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Abstract—The mechanics of leukocyte@white blood cell
~WBC!# deformation and adhesion to endothelial cells~EC! in
shear flow has been investigated. Experimental data on t
sient WBC–EC adhesion were obtained fromin vivo measure-
ments. Microscopic images of WBC–EC contact during inci
ent WBC rolling revealed that for a given wall shear stress,
contact area increases with time as new bonds are formed a
leading edge, and then decreases with time as the trailing e
of the WBC membrane peels away from the EC. A tw
dimensional model~2D! was developed consisting of an elas
ring adhered to a surface under fluid stresses. This ring re
sents an actin-rich WBC cortical layer and contains an inco
pressible fluid as the cell interior. All molecular bonds a
modeled as elastic springs distributed in the WBC–EC con
region. Variations of the proportionality between wall she
stress (tw) in the vicinity of the WBC and the resulting dra
force (Fs), i.e., Fs /tw , reveal its decrease with WBC defo
mation and increasing vessel channel height~2D!. The compu-
tations also find that the peeling zone between adherent W
and EC may account for less than 5% of the total cont
interface. Computational studies describe the WBC–EC ad
sion and the extent of WBC deformation during the adhes
process. ©1999 Biomedical Engineering Society.
@S0090-6964~99!01103-0#

Keywords—In vivo, Incipient cell rolling, Transient contact
Drag force, Modeling.

INTRODUCTION

Leukocyte@white blood cell~WBC!# adhesion to en-
dothelial cells~EC! of postcapillary venules is a funda
mental step in the inflammatory process which prece
their emigration through the microvessel wall. It is ge
erally recognized that firm adhesion is the final result
a sequence of dynamic events that begins with the r
cal migration of WBCs to the venular wall, its subs
quent rolling along the EC, and finally WBC arrest a
attachment to the EC.24 The process of WBC adhesio
and rolling involves a complex balance of forces arisi
from hydrodynamic shearing effects and the strength
the adhesive bond between the WBC and EC. This b
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ance depends strongly on WBC deformability14 and the
expression of adhesion receptors and ligands.19,24

For example, observations of WBC rollingin vivo
have shown that as the blood wall shear rate (ġ) in-
creases from 50 to 800 s21, WBCs elongate to 140% o
their undeformed diameter, and the contact area betw
WBC and substrate increases 3.6-fold.14 These data em-
phasize the potential of cell-shape changes with de
mation to affect WBC rolling and adhesion by eith
alteration of the resistance to deformation or the stren
of the adhesive WBC–EC bonds. For example, the
locity of WBC rolling in venules was found to vary ver
little at all shear rates, thus suggesting that the gre
deformation of WBCs rolling at high shear rates resu
in greater adhesive forces that attenuate further incre
of WBC rolling velocity as shear stress is increase
Also, the stretching and elongation of the WBC in she
flow may help temper hemodynamic drag forces on
WBC by reducing the extent of the vessel lumen o
structed by the WBC.18

Significant progress has been made in the past dec
toward understanding the receptor-mediated cell ad
sion which is involved in the WBC–EC interaction. De
tailed experimental studies of the adhesive bonds h
suggested that adhesion molecules of the selectin fam
are involved in maintaining the initial rolling of leuko
cytes on the endothelium, whereas the much stron
integrin bonds are responsible for firm and prolong
WBC attachment to the EC.19,24

Analysis of the forces involved in WBC–EC adhesio
at the equilibrium state was pioneered by Bell.3 Based
upon Zhurkov’s30 kinetic theory of fracture, the analysi
of the separation of two cells firmly adhered to o
another was cast in terms of the thermodynamics of b
separation. Evans11 established a theoretical framewo
of a one-dimensional tape-peeling model to compute
adhesion force between a biomembrane and a subs
with constant adhesive strength. To study the recep
mediated cell adhesion to a ligand-coated surface, H
mer and Lauffenburger17 took steps from Bell’s theory3

and developed a cell adhesion model taking recept
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FIGURE 1. In vivo video images of a rat’s
leukocyte „WBC… adhering to the venular
endothelium „EC… characterized by the
WBC–EC contact length L c at various
times in the blood flow. Wall shear
stress 57.7 dyn/cm 2. „a… WBC just ad-
heres to the EC at time t 5t 0 „0 s…. „b…
WBC reaches its largest deformation at
time t 5t p „3.2 s…. „c… WBC peels away
from the EC at time t 5t e „5.3 s…. „d… Rep-
resentative measurements on L c chang-
ing as a function of time.
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ligand bond kinetics into consideration. By consideri
the influence of the mechanical properties of the c
membrane, Dembo and co-workers5 extended Evans’
tape-peeling theory by adding receptor–ligand bond
netics into their model and computed the adhesion fo
between a cell membrane and its adherent subst
With a similar approach, Wardet al.27 further explored
the effect of ligand density on the detachment of the c
membrane from a substrate. While other simple geom
ric models have been previously used to represent c
to-surface adhesion,1,15,17,26no previous study has eluc
dated the mechanics of shape change for the entire
due to deformation and adhesion under shear flow c
ditions. It is thus evident that greater insight is needed
the mechanisms that determine how hydrodynam
forces acting on the cell surface are transmitted, via
deformation, into forces which disrupt individua
receptor–ligand bonds between the WBC and EC.

To explore the role of WBC deformation in the pro
cess of WBC–EC adhesion, the present study has ai
to develop a biomechanical model using the theory of
elastic thin shell coupled with adhesion bond kineti
The model includes a two-dimensional cell-shape cha
due to deformation and determines the relationship
tween cell membrane mechanics and the recep
mediated WBC–EC adhesion. A finite-element compu
tional model was used to calculate the hydrodynam
force and torque exerted on individual cells in a sh
flow. The equilibrium among forces arising from hydr
dynamic shearing effects due to the blood flow, and
strength of the adhesive receptor–ligand bonds betw
WBC and EC is considered. Results show that both
net hydrodynamic force and adhesion force are in
enced by both the cell deformability and cell–surfa
adhesion kinetics. Comparison of the model within vivo
.

-

ll
-

d

n

data indicates that WBC deformability is an essen
component that aids in the adhesion process to bala
the hemodynamic and WBC–EC adhesive forces.

