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Role of flexural stiffness of leukocyte microvilli in adhesion dynamics
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Previous work reported that microvillus deformation has an important influence on
dynamics of cell adhesion. However, the existing studies were limited to the extensional
deformation of microvilli and did not consider the effects of their bending deformation
on cell adhesion. This Rapid Communication investigates the effects of flexural stiff-
ness of microvilli on the rolling process related to adhesion of leukocytes by using a
lattice-Boltzmann lattice-spring method (LLM) combined with adhesive dynamics (AD)
simulations. The simulation results reveal that the flexural stiffness of microvilli and their
bending deformation have a profound effect on rolling velocity and adhesive forces. As the
flexural stiffness of the microvilli decreases, their bending angles increase, resulting in an
increase in the number of receptor-ligand bonds and adhesive bonding force and a decrease
in the rolling velocity of leukocytes. The effects of flexural stiffness on deformation and
adhesion represent crucial factors involved in cell adhesion.

DOI: 10.1103/PhysRevFluids.3.031101

I. INTRODUCTION

Several direct simulation studies were performed to examine the influence of microvillus
deformation on cell adhesion. Caputo and Hammer [1] improved Hammer and Apte’s pioneering
adhesive dynamics model [2] by using a spring to approximate the elastic extensional response to
a small force of microvillus, as well as its plastic tethering response to a large force. Although
Pawar et al. [3] further improved the model by replacing the hard spherical cell with a deformable
neo-Hookean membrane, they kept the same extensional deformation of microvilli as that of Caputo
and Hammer. Alternately, Khismatullin and Truskey [4] combined the microvillus spring with
the receptor-ligand spring to express extensional deformation of microvilli and adhesive bonds.
Later, Pospieszalska et al. [5] allowed the microvillus to pivot around its base but remain stretched,
without considering bending stiffness and corresponding tangential elastic force. To the best of our
knowledge, all the existing simulation work was limited to extensional deformation and force on the
microvillus. These studies did not incorporate its bending stiffness and associated bending forces,
as this study does.

In fact, when a force tangential to the cell surface is exerted on a leukocyte microvillus, the
microvillus will be bent [6]. The bending of microvilli could potentially influence the binding between
receptors and ligands. In particular, when microvilli are flattened with the cell surface, the receptors
in the microvilli bases (instead of on the microvilli tips) may obtain additional adhesion with ligands
on the endothelial cells (ECs) or on the ligand-coated substrate [7]. The flexibility increases as the
flexural stiffness decreases. The flexibility of a microvillus may allow it to be more easily bent

*tai-hsien.wu@wmich.edu
†Corresponding author: dewei.qi@wmich.edu

2469-990X/2018/3(3)/031101(11) 031101-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.3.031101&domain=pdf&date_stamp=2018-03-01
https://doi.org/10.1103/PhysRevFluids.3.031101


TAI-HSIEN WU AND DEWEI QI

and may facilitate the contacts between the receptors on the microvillus tip and the ligands on the
endothelium, resulting in an increase in adhesion.

Due to the importance of flexibility in microvilli, Yao and Shao [8,9] measured experimentally
the flexural stiffness of the microvilli on lymphocytes and neutrophils under small deformation of
the microvilli. They reported that the values of the flexural stiffness of lymphocyte and neutrophil
microvilli are 4 and 7 pN/μm, respectively [8,9]. Simon et al. [10] conducted another experiment
to measure the flexural stiffness of a neutrophil microvillus under a large deformation (0.5–1 μm)
and found that the flexural stiffness is 5 pN/μm.

To take account of the bending effects of microvilli, we employ the measured data of flexural
stiffness to study the roles of flexural stiffness on cell rolling and adhesion by using a lattice-
Boltzmann lattice-spring method (LLM) combined with adhesive dynamics (AD) simulations. This
method treats not only extensional but also bending deformation of the microvilli. The method is
comprised of five numerical models: (1) lattice-Boltzmann method (LBM) for the Navier-Stokes
flow [11–24]; (2) coarse-grained cell model (CGCM) for the viscoelastic leukocyte membrane [25];
(3) lattice-spring model (LSM) for the flexible microvilli [26]; (4) immersed boundary method
(IBM) for the fluid-cell interactions [27]; (5) adhesive dynamics (AD) for stochastic binding between
P-selectin and P-selectin-glycoprotein-ligand-1 (PSGL-1) [2].

