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Abstract The adhesion of endothelial progenitor cells
(EPCs) on endothelial cells (ECs) is one of the critical phys-
iological processes for the regenesis of vascular vessels and
the prevention of serious cardiovascular diseases. Here, the
rolling and adhesion behavior of EPCs on ECs was studied
numerically. A two-dimensional numerical model was de-
veloped based on the immersed boundary method for sim-
ulating the rolling and adhesion of cells in a channel flow.
The binding force arising from the catch bond of a receptor
and ligand pair was modeled with stochastic Monte Carlo
method and Hookean spring model. The effect of tumor
necrosis factor alpha (TNF-α) on the expression of the num-
ber of adhesion molecules in ECs was analyzed experimen-
tally. A flow chamber system with CCD camera was set up
to observe the top view of the rolling of EPCs on the sub-
strate cultivated with ECs. Numerical results prove that the
adhesion of EPC on ECs is closely related to membrane stiff-
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ness of the cell and shear rate of the flow. It also suggests that
the adhesion force between EPC and EC by P-selectin gly-
coprotein ligand-1 only is not strong enough to bond the cell
onto vessel walls unless contributions of other catch bond
are considered. Experimental results demonstrate that TNF-
α enhanced the expressions of VCAM, ICAM, P-selectin and
E-selectin in ECs, which supports the numerical results that
the rolling velocity of EPC on TNF-α treated EC substrate
decreases obviously compared with its velocity on the un-
treated one. It is found that because the adhesion is affected
by both the rolling velocity and the deformability of the cell,
an optimal stiffness of EPC may exist at a given shear rate of
flow for achieving maximum adhesion rates.

Keywords Endothelial progenitor cell · Endothelial cell ·
Cell adhesion · Flow chamber · Immersed boundary method

1 Introduction

Increasing evidence indicates that disruption of structural
and functional integrity of endothelium plays a pivotal
role in the pathogenesis of cardiovascular diseases such as
atherosclerosis [1, 2]. When the integrity of endothelium
on vessel walls is severely disturbed, an emerging regenera-
tion by surrounding mature endothelial cells and circulating
EPCs are highly required [3, 4]. Endothelial progenitor cells
(EPCs) is a special sub-type of progenitor cells in bone mar-
row and peripheral blood of adults, which is able to differen-
tiate into endothelial cells (ECs) [5]. It has been proved by
experiments in vivo that EPCs are important for the regenesis
and angiogenesis of endothelium [6]. Clinical studies using
EPCs for revascularization also suggests its great potential
as a novel therapeutic option [7–9].
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The endothelial repair with EPCs is a multi-step pro-
cess that includes recruiting, rolling, adhesion, migration and
differentiation. These processes are coupled with hemody-
namics which makes the re-endothelialization more complex
for involving both biofluid mechanics and mechanobiology.
The migration of EPC to the injured location with binding
and adhesion is critical which requires the formation of adhe-
sive bonds between EPCs and ECs in both the extra- and in-
travascular space [10]. Some adhesion molecules have been
implicated in the release of hematopoietic stem cells into the
systemic circulation [11, 12]. Since the number of circulat-
ing EPCs in cardiovascular system is rather low [13], the ad-
hesion mechanisms of EPCs for its enforcement has become
an important area to investigate [14, 15].

For the study of coupling fluid mechanics with mechan-
otransduction of cells in vitro, flow chamber has been
demonstrated as a simple but useful tool to use. The poly-
morphonuclear leukocyte rolling and adhesion was studied
intensively with flow chamber by Dong et al. [16, 17] as
examples. These researchers have demonstrated that cells
must undergo a sequence of distinct adhesion steps to accu-
mulate in a tissue [18, 19]. Most adhesions are initiated by
a primary tethering event through selectins and their carbo-
hydrate ligands, which allows cells to roll slowly along the
vessel wall. When a rolling cell encounters a chemoattrac-
tant which binds to surface receptors, an intracellular signal-
ing cascade is triggered to induce the functional upregula-
tion of integrins. Integrins then bind to endothelial counter
receptors for a firm arrest, here as an initial step in the se-
quence of repairing damaged arteries [20]. In this study, the
effects of shear rates and the expression of number of adhe-
sive molecules on rolling and adhesion of EPCs were inves-
tigated with a flow chamber system.