EXPERIMENTAL OBSERVATIONS

To assess the relationship between cell membrane
chanics and the formation and disruption of WBC–E
adhesion bonds, both the WBC–EC contact area
WBC shape have been studied usingin vivo experiments
during incipient WBC attachment and detachment to
EC.25 Briefly, a high-magnification water immersion ob
jective ~340! was used to record the transient adhes
of WBCs to the lateral edges of postcapillary venules
mesentery~rats!, as described by Lipowskyet al.21 The
wall shear stress due to the flow was estimated as
Newtonian value of 8mVmean/D, whereD denotes vesse
diameter,Vmean represents the mean-blood velocity, a
m is the blood viscosity~an average value of blood
viscosity of 0.025 P was assumed!. Vmean was estimated
from the red cell@red blood cell~RBC!# velocity VRBC,
obtained along the center line of the vessel by the e
pirical relationship for the video two-slit photometri
techniqueVmean5VRBC/1.6.2 Images of WBC adhesion
to, and detachment from the EC were recorded on vid
tape for subsequent analyses. WBC-shape changes
alterations in the contact length between the WBC a
EC during the transient adhesion were characterized

The recorded video images of WBC–EC adhes
were used as a reference guide for development of
computational cell model. For an illustration, three re
resentative shapes of a WBC transiently adhering to
EC are shown in Fig. 1. The cell shape shown in F
1~a! represents a WBC that has just adhered to the
face of the EC, prior to deforming in response to a w
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300 DONG et al.
shear stress (tw) of 7.7 dyn/cm2. It has been noticed tha
the cell is deformed from its original circular shape to
teardrop shape along the direction of flow in the blo
stream prior to cell attachment. Following the attac
ment, the cell deforms with time due to the elongation
the cell membrane and deformation of the cell bo
under the influence of hydrodynamic and adhes
forces. Also, the WBC–EC contact length (Lc) @Fig.
1~a!# steadily increases with time as new bonds a
formed at the leading edge of the WBC membrane. T
starting time of the WBC deformation was defined ast0

(t050 s), which is the time of initial attachment to th
EC. When the WBC adheres to the EC for about 3.2
the cell becomes most deformed as evidenced by ha
the largest projection length (Wc) and Lc @Fig. 1~b!#.
The corresponding time for a cell to reach its larg
deformation was denoted astp , which is the time that
the WBC starts to be peeled away from the EC. Ev
tually, the WBC is detached from the EC after 5.3
which was defined as the ending time (te) @Fig. 1~c!#.
During this period,Lc subsequently decreases with tim
as the trailing edge of the WBC membrane is pee
away from the EC during initiation of cell detachmen
Frame-by-frame analysis of video recordings facilitat
the measurement ofLc , Wc , and height (Hc) as shown
in Figs. 1~a!, 1~b!, and 1~c!, respectively. Linear regres
sions of Lc versus time were used to characterize
relationship among cell dimensions~Hc , Wc , and Lc!
and wall shear stresstw for two distinct time periods:
t0<t<tp and tp<t<te , as illustrated in Fig. 1~d! for
this representative cell. Since theHc and Wc could be
easily measured from thein vivo images, we therefore
used theHc /Wc ratio as a key index to validate the ce
model, and a comparison between the computed
measured values ofLc could be obtained.

THEORETICAL FORMULATIONS

A theoretical model ofin vivo WBC–EC adhesion
was developed. Using a two-dimensional~2D! approxi-
mation to the actual three-dimensional~3D! cell body, a
cross-sectional slice of an adherent WBC was form
lated, which was made by the cell membrane through
azimuth center of the cell@Fig. 2~a!#. The cell was rep-
resented by a 2D extensible elastic ring adhered t
plane surface with steady-state fluid stress and adhe
contact stress as they were acting to deform the WBCin
vivo. In actuality, this ring may represent an actin-ri
cortical layer under the WBC surface. The model a
included the kinetics of adhesion bond formation a
disruption within the WBC–EC contact region. All mo
lecular bonds were modeled as elastic springs, wh
were distributed in the contact region to generate
contact stress to the adherent ring. To determine
e

shape of a deformed cell, static equilibrium between h
drodynamic shear stress and adhesive force was con
ered as follows.

An Extensible Elastic Ring Adhered to A Plane Surfa
in Shear Flow

The undeformed shape of the elastic ring was
sumed to be circular with radiusRc . When the cell is
subjected to a steady fluid stress, the elastic ring defo
to a teardrop-like configuration@Fig. 2~a!#. The effect of

FIGURE 2. „a… Schematic drawing of a 2D cell adhesion
model. HC is the height; WC is the projection length; L C is
the contact length; d is the active peeling zone; mc is the
intracellular viscosity; f is the angle between a tangent
drawn from a point on the ring surface to the substrate; Fs is
the fluid drag force; and Tz is the torque with respect to the
point O „the projection point of mass center C …. „b… A seg-
ment of the cell cortical layer modeled by an elastic ring. Q,
T, and M are the transverse shear, membrane tension, and
bending moment, respectively. q and t are the total normal
and tangential surface stresses, respectively. s is the sur-
face coordinate. „c… Schematic illustration of an adhesion
bond in the region of WBC–EC contact. Each individual
bond is modeled by an elastic spring with a tilted angle u to
the substrate. j is the stretch length of the bond. T is the
membrane peeling tension and d is the active peeling zone.
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301Mechanics of Leukocyte–Endothelium Adhesion
cell membrane folds or wrinkles, which provide abo
80%–100% excess area over that needed to envelop
cell volume by a smooth spherical surface~undeformed
WBC!, was characterized by the extensibility of the ela
tic ring in terms of its surface stretch ratio~l!. The
WBC–EC contact area was characterized by the con
length Lc in the 2D model. The cell interior was as
sumed to be an incompressible, viscous Newtonian fl
under the quasistatic state with a viscosity ofmc . For a
2D case, the cell volume incompressibility in 3D w
then approximated by an area conservation that the
enclosed. The membrane elasticity and cytoplasmic
cosity will determine the degree of cell deformatio
Formulation of the membrane mechanics was develo
along the cell surface for nonadherent and adherent
gions as follows.