In the present work we use an elastic angular spring possessing a three-body force to approximate
the bending deformation of microvilli. In addition, we use an elastic bonding spring which has a
center-to-center two-body force responsible for extensional deformation. In order to focus attention
on the bending effect only, the flexural stiffness of the angular spring varies at different levels, while
the spring extensional stiffness is kept at a constant. The various physical quantities were calculated
and used to characterize cell adhesion. This work will fill a gap in the area of adhesive dynamics
simulations since there are no known reports on the effects of flexural stiffness of microvilli.

II. METHODS

A. Lattice Boltzmann method

The motion of Newtonian fluid is governed by the incompressible Navier-Stokes equations, and
the LBM has been proven to satisfy the incompressible Navier-Stokes equations by solving the
Boltzmann kinetic equation for Mach numbers below 0.3 [12–19]. The kinetic nature of the LBM
makes it more suitable for simulating multicomponent flows such as blood [20–24]. We implement
and use a parallel CUDA code [28] of the multi-relaxation-time LBM [11,29,30] and the associated
the LLM in this work [31]. More details of the LBM can be found in the Supplemental Material,
part A [32], and Refs. [12,13,33,34].

B. Coarse-grained cell model

The CGCM was presented by Fedosov et al. [25,35,36], in which a blood cell can be represented
by a membrane. The membrane is discretized as individual solid particles, each with a mass M , and
connected by a two-dimensional triangulated network. The total potential energy of the membrane
has four terms and is written as

U total = U in−plane + U area + U volume + U bending, (1)

where the in-plane potential energy term U in−plane is described by a combination of the finitely
extensible nonlinear elastic (FENE) and power law (POW) potential energies [37]; the energies
U area and U volume are used to consider the conservation of cell surface area and volume; and the
bending energy U bending exists between two adjacent elements (four adjacent solid particles). Thus,
the total elastic force on each particle can be computed. Further, the CGCM [25,36,37] also addresses
the membrane’s viscous property by adding a dissipative term to each spring. Finally, the leap-frog
algorithm is used to update the positions and velocities of every solid particle at each time step.
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FIG. 1. (a) Schematic of the LSM for the microvilli. (b) Schematic of the simulation configuration.

C. Lattice-spring model

Wu et al. [26] reported a generalized LSM in which an extensional spring and an angular spring
are used to account for extensional and bending deformation, respectively. We apply the LSM to
mimic the deformation of the leukocyte microvilli. As shown in Fig. 1(a), a microvillus is modeled
by a spring (vector rji) with one end fixed at the base particle i (microvillus base) on the cell surface
and with the other end j as the microvillus tip. Two types of deformation are illustrated. First, the
tip particle j of the spring can be extended or compressed with respect to the base particle i. The
potential energy responsible for the spring extension or compression Us is given by

Us = 1
2kmv

s (rji − r0ji)
2, (2)

where rji and r0ji are the instantaneous and initial microvillus lengths, respectively, and kmv
s is the

extensional spring constant. Second, vector rji can be bent with respect to vector rki to have a bending
angle θkij , where k is always located on the extension portion of the line connecting the mass center
CM to the base particle i. The line is called the angular baseline [the dashed line in Fig. 1(a)] and is
used for the measurement of the bending angle only. In fact, rki is a virtual bond, and particle k does
not participate in simulation. The energy due to the bending bond Ua is written as

Ua = 1
2kmv

a (θkij − θ0kij )2, (3)

where kmv
a is the angular spring constant and θ0kij represents the equilibrium angle. The elastic force

is calculated from the gradient of the sum of Ua and Us with respect to solid particles i and j .
According to Refs. [8–10,38], the extensional stiffness and flexural stiffness of the microvilli are

152–1340 and 4–7 pN/μm, respectively. The flexural stiffness K is defined by a ratio of the force
on the microvillus to the corresponding deflection, and it is related to the angular spring constant
by K = kmv

a /L2
mv . The derivation of the relationship between flexural stiffness and angular spring

constant is given in Supplemental Material, part B [32]. In this study, we first set kmv
s as 1340 pN/μm

and K as 7 pN/μm for validation, and then vary the flexural stiffness K to investigate the role of
flexural stiffness in leukocyte adhesion.