From the mechanical point of view, the selectin-
mediated cell rolling and adhesion was modeled and nom-
inated as adhesion dynamics since Dembo et al. [21], in
which a set of constitutive equations relating stress and
strain of catch bonds, and chemical rate constants of adhe-
sion molecules to bond strain were proposed. In the recent
decades, this model has been widely used to analyze the cou-
pling of fluid mechanics with mechanobiology of cells for
cell adhesion under flow conditions. Zhu et al. [22, 23] sum-
marized more details of the rolling and adhesion of cell me-
diated by catching bonds of molecules. Based on these fun-
damental understandings, the rolling and adhesion of cells
were intensively simulated [24–26]. However, in these sim-
ulations, cells were idealized as a hard sphere without defor-
mation. Although the balances of forces and torques on cell
were well accounted for, the deformation of cell which also
affects the hydrodynamic shear and receptor-ligand bond for-
mation was ignored.

Recent developments on the modeling of fluid-structure
interactions have made the simulation of the deforma-
tion of cells more accessible. In this field, the particle
method, hybrid lattice–Boltzmann Lagrangian method, arbi-

trary Lagrangian–Eulerian finite element method, boundary-
integral method and the immersed boundary method have
proven to be useful [27]. Using the immersed boundary
method [28, 29], Jadhav et al. [30] analyzed how cell defor-
mation affects selectin-mediated leukocyte rolling, in which
the effects of mechanical properties of the cell were inves-
tigated. Pappu et al. [31] also employed the same method
and studied the adhesion of leukocyte in microvessels and its
effect on flow patterns.

In this paper, the very early stage of EPC repair in
which rolling and adhesion of an EPC on EC substrate oc-
curred was studied numerically in association with some rel-
evant experiments. The fluid dynamics and the adhesion dy-
namics were coupled for a comprehensive understanding of
the EPC-EC adhesion. The effects of TNF-α on molecular
expression and enhancement of adhesion force were also in-
vestigated.

2 Computational methods

2.1 Fluid-structure interaction with the immersed boundary
method

The adhesion behavior of an EPC on EC substrate in a sim-
ple shear flow was modeled in a two-dimensional context
based on the immersed boundary method. The motion of
cell immersed in an incompressible fluid was described with
a single set of Navier–Stokes equation as

∇ · u = 0, (1)

ρ
(
∂u
∂t
+ u · ∇u

)
= −∇p + ∇ · μ(∇u + ∇uT) + F , (2)

where F denotes the source term of fluid-membrane inter-
action force f e which comes from the deformation of cell
membrane, and the adhesion force on the membrane f a due
to catch bonds formation of adhesive molecules. Two sep-
arated grid systems were used in the immersed boundary
method. Navier–Stokes equation for the whole flow field was
discretized and solved on a stationary grid; and the other was
an unstructured grid, triangular element in this study, which
was movable and deformable for representing the interface.
Here, a delta function was used for communicating the forces
arising on the membrane f and in the Navier–Stokes equa-
tion F as

F(x , t) =
∫
Γ

f (x ′, t)δ(x − x ′)dl, (3)

where Γ is the length of cell, x and x ′ stand for the coor-
dinates on the stationary grids and the unstructured grids,
respectively. After the Navier–Stokes equation was solved
on the stationary grid, the velocity was interpolated onto the
nodes of unstructured grid as

u(x ′, t) =
∫

S
u(x , t)δ(x − x ′)ds. (4)
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The unstructured grid was then tracked in a Lagrangian way
as

x ′t = x ′0 +
∫ t

0
u(x ′, t)dτ. (5)

The stress in the membrane accompanied with the deforma-
tion and adhesion was firstly calculated on the unstructured
grid, then distributed onto the stationary grid with the distri-
bution function given by Tryggvason et al. [29]

D(x − x ′)

=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(4h)−n

n∏
1

[
1 + cos

π

2h
(x − x ′)

