.0 s−1 (1st column), kagf = 0.8×10−5

and kadf = 1.6 × 10−5 µm2
· s−1, kagr = kadr = 1.0 s−1 (2nd

column), and kagf = 0.8 × 10−5 and kadf = 1.6 × 10−5 µm2
·

s−1, kagr = 10.0 and kadr = 1.0 s−1 (3rd column) (Fig. 4). The other
parameters were given in Table 1. As exemplified in Fig. 4(a), the
instantaneous number of singlets at time t exhibits a transition
phase when t < 4 s followed by a fluctuation up to t = 8 s,
while the number of doublet also presents a transition phasewhen
t < 2.4 s followed by a descending phase up to t = 8 s. Moreover,
the singlet number (closed points) is lower than that for doublets
(open points), implying that more doublets are formed in R2 at
pre-set kinetic rates of kagf = 1.6 × 10−5 µm2

· s−1 and kagr =

1.0 s−1. This predominant population of doublets is reversedwhen
reducing kagf to a half alone, where the singlet number is higher
than the doublet (Fig. 4(d)), and would be further turned over
when additionally enhancing kagr to 10-fold high, where the singlet
number quickly approaches the plateau (t < 2.0 s; Fig. 4(g)).
It is also noted that the late-phase fluctuation observed in R2
is different from the saturation visualized in R1 (Figs. 2 and 3),
presumably due to the non-negligible interplays between R2 and
R3. It is worth noting that the fluctuation observed from the time
courses is probably attributable to the stochastic nature of sphere
aggregation dynamics.

To further test the possible impacts of their interplays, the
flux of spheres across the interface between R2 and R3 was also
calculated, in which the cumulative flux is defined as the number
of singlets or doublets crossing over the interface up to time t
within the box. As presented in Fig. 4(b), the flux for both singlets
and doublets flowing from R2 into R3 (cycles) exhibits a quiescent
phase and then increases with time, indicating that the spheres
are forced to move to the vicinity of the substrate. At a given time,
the doublet flux (open points) is higher than that of singlets (closed
points), which is consistent with the data shown in Fig. 4(a). Again,
such is the predominant transportation of doublets reversed by
reducing the forward rate (Fig. 4(e)) and enhancing the reverse
rate (Fig. 4(h)). By contrast, almost no cell singlets or doublets
were found to flow from R3 back into R2 (overlaid triangles in 2nd
row), suggesting that those spheres having presented in R3 are
unlikely to re-enter R2. Instead, they tend to either adhere onto the
substrate or flow out within the limits of R3.

Accordingly, we further calculate the instantaneous fraction of
singlets or doublets, presenting in R3 at time t , in an ensemble
of total spheres. As shown in Fig. 4(c), the singlet fraction (closed
points) declines but the doublet fraction (open points) increases
with time, since fewer singlets but more doublets are imported
from R2 (Fig. 4(b)). By contrast, the singlet or doublet fraction
would not alter much with time when reducing the forward rate
(Fig. 4(f)) and enhancing the reverse rate (Fig. 4(i)), regardless of
their initial fluctuation phases. These results suggest that the time
course of singlet or doublet fractionmainly depends on the forward
rate or the reverse rate used.

Spheres presenting in R3 are able to attach and then adhere to
the substrate. Without loss of generality, a distinct set of kinetic
parameters, kadf and kadr , is used to solve Eqs. (2)–(5) and then
predict the adhesion dynamics of spheres to the substrate. Three
sets of forward and reverse rates were used in kagf = kadf = 1.6 ×
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Fig. 5. Adhesion dynamics of spheres to the substrate with a linearly increased injection probability. Time course of cumulative number (1st row), number of attached (open
points) and detached (closed points) singlets (cycles) or doublets (triangles) (2nd row), and number of secondary doublet-forming events (closed points) or total number of
secondary collision events (open points) (3rd row), were obtained in a centered box of 10 × 0.02 mm2 in R3 . The y-axes for the panels g and h are scaled separately.
10−5 µm2
·s−1, kagr = kadr = 1.0 s−1 (1st column), kagf = 1.6×10−5

and kadf = 0.8 × 10−5 µm2
· s−1, kagr = kadr = 1.0 s−1 (2nd

column), and kagf = 1.6 × 10−5 and kadf = 0.8 × 10−5 µm2
·

s−1, kagr = 1.0 and kadr = 10.0 s−1 (3rd column). The other
parameters were given in Table 1. It was found that the cumulative
number of attachments or detachments up to time t is enhanced
with time, in which the attachment occurrence is higher than the
detachment at the given kinetic rates (Fig. 5(a)). Such a difference
is lowered when the forward rate kadf is reduced to a half, in that
the attachment occurrence is lowered to about a half while the
detachment occurrence remains the same (as seen in Fig. 5(d)).
Furthermore, the difference between attachment and detachment
is even eliminated (overlaid cycles) when the reverse rate kadr is
enhanced 10-fold, resulting in much higher occurrence in both
attachment and detachment (Fig. 5(g)). This is because there are
more spheres which, having detached from the substrate at high
kadr , would not bounce back into R2 (Fig. 4), but re-attach to the
substrate again.