D. Immersed boundary method

To ensure that the solid particle velocity is equal to the fluid particle velocity at the solid boundary,
an interaction force on the fluid can be calculated from the momentum difference between the
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boundary solid particle and unforced fluid velocities. The unforced fluid velocity is calculated from
the surrounding fluid particles by using a discrete Dirac delta function [27]. Similarly, the interaction
force is distributed into fluid by using the same function. More details can be found in the literature
[26,27,31,34,39].

E. Adhesive dynamics

The AD was presented first by Hammer and Apte for simulation of leukocyte adhesion to
endothelial cells (ECs) [2]. This method uses the stochastic Monte Carlo method and Dembo kinetics
model to simulate the formation and rupture of the receptor-ligand bond.

In the Dembo model [40], the forward and reverse rates for the receptor-ligand bond under external
force are written as follows:

kf = k0
f exp

[
−σts(l − l0)2

2KBT

]
and kr = k0

r exp

[
(σb − σts)(l − l0)2

2KBT

]
, (4)

where k0
f and k0

r are the unstressed forward and reverse reaction rates, respectively; l and l0 are the
stretched and unstressed equilibrium bond lengths, respectively; σb and σts are the spring constants
in the bound and transition states, respectively; KB is the Boltzmann constant; and T is the absolute
temperature. The force Fb, acting on the receptor-ligand bond, is assumed to follow the Hookean
spring model, which can be written as

Fb = σb(l − l0). (5)

The probabilities of formation of a new bond Pf and of rupture of an existing bond Pr in a time
interval �t are given by

Pf = 1 − exp(−kon�t) and Pr = 1 − exp(−kr�t), (6)

where kon = kf AL(nL − nb); AL is the local surface area on the ligand-coated substrate accessible
to each receptor; and (nL − nb) is the density of the unbound ligand. In the time interval �t , two
random numbers Prand1 and Prand2 between 0 and 1 are generated. The time interval �t of 10 μs is
used, as suggested by Ref. [5], to simulate leukocyte rolling for a period of 5 s. A new bond is formed
under the condition Pf > Prand1. On the other hand, an existing bond is ruptured when Pr > Prand2.
The simulation parameters used in this study are collected in Table I.

III. RESULTS

We first simulate a leukocyte rolling on a P-selectin-coated surface in a shear flow at a shear
rate of γ = 50 s−1 (Reynolds number Re = 5.86 × 10−4), as shown in Fig. 1(b), and then compare
the average translational velocity of the leukocyte with other existing simulation and experimental
studies, as shown in Table II. Our results are calculated by a statistical ensemble average of five
repeated independent runs. The same applies to other average physical quantities in this work. The
simulation results for the rolling velocity agree with previously published data from other groups,
indicating our approach is plausible.

Subsequently, in order to examine the effect of the flexural stiffness of microvilli, the simulations
are conducted at the same conditions as the validation case, except that the flexural stiffness K is
varied at three different levels: 0.1Kexp, Kexp, and 10Kexp (see Table I) where Kexp = 7 pN/μm is the
flexural stiffness of microvilli measured directly from the experiments [8]. The corresponding angle
of microvilli, adhesive bonding force, number of receptor-ligand bonds, cell translational velocity,
and cell deformation are computed and used to characterize the role of flexural stiffness K . It is
important to note that in all the simulations the extensional stiffness is fixed at a constant value of
1340 pN/μm, so that our objective is to focus on the influence of flexural stiffness only.

In reference to the angle of microvilli, an angular distribution function f (θ ) of the microvilli,
those involved in adhesion, is defined and utilized to describe the probability of finding a microvillus
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TABLE I. The simulation parameters used in this study.