]
, |x − x ′| < 2h,

0, otherwise,

(6)

where h is the grid size; n indicates the spatial dimensions,
and n = 2 in the present work. With this utilization of dis-
cretized delta function, Eqs. (3) and (4) were used in the
present work as

F(x i) =
∑

j

f (x ′j)D(x i − x ′j),

u(x ′i ) =
∑

j

u(x j)D(x j − x ′i ).
(7)

2.2 EPC modeling

Owing to the lack of known mechanical properties of EPC,
the effect of the whole elasticity of the cell on its rolling and
adhesion behavior has been considered in two ways in this
paper. One is the shear modulus of the membrane. The
other is a higher viscosity for the fluid inside the cell than
the outside to account for the effects of nucleus and inner
cytoskeletal structures of the cell. Briefly, EPC was mod-
eled as a viscous liquid surrounded by a hyper-elastic mem-
brane [32, 33]. The hyper-elastic membrane proposed by
Skalak et al. [34] was adopted.

Since a two-dimensional membrane was considered
here, the stress was calculated as the membrane stretched in
one principal direction only [35, 36] with the assumption that
on the other principal direction, the in-plane stress equals
zero. Here

τSK
1 = Bλ1(λ2

1 − 1)

√
1 +Cλ2

1

1 +Cλ4
1

(1 + Cλ4
1

1 + Cλ2
1

+
C

1 +Cλ4
1

)
, (8)

where λ1 is the principal strain; B and C are the shear coeffi-
cient and the surface dilation coefficient of the membrane, re-
spectively. Related studies by Gong et al. [27] and Pozrikidis
et al. [37] showed that for Skalak model, the surface dilation
coefficient is less sensitive and the stiffness of the cell is af-
fected mainly by its shear modulus. Three different values of
shear modulus for membrane modeling, 3.0μN/m, 12 μN/m
and 24 μN/m were adopted. When the shear modulus reaches
24 μN/m, it is almost as stiff as a leukocyte membrane [38].
The bending stiffness was considered by introducing a bend-

ing force, q, as q = dm/dl, m = EB(κ − κR). Here m is the
bending moment, EB is the bending modulus, l is the length
of the elements of the cell, κ and κR are the local curvature
and the curvature at resting configurations of the cell, respec-
tively.

Following Pozrikidis [32], the jump in hydrodynamics
traction across the cell membrane was expressed by counting
the in-plane stress and the bending stiffness of the cell as

f e · l = (τi t i − τ j t j) + (qini − qjn j), (9)

where the subscript “i ” and “ j ” denote the number of the
elements and the force f e is given on the node shared by i
and j element; t and n represents the tangential and normal
unit vectors of the elements; τ and q represents the in-plane
stress and the bending stress, respectively.

2.3 Stochastic Monte Carlo method for receptor-ligand in-
teractions

The adhesion force represented by the interaction between a
receptor and ligand pair was modeled by Hookean spring as

f a(x ′) = kb(l − l0)n, (10)

where kb is the spring constant which stands for the elasticity
of the bonds formed by the receptor and ligand pair, l and l0
are the stretched and un-stretched length of the bonds, n is
the normal unit vector of the membrane at the point of bond
formation.

According to Dembo [21], the forward and reverse
rate constants for receptor-ligand interactions under external
force were computed as

kf = k0
f exp

[
− kts(l − l0)2

2KBT

]
,

kr = k0
r exp

[ (kb − kts)(l − l0)2

2KBT

]
.

(11)

Here, kf and kr are the forward and reverse reaction rates, re-
spectively. kts is the spring constant of the bond at transition
state, KB is the Boltzmann constant, and T is the absolute
temperature.

Following Bhatia et al. [39], Jadhav et al. [30] and
Pappu et al. [31] in their simulations of leukocyte adhesion,
used stochastic Monte Carlo method to simulate the forma-
tion of receptor/ligand bonds between the moving EPC and
EC substrate. In a given time interval Δt, the probability of
the formation of a new bond Pf , and that of the rupture of an
existing bond Pr were given as

Pf = 1 − exp(−kfΔt),

Pr = 1 − exp(−krΔt).
(12)

To realize the stochastic Monte Carlo process numerically,
two random numbers between 0 and 1, say N1 and N2, were
generated independently at each time step. A new bond is
allowed to form if Pf > N1, and an existing bond is al-
lowed to rupture if Pr > N2. When the number of adhe-
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sive molecules on EC substrate increases because of TNF-
α treatment, the possibility of Pf increases correspondingly.
Similarly, the adhesion force also increases as the number of
adhesive molecular bonds increases.