We also refine the singlet or doublet attachment and detach-
ment occurrences within R3. Corresponding with the kinetic rates
used in Fig. 5(a), (d), and (g), attachment is much higher for the
doublet than the singlet both of which are significantly higher than
the respective detachments (Fig. 5(b)). This situation is sharply al-
tered when kadf is reduced to a half, where the singlet attachment
and detachment are higher than the respective values for doublets
(Fig. 5(e)). Moreover, the singlet events are predominant when 10-
fold high kadr is applied additionally, resulting in the overlaid at-
tachment (cycles) and detachment (triangles) events, respectively,
for singlets (closed symbols) and doublets (open symbols) (Fig. 5(h)).

We further test the secondary aggregation for an adhered
singlet interacting to a freely-flowing singlet. Here the adhesion of
a doublet having formed in free flow onto endothelium has been
excluded, since such a doublet generally lasts too short a time
(in a scale of sub-seconds) to survive at late phase, which hardly
supports the recruitment to and the adhesion on the endothelium
[19]. By counting the number of secondary doublet-forming events
and total number of secondary collision events, it is found that the
secondary aggregation does not occur until t = 2.9 s (Fig. 5(c)),
3.2 s (Fig. 5(f)), and 5.8 s (Fig. 5(i)), implying that the occurrence
is rare at the early phase on the three sets of kinetic rates. Beyond
that moment, it increases with time. The final collision efficiency
at t = 8.0 s, defined as the ratio of these two numbers, yields
Fig. 6. Parametric analysis of (a) contact duration, (b) site densities and (c) forward
rate (solid points) or off-rate (open points) of interacting molecular pair, as well as
(d) shear rate, (e) sphere radius and (f) concentration on adhesion efficiency in R3 .
Adhesion efficiency is defined as the effective number of attachment for sphere
adhesion divided by the total number of attachment.

values of 0.59, 0.37, and 0.30, respectively, suggesting that the
secondary aggregation is no longer negligible at the late phase.
This observation indicates that themajority of collisions of flowing
spheres within R3 tend to induce secondary aggregates, and it is
crucial in understanding the interplays between sphere adhesion
and aggregation.

Moreover, we test the effects of contact duration, site densi-
ties and kinetic rates of interacting molecules, as well as shear
rate, sphere radius and concentration on adhesion efficiency, de-
fined as the effective number of attachment for sphere adhesion
divided by the total number of attachment. Spheres are injected
with a linearly-varied probability and forced to flow over the sub-
strate. Here the parameters are given in Table 1 except of those
indicated otherwise. On one hand, the results indicate that the
longer the contact duration (Fig. 6(a)), the higher the site den-
sities (Fig. 6(b)), and the higher the forward rate (open points)
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(Fig. 6(c)), the higher the efficiency in different contents. The re-
verse rate, however, seems not to affect the adhesion significantly
(closed points) (Fig. 6(c)). Note that data points at kadf = 1.65 ×

10−5 µm2
· s−1 (open triangles) are invisible due to being overlaid

by those for reverse rate (closed symbols). It is also noted that, as
compared to the analysis for sphere aggregation (Fig. 3), the high
fluctuation was found in the time courses here, presumably due to
the stochastic nature of the small system of adhering spheres. On
the other hand, the time course dramatically fluctuates at the early
phase and tends to reach the similar plateau at systematically var-
ied shear rate (Fig. 6(d)), sphere radius (Fig. 6(e)) and concentration
(Fig. 6(f)). Note that the small sized spheres (R = 1.25 and 2.5µm)
would not yield the reasonable adhesion efficiencies (Fig. 6(f)),
similar to those observations in sphere aggregation (Fig. 3(d)).

Finally, the present work, by combining sphere aggregation
dynamics with sphere adhesion kinetics within a Couette flow
framework, simulates two aspects of cell behavior: the impact of
blood flow on cell aggregation in free stream and cell adhesion
in the vicinity of the endothelium. Our work furthers the
understanding of the biological processes of cell–cell and cell-
endothelium interactionsmediated by underlying receptor–ligand
binding under physiological flows in large blood vessels. In the
smaller microvessels, the laminar flow can still be achieved upon
the low Reynolds number but the drag force would be greatly
affected by aggregated or adhered cells.
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