In the nonadherent region, it was assumed that
external stresses from the steady shear flow had a no
componentqf and a tangential componentt f on the cell
surface, respectively, as shown in Fig. 2~b!. Prior studies
of WBC deformation suggested that a simple membr
theory might be adequate to describe the rheolog
behavior of the WBC cortical layer by neglecting th
bending properties.7,8,13 In a recent study, Zhelevet al.29

included the bending stiffness to model the WBC corti
layer and cell deformation. In the present analysis,
WBC cortical layer has included the effect of both ben
ing stiffness and surface folds during cell deformation
a shear flow:

Q82kT2q50, ~1!

T81kQ1t50, ~2!

M 82Q50. ~3!

Equations ~1!–~3! govern the equilibrium of the ring
segment as shown in Fig. 2~b!. Q, T, and M are the
transverse shear, the tension, and the bending mom
respectively;q and t are the total normal and tangenti
surface stresses, respectively. The prime~8! indicates the
differential d/ds, in which s is the surface coordinat
along the midsurface starting at the leading edge of
ring–substrate contact point and going counterclockw
The bending momentM can be assumed to be

M5lB~k2k0!, ~4!

where B is the bending stiffness of the cortical layer;12

andk is the curvature of the ring that is equal tof8(s),
wheref(s) is the angle between a tangent drawn from
point on the surface of the ring to thex axis. k0 is the
reference curvature of the ring in the resting~unde-
formed! state.l is the stretch ratio of the ring along th
e

t

-

l

l

t,

circumference in the direction of the flow, which shou
reflect the properties of the leukocyte cortical layer
terms of the membrane surface folds@Fig. 2~b!#.

For a 2D model, the width of the ring may be a
sumed to be constant during cell deformation, so that
cell surface area change is approximated byDA/A5l
21. If T0 is assumed to be the prestressed tension in
cortical layer, the stretch ratio in Eq.~4! can be ex-
pressed by the approximation9

l511An T2T0

E
or T5T01E~l21!n, ~5!

whereE is the elastic modulus for the membrane surfa
area dilatation andn is a positive finite number~E
50.15 dyn/cm,n51 were used by Dong and Skalak9!.
From Eqs. ~1!–~4!, one obtains a single fourth-orde
nonlinear ordinary differential equation forf(s), to-
gether with Eq.~5!, which describes the deformation o
the upper surface of the cell~Fig. 1!, i.e.,

Bf99

f8
2

q8

f8
2

lBf9f-

~f8!2
1

f9q

~f8!2
1lBf8f91t

1l-BS 12
k0

f8
D 1

2l9Bf9

f8
1

3l8Bf-

f8

2
2l8B~f9!2

~f8!2
1

l9Bf9k0

~f8!2
1l8B~f8!250. ~6!

This equation may be separated into a set of four fi
order nonlinear ordinary differential equations an
solved by using a Runge–Kutta method~IMSL, Houston,
TX! as an initial value problem.

In the adherent region, the mechanical response of
cell membrane to the WBC–EC adhesion was form
lated. All adhesion bonds within the adherent regi
were assumed to be oriented at an angle~u! to the sub-
strate @Fig. 2~c!#, with a force f b from each receptor–
ligand bond. The strength of the adhesive bonds to re
all horizontal forces from the shear flowFs was deter-
mined by integration of the product of an individu
bond force f x ~the sum of the horizontal component o
f b! and a bond densityNb over the entire contact areaAc

in the direction of flow@Fig. 2~a!#. It is hypothesized in
the present model that only those bonds in the ac
peeling region~d! near the trailing edge@Figs. 2~a! and
2~c!#, rather than the entire contact region (Lc), would
be stretched during the cell membrane peeling proc
and, therefore, resistFs on the cell. In the region beyond
the d zone within Lc , all bonds were assumed to b
compressed for a balance of forces in they axis. The
fluid torque Tz exerted on the cell body and the torqu



ue
s
rom
s

f
r
-

e

ne
nd

as
the

e

te
th

nd

h o

l to
ns
th

the
to
ed

ow

eel-

y

-
u-
ll

red
ced

the
dy-
id
e

sible
-
ing

302 DONG et al.
generated by the stretched adhesive bonds in thed zone
were balanced with respect to the point O@Fig. 2~a!#,
i.e., the projection point of the mass center C. The torq
generated beyond thed zone was neglected, which wa
believed to be much less than the torque generated f
the peeling zoned. The current modeling approach ha
focused on a very small peeling zone reflected byd/Lc .

In terms of membrane displacementY(s) @Fig. 2~c!#,
the local mechanical equilibrium within thed zone was
formulated in a similar way to Eq.~6!, by letting q5
2sb2qin , andt5tb , whereqin is the normal stress o
the cell interior; andsb andtb are the normal and shea
adhesive-bond stresses, respectively.s represents the cur
vilinear coordinate, starting at the trailing edge~point
Pc ; s50! counterclockwise along the ring surfac
within the peeling zoned. X5d (s51) represents the
end point of the peeling zone, at which the membra
surface is tangential to the substrate with zero-bo
stretch or compression (Y50).

The formulation of adhesive-bond separation w
based on the reaction model developed in
literature,3,5,17 in which the bond densityNb may be
related to the kinetics of bond formation by

]Nb

]t
5Vp

]Nb

]s
1K1~Nl2Nb!~Nr2Nb!2K2Nb , ~7!

where Nr is the initial density of total receptors on th
WBC surface andNl is the initial density of total ligands
on the EC.K1 andK2 are the forward and reverse ra
constants, respectively, which have been proposed in
following forms:16

K15K1
0 expS 2

K tsj
2

2Bz
D , ~8!