All the receptor/ligand interaction were firstly checked
by the algorithm following stochastic Monte Carlo process,
and the forces were first calculated from Eq. (10) on the
membrane, then distributed onto the flow field, similar to the
treatment of the stress of membrane deformation following
Eq. (3). In the present simulation of catch bonds dynamics,
the effect of diffusion of receptors/ligands after bond forma-
tion/rupture was not considered.

2.4 Numerical simulation schemes

The numerical schemes for solving Navier–Stokes equa-
tion [27, 33] are summarized briefly as follows. The cou-
pling of continuity and momentum was solved using the
fractional step of marker and cell (MAC) method. The
second-order central difference scheme was used for both the
convection and viscous terms. The second-order Adams–
Bashforth scheme was used for the time integration. The
second-order Crank–Nicolson method was used for the vis-
cous term for managing larger time step. Periodic bound-
ary conditions were used for the inlet and outlet of the flow.
Non-slip boundary and Neumann conditions were adopted
for wall boundaries of velocity and pressure, respectively.
The present method for simulating cell deformation in chan-
nel flow and shear flow was validated as did in the previous
works [27, 33] and omitted here.

3 Experimental materials and methods

A flow chamber system was set up for comparison with sim-
ulation results. Effects of TNF-α on the molecular expres-
sion and enhancement of adhesion force was also investi-
gated with molecular experiments. The experimental proto-
cols are summarized briefly here.

3.1 Isolation and identification of EPCs and ECs

Human blood mononuclear cells were isolated from cord
blood by density gradient centrifugation with Ficoll-Paque
Plus (Cedarlane Canada). The isolated cells were incubated
with Medium 199 (Gibco-BRL, Grand Island, NY) essential
medium, supplemented with 20 % fetal-calf serum (Gibco-
BRL, Grand Island, NY), human aFGF, bFGF, (5 ng/ml,
Sigma, Saint Louis) etc., in tissue culture plates at 37◦C and
5 % CO2. Three days after seeding, non-adherent cells were
removed by washing with phosphate-buffer saline (PBS).
The adherent cells were used as target cells in later exper-
iments.

ECs were isolated from fresh human umbilical veins
using the collagenase perfusion technique. Briefly, ECs were

harvested from the vein by adding 0.1 % collagenase for
12 minutes. The cells were cultured in medium 199 Earle
(Gibco, Grand Island, NY) containing 20 % heat-inactivated
fetal bovine serum (FBS; Gibco), 100 mmol HEPES (Sigma,
Saint Louis), 100 U/ml penicillin, 100 mg/ml streptomycin,
2 mmol glutamine, 5 ng/ml aFGF (Sigma) and 5 U/ml hep-
arin (Sigma). ECs were cultured to confluence in 25 cm2 cul-
ture flasks (Costar, NY). Cells were assessed for EC pheno-
type by morphology, typical monolayer cobblestone growth
pattern, and expression of von Willebrand factor antigen
(DukoCytomation, Glostrup, Denmark). ECs between Pas-
sages 1 and 3 were used in all experiments.

3.2 Cell adhesion assay under flow conditions

The flow chamber system consists of a square glass tube, a
syringe pump and a CCD camera (CCD-72, Dage-MTI Inc.,
Michigan City, Indiana) attached to the microscope (Olym-
pus IX71) for observation.