Parameter Definition Value (experimental range) Reference

ρf Fluid density 1000 kg/m3 [41]
μf Fluid dynamic viscosity 0.0012 N s/m2 [41]
DWBC Leukocyte diameter 7.5 μm [42]
ρWBC Leukocyte density 1077 kg/m3 [5]
YWBC Leukocyte membrane Young’s modulus 300 × 10−6 N/m [43]
KWBC Leukocyte membrane bending rigidity 3 × 10−18 J [37]
k0

f Unstressed forward rate 1 s−1 [44]

k0
r Unstressed reverse rate 1 s−1 [44]

σb Bond spring constant 1.0 × 10−3 N/m [45]
σts Transition state spring constant 0.98 × 10−3 N/m [45]
l0 Equilibrium bond length 70 nm [45,46]
KB Boltzmann constant 1.38 × 10−23 JK−1

T Absolute temperature 310 K [43]
Number of PSGL-1 mol/cell 7500 molecules [5]
P-selectin site density 150 molecules/μm2 [47,48]

Nmv Number of microvilli 714
Lmv Microvillus length 0.35 μm [49]
kmv

s Microvillus stiffness 1340 pN/μm (152–1340 pN/μm) [50,51]
Kexp Experimental microvillus flexural stiffness 7 pN/μm (4–7 pN/μm) [8–10]

at an angle of θ per unit angle, and it is written as

f (θ ) = 1

πn

∑
i

δ(θ − θi), (7)

where n is the total number of the microvilli that adhere to the substrate and θi is the bending angle of
the ith microvillus. The results of an ensemble average of the angular distribution function 〈f (θ )〉 are
displayed and compared in Fig. 2. The results indicate that when the flexural stiffness is the greatest,
the angular distribution function has a high peak close to zero, suggesting that the most microvilli are
oriented in the direction parallel to the angular baseline, which connects the mass center of the cell
to the microvillus base and extends to the outside of the cell surface [see Fig. 1(a)]. As the flexural
stiffness is reduced to a lower level, the peak becomes lower and wider, and shifts to a smaller angle
around θ = 0.14π , indicating that the microvilli are oriented away from the direction parallel to
the angular baseline. As the flexural stiffness is continuously reduced to the lowest level, the peak
is much lower and wider, around θ = 0.42π , implying that the most microvilli are oriented to the
direction perpendicular to the angular baseline and flatter with the substrate, as compared with the
other two cases. Figures 3(a) and 3(b) show the snapshots of the cell in the simulations where the
values of flexural stiffness of the microvilli are at 0.1Kexp and 10Kexp, respectively. In the area close

TABLE II. Comparison of the average translational velocity of the leukocyte among different groups.

Translational velocity
Source ± std (μm/s)

Present results 2.017 ± 0.124
Pospieszalska et al. simulation [5] 3.42 ± 0.51
Pospieszalska et al. experiment [5] 1.52
Lawrence et al. experiment [52] 2.47–4.25
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FIG. 2. The simulation results of the angular distribution of the microvilli at three different levels of the
flexural stiffness.

to the substrate, as shown in Fig. 3(a), the leukocyte microvilli are lying on the substrate in a prone
position, whereas, as shown in Fig. 3(b), the leukocyte microvilli stand more erectly on the substrate.

Next, receptor-ligand bonding forces are computed. Although a bonding force (direction and
magnitude) is varied and depends on its location, the bonding force can be decomposed into two
components in a local coordinate: one is parallel to the direction of the angular baseline [see Fig. 1(a)],
and the other is perpendicular to it. The parallel force component of total bond force on the ith
bonded microvillus Fbond,i

‖ is responsible for the extensional deformation of the microvillus, while

the perpendicular force component of the total bond force on the ith bonded microvillus Fbond,i
⊥

is responsible for the bending deformation. Further, a total local coordinate-based bond force is
defined by F bond = 〈 ∑

i |Fbond,i|〉. Simultaneously, the corresponding total parallel component is

FIG. 3. The snapshots of the simulations at two levels of the flexural stiffness of (a) K = 0.1Kexp and (b)
K = 10Kexp. The green and red points represent microvilli tips and the places where the receptor-ligand bonds
are formed.
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FIG. 4. The simulation results of the total local coordinate-based bond forces and their parallel and
perpendicular components at three different levels of the flexural stiffness.