K25K2
0 expS 2

~Ks2K ts!j
2

2Bz
D , ~9!

where Bz is the product of the Boltzman constant a
temperature;Ks is the bond elastic constant;K ts is the
transition state bond elastic constant;j is the stretch
length of a bond@Fig. 2~c!#; and the superscript ‘‘0’’
refers to the reaction rates at the state of zero stretc
the bonds. In the region beyond thed zone @Fig. 2~a!#,
K1 and K2 were assumed to be constant and equa
K1

0 and K2
0 , respectively. The above kinetic equatio

govern the bond density variation as a function of bo
space and time within the contact area, including
critical trailing edge where the bond is separated due
the peeling force. A receptor–ligand bond was assum
to be disrupted only if the bond density became bel
e

f

the critical bond density,Nbc51024Nb0 .5 Nb0 is the
initial bond density solved by

05K1
0 ~Nl2Nb0

!~Nr2Nb0
!2K2

0 Nb0
. ~10!

At the contact points5Pc @Fig. 2~c!#, the bond density
Nb was assumed to beNb0 at time t5t0 and subse-
quently dropped toNbc at time t5tp in the present
model. For s,Pc , it was assumed thatNb,Nbc and
bond stresses are negligible. LettingVp be the peeling
velocity given byVp5]Pc /]t,5,6 with a reference frame
fixed at the moving pointPc , then Vp50 if t,tp . For
time periodt>tp , Vp is given by

Vp5H 2@K1~Nl2Nb!(Nr2Nb!2K2Nb]Y ]Nb

]s J U
s5Pc

.

~11!

Therefore, the detachment process requires that the p
ing velocity Vp.0.

In terms of j(s) @Fig. 2~c!#, if one receptor–ligand
bond generates a tension forcef b given by f b5Ksj,
then the normal bond stresssb can be expressed by

sb5Nbf b sin~u1f!. ~12!

The adhesive shear stresstb can also be expressed b

tb52Nbf b cos~u1f!. ~13!

Equations~12! and ~13!, therefore, provide a bridge be
tween the molecular influence of bond kinetic distrib
tion @Eqs. ~7!–~9!# and the continuum model of ce
deformation in formulating adhesive-bond stressessb

and tb in the peeling region@Fig. 2~b!#.

Fluid–Solid-Coupled Model

The effects of coupling the moving fluid~blood! and
the deformation of an adherent cell were also conside
in the present study. Given that shear stresses produ
by the blood stream cause a deformation of the cell,
effect of the resultant cell-shape change on the hydro
namic flow field was estimated by a computational flu
dynamic model of flow over a deformed cell body. Th
blood was assumed to be a homogenous, incompres
Newtonian fluid with a viscosity of 1.3 cp. The two
dimensional steady-state flow field was calculated us
the finite-element method~FIDAP, Evanston, IL! to solve
the equations of conservation of mass
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303Mechanics of Leukocyte–Endothelium Adhesion
“•u50, ~14!

and momentum

]u

]t
1u•¹u52¹p1

1

Re
¹2u, ~15!

whereu is the velocity vector;p is the fluid pressure;t is
the time; and Re is the Reynolds number based on
radius of the cell.

To minimize the influence of the inlet and outle
boundary conditions, the entrance and exit lengths w
chosen to be 8 and 13 times the undeformed cell dia
eter, respectively. The velocity profile was assumed to
parabolic and unidirectional at the entrance. Addition
boundary conditions included no slip and no penetrat
at the lower and upper wall, no slip condition on the c
surface, and a unidirectional velocity profile without no
mal stress at the outlet.

Computational grids were generated using the au
matic mesh generator in theFIDAP software with a re-
finement of the grids near the cell surface@Fig. 3~a!#.
The sharp corner near the cell–surface contact reg
was replaced by a smooth curve to avoid overlap gr
A nonlinear, steady analysis with an initial guess
Stokes flow was specified. The Galerkin method w
weighted residuals was used to form integral equatio
The penalty function approach was used to replace
pressure variable~i.e., ¹•u52ep with e51027!, and
the integration was achieved by Gaussian quadrat
Grid optimization was achieved by testing the influen
of the mesh density on the shear stress and normal s
computations. 2280 element nodes were used to cha
terize the geometry of capillary venules and the flo
field, as shown in Fig. 3~a!. The fluid drag force was
computed by integrating the shear and normal for
along the cell surface as follows:
s

.

.

s
-

Fi5E
S
s i j nj dS, ~16!

wherenj is the unit normal vector on the cell surfaceS
@Fig. 2~b!#. For a 2D model, the incompressibility of
3D cell volume was approximated by a conservation
the area enclosed by an elastic ring multiplying the ri
width ~i.e., a volumeV5area3width54pRc

3/3 for a cell
with a radius ofRc!. A constant ring width of 6mm was
chosen for the present computation.s i j is the total stress
tensor for the flow field. Knowing the forceF, the fluid
torque Tz with respect to the pivot point O@Fig. 2~a!#
was given by

Tz5 (
k51

N

Fk•Mk , ~17!

FIGURE 3. A typical finite-element grid used for a flow field
and an adherent cell generated by FIDAP. „a… and „c…: Extra-
cellular flow field containing an adherent cell on the sub-
strate boundary. „b… and „d…: Intracellular flow field for a
deformable cell under shear.
TABLE 1. Parameters used in deformation and adhesion model.

Symbol Definition Value Reference

Rc WBC radius 4.0 mm 23
D Venule diameter in rat (average) 30 mm 25
E WBC membrane area modulus 0.12 dyn/cm 9
B WBC membrane bending stiffness 1.1531029 dyn cm 29
Nr Total receptor density 2 –531010 mol/cm2 19
Nl Total ligand density 2 –531010 mol/cm2 19
K1

0 Forward rate constant 5.5310211 cm2/s 19
K2

0 Reverse rate constant 1.3 1/s 3
Ks Bond elastic constant 4.0 dyn/cm 5, 16
Kts Transition state bond elastic constant 3.96 dyn/cm 5, 16
Lb Bond length 50 nm 24
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304 DONG et al.
where M is the moment arm with respect to the piv
point O andN is the total number of discrete points.

To compute the flow field within the cell interior
velocity boundary conditions were applied along the c
membrane. The cell membrane was assumed to b
quasistatic equilibrium, and the pivot point of the mem
brane rotational motion was approximated to be the p
jection point of the cell center of gravity on the substra

FIGURE 4. Computed 2D shapes of a WBC adherent to the
EC in a shear flow. Model parameters used for computa-
tions are listed in Table 1. „a… An undeformed cell shape was
assumed to be a circular ring that touches the substrate at
time t 50 s. At time t 5t 0 „01 s…, this ring quickly deforms
into a teardrop „solid line … forming an initial contact length
L c as shown in Fig. 1 „a…. Time t p is the instant at which the
cell undergoes the largest deformation. Wall shear stress
56.0 dyn/cm 2. „b… Deformed cell shapes at time t 5t p with
different shear stresses of 3.0, 6.0, and 9.0 dyn/cm 2.
@Fig. 2~a!#. To better represent the flow close to th
moving boundary, three layers of elements with specifi
depths@Fig. 3~b!# were attached around the cell mem
brane prior to an automatic meshing for the remain
computational domain of the cell interior with a total o
1344 element nodes@Fig. 3~b!#. The actual fluid shear
stress and normal stress acting on the cell inner sur
were computed coupling with cell deformation.