A square glass tube with a cross section of 1 mm by
1 mm and 80 mm in length was used. ECs, either activated
by incubation with TNF-α (10 ng/ml; Sigma) for 6 hours or
inactivated, were seeded on the bottom of the glass tube.
For a comparison, the rolling of EPCs on the substrate of
glass tube without EC seeded was also observed. Syringes
filled with EPC suspension were pushed into the flow cham-
ber which was mounted on the stage of the inverted fluo-
rescence microscope. The velocity of EPCs was recorded.
Here, the flow rate of syringe pump was controlled to form a
shear rates from 10 to 40/s, which was limited by the frame
rate of CCD camera (3 frames per second). The images were
recorded with the software Image-Proplus 6.3. It was ob-
served that the averaged cell rolling velocity was recorded at
the time scale of the order of seconds although fluctuations
in the velocity may be of the order of mini-seconds when
affected by the formation and rupture of catch bonds.

3.3 Cell adhesion molecular assay (western blotting assay)

To detect the protein expression of EC adhesion molecules
under TNF-α stimulation, ECs were seeded into the bot-
tom of glass tube at a density of 6 × 105 cells and cultured
to achieve confluent monolayers. ECs were then treated
with TNF-α (10 ng/ml; Sigma) for 6 hours. Inactivated
ECs without TNF-α treatment was adopted as a control
group. Protein samples after washing with PBS was col-
lected and Western blot analysis was performed following
the protocols described by Qi et al. [40]. EC protein lysates
were subjected to electrophoretic separation with 10% SDS-
PAGE and transferred to nitrocellulose membranes (Hybond,
Amersham). The proteins were detected using specific pri-
mary antibodies for VCAM (1:1 000, Santa Cruz Technol-
ogy, INC), ICAM (1:800, Santa Cruz Technology, INC),
E-selectin (1:200, Boster), P-selectin (1:200, Boster) and
GAPDH (1:500, Santa Cruz Technology, INC).
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4 Results and discussions

The adhesive molecules of catch bonds between EPCs and
ECs has yet to be quantitatively evaluated [41], therefore,

the most commonly involved adhesive bonds of P-selectin
Glycoprotein Ligand-1 (PSGL-1) was chosen. Relative co-
efficients used in the present work for adhesion dynamics
modeling were summarized in Table 1.

Table 1 Parameters used in the present work for EPC adhesion simulation

Parameters Value References

EPC diameter/μm 20.0 Measured by experiments

Channel height/μm 80–100

Shear rate/s−1 80–1 200

Length of microvillus/μm 0.35 Shao et al. [42]

Number of microvillus/cell 252 Chen and Springer [43]

Number of ligands per microvilli 50 Moore et al. [44]

Receptor site density/μm2 150 Yago et al. [45]

Receptor-ligand bond length/μm 0.1 Marshall et al. [46]

Spring constant (kb)/(pN·nm−1) 1 Marshall et al. [46]

Transition spring constant (kts)/(pN·nm−1) 0.99 Smith et al. [47]

Unstressed on rate/s−1 1 Mehta et al. [48]

Unstressed off rate/s−1 1 Mehta et al. [48]

Nondimensionalization of the parameters were per-
formed in this study. The time t∗ and length L∗ scales were
the invert of shear rates and the average diameter of EPC,
respectively. The results were presented and discussed as
follows.

The EPC profiles changing with time in the channel
were shown in Fig. 1, in which the effect of stiffness of cell
membrane, and the shear rates of the channel flow on the
rolling velocity of cell were presented. The fixed marker
on the membrane of EPC helps to illustrate that the cells
in the channel were rolling with sliding along the bottom.
Since there was no parallel forces acting on the cell which
would push the cell to the channel wall, cells tended to mi-
grate to the center of the channel due to the lubrication effect
of flow. Figure 1a showed that when the cell membrane be-
came stiffer, the rolling velocity decreased and the resistance,
i.e. the apparent viscosity of the flow in channel increased.
A comparison of cell profiles at the same stiffness but ex-
posed to different shear rates is shown in Figs. 1b and 1c se-
ries, which suggests that with the increase of the shear rate,
cells underwent larger deformation in the flow field, which
helped the formation of catch bonds since the average dis-
tance between the EPC membrane and the substrate of ECs
decreased. It also showed that with the increase of stiffness,
cells tended to migrate slower to the center of the flow field
because of their smaller deformability.