defined by F bond
‖ = 〈 ∑

i |Fbond,i
‖ |〉 and the total perpendicular component is defined by F bond

⊥ =
〈 ∑

i |Fbond,i
⊥ |〉. The two force components represent total extensional and bending actions on all the

bonded microvilli. The results are plotted in Fig. 4, where F bond
⊥ significantly increases as the flexural

stiffness decreases. This is consistent with the fact that the bending angle significantly increases as
the flexural stiffness decreases or the flexibility increases, since the flexibility is responsible for the
bending deformation. However, F bond

‖ remains approximately at the same level because the spring
extensional stiffness is fixed at the same level. It is the flexibility of the microvillus which causes
it to bend and leads to an increase in the perpendicular component. The increase in the total local
coordinate-based bond force results mainly from the increase in the perpendicular component (see
Fig. 4).

A receptor-ligand bond may be formed when a receptor and its ligand are very close to each
other. If the microvilli are more flattened, due to bending, with the cell surface, the entire leukocyte
will be closer to the substrate. Therefore, the PSGL-1 molecules on microvilli tips may bind more
easily with the P-selectin molecules on the substrate. Conversely, if the microvilli on the cell bottom
are erect, the microvilli tips are far away from the P-selectin on the substrate and may not form
additional bonds. To quantify the number of the microvilli between the cell surface and substrate,
λmv is defined as a ratio of the number of microvilli located within a critical height Hc to the total
number of microvilli. The critical height is the distance above the substrate and is set to the unstressed
equilibrium receptor-ligand bond length, Hc = l0 = 70 nm. The ratio is used to evaluate the possible
bonding. The larger the value of λmv , the more likely the number of microvilli are to attach and
bind with the substrate, and vice versa. Figure 5(a) shows that the ratio λmv increases as the flexural
stiffness decreases (or as the flexibility increases) because of alignment of the microvilli with the
substrate.

To inspect the rolling behavior of the leukocyte, the ensemble average of the translational velocity
was calculated, and the results are exhibited as a function of the flexural stiffness in Fig. 5(b). The
result shows that as the flexural stiffness decreases, the translational rolling velocity of the leukocyte
decreases due to the increase in the adhesive bonding force. Simultaneously, the ensemble average of
the number of the receptor-ligand bonds was computed, and is displayed as a function of the flexural
stiffness in Fig. 5(c). It shows that as the flexural stiffness decreases, the number of receptor-ligand
bonds increases. It is clear that a decrease in the translational velocity is attributed to an increase in
the number of receptor-ligand bonds and in the perpendicular component of the adhesive bonding
force, due to the flexibility of the microvilli.
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(a) (b)

(c) (d)

FIG. 5. The simulation results of four different physical properties at different levels of the flexural stiffness.
(a) Ratio λmv , (b) Average translational velocity, (c) Number of bonds, and (d) Deformation index (L/H ).

Finally, the cell deformation was probed. The deformation index is defined by the ratio of cell
length L to cell height H , as portrayed in Fig. 1(b). The results of the deformation indexes, as a
function of the flexural stiffness, are given in Fig. 5(d). The figure shows that the deformation indexes
remain at the same level, suggesting that the cell deformation has no significant change and is not
affected by the flexural stiffness. Therefore, the changes in the number of adhesion bonds and the
perpendicular bonding force exerted on leukocytes are caused by the flexural stiffness, as evidenced
in the previous section, and are not caused by the bulk cell deformation.

IV. CONCLUSION

This Rapid Communication studies the effects of the flexural stiffness of leukocyte microvilli on
the rolling process related to the adhesion of leukocytes by using LLM and AD simulations. It is
found that the flexural stiffness has a profound effect on rolling velocity and adhesive bonding force.
It is demonstrated that the bending angles of the microvilli and the perpendicular component of the
adhesive bonding force significantly increase as the flexural stiffness of the microvilli decreases,
resulting in an increase in the number of receptor-ligand bonds and a decrease in the translational
rolling velocity of leukocytes. It is the flexibility of the microvilli which results in their flattening on
the substrate, expedites contact with the substrate, and facilitates the formation of adhesive bonds.
Certainly, the influence of the flexural stiffness cannot be ignored. It is also shown that the flexural
stiffness does not affect the bulk cell deformation.
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