RESULTS

In the present cell adhesion and deformation mode
cell diameter of 8mm and a vessel channel height~2D!
of 30 mm were assumed. Both intracellular and extrac
lular flow fields for an adherent cell under shear a
illustrated in Figs. 3~c! and 3~d!. Using the parameters
listed in Table 1 for this model, Fig. 4~a! shows the
calculated 2D cell shapes in a shear flow, where a W
is adherent to the EC under a fluid wall shear stress (tw)
of 6.0 dyn/cm2. The cellular cytoplasmic viscosity (mc)
of the adherent WBC was predicted to be around 100
which was derived from the best agreement between
experimentally measured and the computed indices
cell shapes~e.g., Lc , Hc , and Wc ; Fig. 2! at various
time points @e.g., t0 , tp and te ; Figs. 1~a!–1~c!#. Time
t5t0 (t0501 s) represents the instant at which a WB
just attaches to the EC and quickly deforms into
initial teardrop shape. Timet5tp ~e.g., tp53.8 s, under
tw56.0 dyn/cm2! is the time point that the WBC initiate
detachment from the EC. After timetp , the cell starts a
peeling process while the trailing edge of the WB
membrane moves in the direction of the blood flow. T
actual distance of the cell movement from timetp to te

was computed@Fig. 4~a!#. Figure 4~b! shows the com-

FIGURE 5. Distribution of the normal and tangential shear
stresses along a deformed cell surface within a 30 mm diam
vessel „wall shear stress tw56.0 dyn/cm 2

…. The spatial loca-
tions A-B -C-D along the abscissa correspond to the actual
sites „inset … along the wall and the cell surface.
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FIGURE 6. Computed results: „a…
horizontal drag force Fs ; „b… torque
Tz ; and „c…, „d… drag coefficients
Fs /tw and Tz /tw , respectively, on a
single cell adhered to the venular
wall „vessel diameter 530 mm… as a
function of wall shear stress tw . The
different time instants represent dif-
ferent cell shapes with deformation.
Goldman’s curves represent results
from a rigid sphere under the same
flow conditions described.
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puted cell-shape changes under different wall sh
stresses~e.g., tw53.0, 6.0, and 9.0 dyn/cm2! at time t
5tp .

Figure 5 shows that the actual shear stress around
cell is very different from the inlet wall shear stresstw .
For example, shear stresst starts at t5tw

56.0 dyn/cm2 away from a cell~point A! and is gradu-
ally reduced in its magnitude as flow approaches the
~point B!. The shear stress then rapidly increases al
the deformed cell surface as the vessel lumen beco
more obstructed by the cell. The peak stress~point C!
was found to betmax52.5 tw in a range of inlet wall
shear stress 3.0–9.0 dyn/cm2. The shear stress drops a
the vessel lumen widens again along the leading sur
of the cell ~point D!. This stress resumes its upstrea
value at some point downstream. The pressure d
across one cell~e.g., in a 30mm vessel channel! was
found to be aroundDp514– 45 dyn/cm2 at tw of 3.0–
9.0 dyn/cm2.

The horizontal drag force (Fs) and torque (Tz) on a
WBC were calculated as a function oftw as shown in
Figs. 6~a! and 6~b!. While bothFs andTz increase astw

becomes larger@Figs. 6~a! and 6~b!#, the ratios ofFs /tw

and Tz /tw decrease whentw increases@Figs. 6~c! and
6~d!#, suggesting that the fluid drag force and torq
acting on an individual cell increase disproportionate
e

l

s

less thantw , most likely due to cell deformation. Figur
6 also shows thatFs , Tz , Fs /tw , and Tz /tw all have
the largest value at timet0 ~cells are less deformed! and
the smallest value attp ~cells are more deformed! for any
given tw . If it is assumed that the cell is a rigid sphe
in close proximity to the substrate, the drag forceFs or
Fs /tw may be estimated from the formulation of Gold
man, et al.15 As illustrated in Figs. 6~a! and 6~c!, the
solution of Goldman and co-workers yields much grea
values forFs andFs /tw . These results demonstrate ho
cell-shape changes or cell deformability may affect t
total fluid drag force and torque on the adherent cells
a shear flow. It is these fluid forces that are transmit
via a deformable cell body to the cell–surface cont
region, which generate a peeling force that breaks
adhesive bonds.

Figure 7 further elucidates the relationships amo
the fluid drag coefficientFs /tw , the vessel channe
height D, and cell dimension. The computations reve
that Fs /tw increases asD decreases@Fig. 7~a!#. The
influence of WBC deformation~characterized by cell-
shape indexHc /Wc! on Fs /tw becomes more apparen
when D is small ~e.g., D,15mm!. Fs /tw decreases as
Hc /Wc decreases from 0.8 to 0.4 for a givenD under a
wall shear stress 6 dyn/cm2 @Fig. 7~a!#. With further
reductions inHc /Wc , a minimum value ofFs /tw is
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attained whenHc /Wc approaches 0.2, following which
Fs /tw increases with further reductions inHc /Wc .