The profiles of the cells suffering the same shear rate
but with different membrane stiffnesses and the number
of adhesive molecules were compared in Fig. 2. The re-
sults suggested that with the increase of cell stiffness, EPCs
tended to retard by the adhesion, while the softer cells were
more amenable to migrate away from the vessel wall. When
cells moved slower, they tended to have more time to form
catch bonds after they were initially released near the vessel
wall. Figure 2 also shows that in most of the cases in which
only the adhesion force associated with bonds of PSGL-1
was considered, the force was not high enough to capture
EPCs near the vessel wall region.

The top view of an EPC rolling on the substrate seeded
with ECs in the flow chamber is illustrated in Fig. 3. In order
to classify that the cell rolling in the view point was EPC, the
carboxymethyl (CAM) was used as a fluorescence marker as
shown in Fig. 3c. As presented in Sect. 3.2, the frequency of
the camera used in the present work is too low to catch the
adhering, tethering and rupture process which is of the order
of mini-seconds in the time scale. However, according to the
cell rolling velocity observed of the order of seconds, there
were still noted differences arising from different shear rates
of the flow. Especially after ECs were treated by TNF-α, the
rolling velocity of EPCs on it became significantly slower
than that of EPC rolling on normal ECs.
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Fig. 1 Profiles of rolling cells at different shear moduli of the membrane without adhesion force. The dot on the ring of cell stands for
the same point which illustrates of tank-treading motion of the membrane while cell rolls and moves forward. For series a, γ̇ = 83.3, a1

B = 3.0 μN/m; a2 B = 12.0 μN/m; a3 B = 24.0 μN/m. For series b, γ̇ = 250 and B = 3.0 μN/m. For series c, γ̇ = 583.1 and B = 3.0 μN/m

Fig. 2 Profiles of rolling cells with different adhesion effects at γ̇ = 83.3. a Flow without adhesion; b Flow with normal adhesion;
c Adhesion with TNF affected and 2 times of adhesion molecular expressed; d TNF-α affected with 10 times of adhesion molecular
expressed. For the columns on the left side B = 3.0 μN/m. For the columns on the right side B = 24.0 μN/m
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Fig. 3 The rolling process of EPC captured. a The start point of EPC rolling; b The terminal point of EPC rolling; c The terminal point
of EPC rolling labeled by CAM. The arrows show the target rolling cell

When the adhesion force is taken into account, the de-
velopment of cell rolling velocity at different shear moduli
of the cell is shown in Fig. 4. The on-off of the catch bonds
affected the rolling of EPCs so that there appeared sudden
acceleration and deceleration of the cell. The detailed evo-
lution of velocity profile suggests that if the unique catch
bonds of PSGL-1 is not strong enough to catch an EPC to
EC substrate, a steady rolling process was observed as illus-
trated in Fig. 2. Figure 4 also shows that the stiffer the EPC,
the higher the probability of adhesion of cell, and the slower
the rolling velocity of cell.

Fig. 4 Numerical results of the history of rolling velocity at
γ̇ = 83.3 with different shear moduli of the membrane in which
the adhesion effects are considered by the stochastic Monte Carlo
method

For studying the effect of numbers of adhesive
molecules on rolling and adhesion of EPC, TNF-α treat-
ment of EC substrate was performed. TNF-α is a type of
cytokine produced from the macrophage cell activated. It is
the most robust cell factors for antineoplastic activity that is
related to the adhesion, migration and several other functions
of cells. Dudeck et al. [41] proved by experiments that TNF-
α promotes the expression of VCAM-1, P-selectin and E-
selectin of ECs, so that the adhesion between bone marrow-
derived cultured mast cell and ECs is enhanced. Here, exper-
iments following the protocol in Sect. 2.4 were performed

to enhance the expression of adhesive molecules on ECs.
Four typical adhesive molecules of ECs, VCAM-1, ICAM-
1, P-selectin and E-selectin, after TNF-α treatment were ex-
amined by Western plot analysis as shown in Fig. 5. It is
shown that compared with the control group, the adhesion
molecules were increased apparently from 33 % to almost
100 % after TNF-α treatment.