The total adhesive force resulting from the recepto
ligand bonds depends on the bond density@Nb ; Eqs.~12!
and~13!#. Such a force is a function of both time and th
peeling tension that is acting on each bond@Eqs. ~7!–
~9!#. The bond kinetic change would alter the bond d
tribution and the WBC–EC surface contact gapY(X)
~Fig. 2!, hence, change the total adhesive strength
resist the flow-induced peeling forces. Figure 8~a! shows
the nondimensional peeling gapY/Lb between the WBC
and EC surfaces as a function of a peeling dista
X/Lb(0<X,d). Lb is the length for a unstretched bon

FIGURE 7. Fluid drag coefficient on a deformed cell affected
by: „a… cell deformation represented by a ratio of cell height
Hc to the cell projection length Wc „D is the channel height
for a 2D vessel …; and „b… vessel lumen obstriction by a cell
characterized by a ratio of Hc /D.
and d is the active peeling zone within the total conta
region of Lc ~Fig. 2!. The results were calculated und
tw53.0 dyn/cm2 at four different time pointst5t0 , tp/2,
tp , and te , respectively. These gapsY(X) represent the
different extent at which each individual bond is stress
under the tensile-peeling forces from the cell membra
The peeling gap increases as time increases fromt0 to
tp . It is noticed from the experimental observation~Fig.
1! that the entire frame of the WBC membrane begins
move in the direction of flow after timetp , analogous to
a rigid body rotation about the WBC center. The to
distance moved by a cell was predicted by multiplyi
the average peeling velocity (Vp) with the time differ-
ence of Dt5te2tp as shown in Figs. 4~a! and 8~a!.
Within the same peeling zoned, the actual bond density
distributions (Nb) corresponding to the gaps shown
Fig. 8~a! were also predicted from the present cell adh
sion model@Fig. 8~b!#. From Fig. 8~b!, it can be seen
that there is a significant drop in bond density at tim
t5tp/2 and tp , which suggests a mode of temporal d
pendence on bond density based on the kinetic Eq.~7!–
~9!. This drop becomes more apparent especially near
trailing edge@X50; Fig. 2~c!#, where the largest peeling
forces are exerted on the receptor–ligand bonds. To
tain these results, an initial bond density (Nb0) was as-

FIGURE 8. Theoretical predictions on „a… WBC–EC peeling
gaps „Y… as a function of both space „X… and time „t…. Wall
shear stress is 3.0 dyn/cm 2. L b is the unstretched bond
length „L b550 nm …. The inset defines X50 location. „b…
Spatial and temporal distributions of receptor–ligand bond
density „Nb…. Nb0 is the initial bound density „Nb051.3
31010 dyn/cm 2

….
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307Mechanics of Leukocyte–Endothelium Adhesion
sumed to be uniformly distributed at timet5t0 within
the area of WBC–EC contact. Based on the kine
model proposed by Bell,3 it was also assumed that th
time needed~from t50 to t5t0501 s! to form a bond
would be very short compared with the scale of t
adhesion timetp . The bond densityNb0 , therefore, rep-
resents the total equilibrium in bond formation within
‘‘zero’’ time period. Nb0 , however, depends on the in
tial density of total receptorsNr on the WBC and ligands
Nl on the EC, as well as the kinetic rate constantsK1

0

and K2
0 @Eqs. ~8! and ~9!#.

The ratio of the active membrane peeling length~d! to
the entire contact length (Lc) was computed from timet0

FIGURE 9. „a… Ratios of active peeling zone „d… to the total
contact length „L c… as a function of time. tw is the wall shear
stress and t p’s are the different peeling times „superscripts
1–3 on t p are for tw59.0, 6.0, and 3.0 dyn/cm 2, respective-
ly …. „b… Comparison of the results obtained from the experi-
mental measurements and theoretical predictions on
WBC–EC contact length L c .
to tp , under wall shear stresses ranging from 3.0 to
dyn/cm2. Figure 9~a! shows that only a very small por
tion of the entire cell–surface contact (d/Lc

;2% – 4%) is actually under the tensile peeling force
is this small peeling zoned that provides all the
adhesive-bond forces to resist the fluid-induced d
force. Under higher shear stresses~e.g., tw56.0 or 9.0
dyn/cm2!, thed/Lc ratio increases with time due to a fa
that d increases more than that inLc . This suggests tha
a cell is actively being detached from its substrate fas
than the cell can be deformed by the shear force.
contrast, thed/Lc ratio shows a biphasic change wit
time under a low shear stress~e.g.,tw53.0 dyn/cm2!, in
which the d/Lc ratio increases during an initial tim
period followed by a subsequent decrease at a later ti
Obviously, a decrease in thed/Lc ratio indicates thatLc

increases disproportionately more thand under low shear
stresses, in which cell deformation becomes more ap
ent than cell–surface detachment. The model predicti
on the WBC–EC contact lengthLc were directly com-
pared with experimental measurements~e.g., Fig. 1! as a
function of time for different wall shear stresses@Fig.
9~b!#. The parameters used to calculateLc are tabulated
in Table 1. The cytoplasmic viscosity and cell membra
bending stiffness were estimated to be around 100 P
1.531029 ergs, respectively. Figure 9~b! illustrates that
an increase in wall shear stress results in an increas
WBC–EC contact lengthLc , but a decrease in peelin
time tp .

The relative influence of both cytoplasmic viscosi
and membrane bending stiffness on the overall cell
formability were examined. Figure 10~a! shows how cell
deformation at an onset timet0 responds to a 10- to
20-fold increase in cytoplasmic viscosity under a giv
wall shear stress (tw56.0 dyn/cm2). The cytoplasmic
viscosity mc significantly influences cell–surface conta
as well in terms ofd/Lc @Fig. 10~d!#. To characterize the
effect of membrane elasticity on the cell-shape chan
and cell–surface contact, changes in membrane ben
stiffness B were tested for a given wall shear stre
@Figs. 10~b! and 10~c!#. These results demonstrate th
sensitivity of the cell deformation to alterations in th
membrane bending stiffness of the WBC cortical laye

The influence of cell receptor densityNr and substrate
ligand densityNl on the peeling timetp was character-
ized for different cell deformations as shown in Fig. 1
where b is an index of the cell-shape changes th
reflects the ratios of cell height and width at two diffe
ent times: tp and t0 ~i.e., b5$Hc /Wc% utp /$Hc /Wc% ut0!.
Given a cell shape, e.g., from Fig. 4~a! ~b'0.8, Nr

53.031010mol/cm2!, tp changes as a function ofNl

@Fig. 11~a!#. A nearly linear relationship betweentp and
Nl was found for low values ofNl . As shown from Fig.
11~a!, there is a critical value ofNl (;1.03109

mol/cm2) below which tp apparently approaches zer
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FIGURE 10. Influence of cytoplasmic vis-
cosity „mc… and cortical layer bending
stiffness „B… on cell shapes „a… and „b…
and cell–surface contact „c… and „d… at
the time of initial attachment „t 0…. Wall
shear stress tw56.0 dyn/cm 2. „a… and „d…:
Change in cytoplasmic viscosity mc „with
B 51.531029 ergs …. „b… and „c…: Change in
membrane bending stiffness B „with mc
5100 P; B 051.531029 ergs ….
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indicating that cells cannot maintain adherence to
substrate under the given flow shear stress. The cur
calculations also suggest that the critical values of liga
density @minimal values in Fig. 11~a!# for maintaining
cell adhesion (tp.0) are not significantly influenced b
cell deformation or wall shear stress. However, a grea
value in ligand density will result in a longer peelin
time tp . When a cell becomes stiffer~e.g.,b'1.0!, the
peeling timetp will become shorter than those for de
formable cells~e.g.,b'0.6!. The sensitivity of the peel-
ing time to receptor densityNr @Fig. 11~b!# appears to
increase as the ligand density increases. Figure 1~c!
illustrates the effects of bond kinetics@characterized by
Frs5$Ks2K ts%/Ks ; Eqs. ~8! and ~9!# on the transient
adhesion in terms oftp . Results from Fig. 11 sugges
that the cell–surface adhesion time is predominately
fected by the receptor–ligand bond density and kine
in contrast to the extent of cell deformation.

DISCUSSION

Numerical calculations have been presented to inv
tigate the mechanics of WBC deformation and adhes
to the EC in shear flow and to elucidate the effect
cellular mechanical properties on the equilibrium b
tween hydrodynamic and adhesive forces.

Both in vivo measurements~Fig. 1! and numerical
simulation ~Fig. 4! have shown that under a given wa
shear stress, the contact lengthLc increases with time as
t

-

new bonds are formed at the leading edge.Lc then de-
creases with time as the trailing edge of the WBC me
brane peels away from the EC@bond breakage was as
sumed to occur atS50; Fig. 2~c!#. The time tp was
found to decrease if the wall shear stresstw increased. A
significant linear correlation (p,0.05) between ln(tp)
andtw was previously found by Strubleet al.25 in which
they showed a logarithmic decline oftp with tw . Their
study suggested thattp could be equivalent to the bon
lifetime under a given separation force, which would
consistent with the kinetic theory of fracture develop
by Zhurkov30 and Bell.3 The present study has used tim
tp to characterize the transient state of WBC–EC ad
sion at which the cell starts to peel away from the su
strate during the initiation of WBC–EC separation.

The relationship between wall shear stress along
EC and peak shear stress on the WBC surface was
culated. The shear stress at the highest point of a
~point C in Fig. 5! was found to be 2.5 times of th
upstream wall shear stress raging from 3.0 to 9
dyn/cm2. However, such an estimate based on a
model could fall short in an actual 3D flow field. Fo
example, Caoet al.4 found the maximum shear stress o
an adherent cell surface in a 3D flow field would b
almost 4.0 times of the inlet wall shear stress. Simi
shear stress distributions were also observed in o
studies of low Reynolds number flow over spreadi
cells,22 although less rigorous estimates of shear stress
the WBC surface were made. The pressure drop ac
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309Mechanics of Leukocyte–Endothelium Adhesion
one cell is found to be around 14.0–45.0 dyn/cm2 for tw

of 3.0–9.0 dyn/cm2, which is within the range of experi
mental conditions. A pressure drop across an adhe
cell was previously reported by House and Lipowsky18

from an actual in vivo measurement to be about 4
dyn/cm2 under a similar flow condition.

The influence of cell deformation on the total ho
zontal forceFs and torqueTz on the cell has been cha

FIGURE 11. Changes of the peeling time t p as a function of
the EC ligand density Nl „a… and „b… and bond constant K ts
„c…. b is the ratio of Hc /Wc„t p… and Hc /Wc„t 0… characterizing
the cell deformability. Hc is the cell height and Wc is the cell
projection length. Nr is the WBC receptor density. Wall shear
stress is 6.0 dyn/cm 2 for „a… and „b…. „a… Influence of Nl on t p
with different b „Nr53.031010 mol/cm 2

…. „b… Influence of Nr
on t p with different Nl „b50.8…. „c… Influence of K ts ˆFrs
5„K s2K ts…/K s‰ on t p under different wall shear stresses
„Nr5Nl53.031010 mol/cm 2, K s54.0 dyn/cm ….
t

acterized.Fs and Tz were calculated from timeto to te

~Fig. 6! by integrating the total fluid stresses acting on
deformed 2D ring with an effective ring width of 6mm
@Fig. 2~a!#. For a given wall shear stresstw

56.0 dyn/cm2, Fig. 6~a! shows thatFs decreases from
time t0 to tp due to an increase in cell deformation@Fig.
4~a!#. The computed forceFs on a deformable cell
ranges from 1.3 to 2.331025 dyn under wall shear
stresses tw53.0– 9.0 dyn/cm2, which is significantly
smaller than that on a rigid sphere calculated by
method of Goldmanet al.15 Schmid-Scho¨nbein et al.23

estimated that a drag force between a leukocyte and
endothelium was in an order ranging from 4.031026 to
23.431025 dyn as determined fromin vitro models.
House and Lipowsky18 also calculated the leukocyte
endothelium adhesion force ranging from 1.1 to 76
31025 dyn with a mean force of 12.131025 dyn based
upon in vivo measurements of pressure drop along
venular wall. It has been found that the forceFs and
torque Tz both increase@Figs. 6~a! and 6~b!# with an
increase in wall shear stress within the range that
have tested (tw53.0– 9.0 dyn/cm2). In contrast, the drag
coefficient Fs /tw or Tz /tw , for a deformable cell de-
creases astw increases@Figs. 6~c! and 6~d!#, suggesting
that the drag acting on an individual WBC increas
disproportionately less thantw due to cell deformation.
The current calculations on the drag@Fig. 6~c!# agree
with those earlier experiments onin vivo force
determination.18 The magnitude ofFs /tw , however, is
somewhat different from that of House and Lipowsky18

where values ofFs /tw decreased from 1.531025 to
0.2531025 dyn astw increased from 2.0 to 6.0 dyn/cm2

within a 35 mm diam vessel. The greaterin vivo values
may be attributed to the increased stiffness of thein vivo
WBCs ~which protruded further into the lumen! attained
during adhesion stimulated by the chemoattractant fML
Irregularities in the microvessel wall and hence a dep
ture from a circular cross section may also be a fac
contributing to this disparity.