Fig. 5 TNF-α increased the expressions of adhesion molecules,
VCAM, ICAM, P-selectin and E-selectin, in ECs cultured on the
bottom of the glass tube. Western blot analysis showing values of
protein amounts were normalized to GAPDH expression. Group C
is that ECs cultured with EC complete medium only, without any
TNF-α treatment; Group T is that treated with TNF-α at 10 ng/ml
for 6 hours. The data from four independent experiments are shown
as mean ±S D, ∗p < 0.05, n = 4

The effects of stiffness of cell and the flow shear rate
on the rolling velocity of EPCs were shown in Fig. 6. The
differences of cell rolling velocity at different cell stiffnesses
increased with increase in shear rate (Fig. 6). The results
suggested that deformability of cell is one of the key param-
eter for successful adhesion, but this could not be uniformly
summarized in a simple way for various shear rates of the
flow. The increase of cell deformation helps to enlarge the
contact area (contact line in two-dimensional cases) between
the cell and the substrate of the flow chamber, which in-
creases the possibility of bond formation and the adhesion
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forces thereby. Although the increase of stiffness slowed
down the rolling velocity of cell which increased the possi-
bility of bond formation, smaller deformability also resulted
in smaller contact lines between EPC and the adhesive sub-
strate. Figure 6 suggests that in general, the adhesion will
slow down the rolling velocity of cell, but what combination
of shear rate and cell stiffness will be optimal for adhesion is
still a case specific problem.

Fig. 6 Cell rolling velocity in channel flows with different shear
rates and shear moduli of the cell

The increase in the amount of adhesive molecules was
correlated to the possibility of bond formation through the
increase of frequency for N1 generation. For example, when
the adhesive molecules was increased up to twice that of nor-
mal EC, two times of N1 was then generated during one time
interval and compared with Pf . Besides that, when a bond
formation was confirmed by stochastic process, the adhesive
force arising from the bond also increased proportionally due
to an increase in the adhesive molecules. As shown in Fig. 7,
the increase in the number of adhesive molecules resulted in
the decrease in the rolling velocity. The increase of adhesion
force for the cell at a shear modulus of 12 μN/m seems to be
the optimal one compared with softer and stiffer cells. This
is because the adhesion force is affected by the combination
of both cell rolling velocity and its deformability as analyzed
above.

The history of adhesion force in the early stage of EPC
rolling on EC substrate is illustrated in Fig. 8. The increase
of adhesive molecules promoted the adhesion force both in
possibility and in magnitude, which suggests that stimula-
tion of adhesion substrate is a useful way for EPC recruiting.
This result is in accordance with the changes of cell rolling
velocity for different molecule expressions shown in Fig. 7.

The formation rate was calculated by summing the to-
tal bond number during the time interval and divided by the
time interval (Fig. 9). The result suggests that with a stiffer
membrane, the bond formation rates on membrane decrease
sharply with the increase in the shear rates of flow. But for
softer ones, the tendency is not clear because both the de-

formability and the moving velocity of the cell can individu-
ally make significant contribution to bond formation.

Fig. 7 Comparison of cell rolling velocity with different amount of
adhesive molecules on substrate at shear rate γ̇ = 83.3

Fig. 8 Time sequence of the adhesion force with different condi-
tions of EC substrate in the early stage of EPC adhesion at shear
rate γ̇ = 83.3

Fig. 9 Bonds formation rates with shear rate for different shear
modulus of cell
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5 Concluding remarks

The adhesion behavior of EPCs on ECs substrate under a
simple shear flow was modeled and studied numerically. The
simulation results show that both the stiffness and the shear
rate of the flow are critical for the rolling and adhesion of the
EPCs on ECs. When the migration force which pushes EPCs
onto the vessel wall is neglected, the adhesion force from the
catch bonds of PSGL-1 only is not strong enough to hold
the EPCs steadily on the EC substrate. In the early stage of
cell adhesion, as the adhesion force is affected by the combi-
nation of both cell rolling velocity and its deformability, an
optimal stiffness of EPC may exists under a given shear rate
of flow for achieving maximum adhesion probability. It is
hoped that this study can not only help better understand the
adhesion behavior of EPCs on ECs, which is one of the crit-
ical processes for angiogenesis, but also contribute towards
the development of novel therapeutic options for cardiovas-
cular diseases.
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