To further elucidate the mechanics of WBC–EC a
hesion and deformation in a small vessel, the relati
ships among the fluid drag coefficientFs /tw , the vessel
channel heightD, and cell dimension were examine
~Fig. 7!. It has been found thatFs /tw decreases as
Hc /Wc decreases from 0.8 to 0.4 for a givenD and a
wall shear stress@Fig. 7~a!#. When Hc /Wc approaches
0.2, a minimum value ofFs /tw is attained following
which Fs /tw increases with further reductions i
Hc /Wc . In that extreme situation, it would be possib
that any slight decrease in cell height (Hc) may cause an
increase in cell projection length (Wc) due to the cell
volume conservation. As a result, an additional incre
in fluid–cell surface contact area will possibly increa
the horizontal fluid drag force on a very deformed ce
Figure 7~b! further illustrates the extent to which th
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310 DONG et al.
fluid drag force is influenced by ratios of the cell heig
to the channel height~i.e., Hc /D!. The reversed trend o
Fs /tw dependence on cell deformation is strongly
fected by the vessel dimensions. While these results
qualitatively similar to the simple ‘‘pill box’’ model of
House and Lipowsky,18 they offer greater detail and pre
sumably a more realistic appraisal of the role that c
deformation plays in affecting the drag force on an a
herent WBC.

The fluid drag forces acting upon a WBC will b
transmitted to forces that disrupt individual adhesi
bonds between WBC and EC. BothFs and Tz are bal-
anced by adhesive forces, which are influenced by
bond elastic constantK ts, the bond densityNb , the ac-
tive WBC–EC separation areaAc ~characterized by the
peeling lengthd!, the location of a mass center, and t
bond tilting angleu @Fig. 2~c!#. It is evident from the
present calculations which represent incipient WBC ro
ing that the peeling gapY5Y(X) and the peeling dis-
tance X5d change as a function of time and locatio
@Fig. 8~a!#. This behavior results in both temporal an
spatial changes inNb @Fig. 8~b!#, and hence the bond
force f x5AcNbf b sin(u1f). Because of the tempora
change inNb under a given wall shear stresstw , an
adherent cell in a shear flow deforms as a function
time in order to readjust the force balance (Fs5 f x) to
maintain its adherence to the EC~Fig. 4!. As the peeling
gap Y5Y(X) continuously increases@Fig. 8~a!# and
bond densityNb decreases with time@t0,t,tp ; Fig.
8~b!#, a final equilibrium state must be reached at wh
the bonds at the trailing edge of the WBC–EC cont
@point Pc in Fig. 2~c!# reach a critical densityNbc . The
time needed to reach this critical point has been cha
terized in the present study by the peeling timetp , sub-
sequent to which the cell initiates movement (tp,t
,te). The distance of a curve shifting due to the c
detachment from its substrate was determined from
experimental measurements~Fig. 1!. The average bond
tilting angles were predicted to be around 45.5°–65
from the calculations for a shear stress raging from
to 9.0 dyn/cm2. This prediction is close to the angle o
55.5° estimated by Alonet al.1 in their studies of the
lifetime of the P-selection carbohydrate bond under
shear stress of 1.1 dyn/cm2.

The active peeling distanced has been found to be
less than 5% of the total contactLc and depends on th
wall shear stress, adhesion time, and cell deforma
@Fig. 9~a!#. Thed zone may also depend on the mecha
cal properties of cell membrane and bond adhes
strength.5,11 It should be noted that the computed a
measured values ofLc are in close agreement. Som
differences between calculation and experiment@Fig.
8~b!# may also arise from artifacts in thein vivo
images,28 which may result from out-of-focus informa
tion. The apparent WBC–EC contact length also depe
-

strongly on the intercellular viscositymc and cell mem-
brane bending stiffnessB.

Both cytoplasmic viscosity@Fig. 10~a!# and cell mem-
brane elasticity@Fig. 10~b!# have a profound influence o
cell deformation. For red blood cells, there is very litt
extension in cell surface area during cell deformatio
RBC deformability is predominated by the bending a
shearing rigidity of the cell membrane. Membrane~or
thin shell! theory is usually adequate to describe t
rheological behavior of the WBC cortical layer withou
considering the bending property7–9,13 because of a large
among of surface folds. Comparing with the RBC me
brane bending stiffness of 10212ergs,10 a WBC bending
modulus in an order of 10211erg was recently reported
by Zhelevet al.29 from a micropipette measurement on
suspended white cell under static deformation. Also
bending stiffness of 2.031029 ergs was estimated b
Olivier and Truskey22 in calculating the fluid on a
spreading cell in a laminar flow using a parallel-pla
flow chamber. The current 2D model shows that suc
membrane bending rigidity~B! has a significant influence
on cell deformation@Fig. 10~b! and 10~c!#. Figure 10~c!
~an adherent cell under a shear force! suggests a genera
parametric trend thatd/Lc , a ratio between the active
peeling zoned and the total contact lengthLc , would
decrease whenB becomes smaller. For example,d/Lc is
about 3%–6%~depending on shear stresses! when B is
in an order of 1029 erg. d/Lc decrease to approximatel
1%–2% whenB values are less than 10210erg, indicat-
ing that a ‘‘softer’’ cell membrane would result in large
cell deformation with an increase in cell–surface cont
length Lc . We have further found that the total conta
length Lc increases disproportional more than those
the active peeling zoned when B decreases. Cell defor
mation is also sensitive to cytoplasmic viscositymc @Fig.
10~a!#. Figure 10~d! indicates a general parametric tren
that d/Lc would increase from 1%–3% to 5%–8% whe
mc increases from 102 to 103 P, indicating that a more
viscous core in cell cytoplasm would result in small
cell deformation with a decrease in cell–surface cont
length Lc . We found that the total contact lengthLc

decreases disproportional more than those of the ac
peeling zoned when mc increases. Although some dis
crepancies might exist in estimatingmc and B for a
WBC,13,22,29 it would be noted that most parameters a
very ‘‘apparent,’’ depending on a model~2D or 3D!.
Those apparent parameters also depend on an actua
perimental assay~a suspended cell under static conditio
or an adherent cell on a flat surface subject to a sh
flow!. The apparent parameters obtained in this stu
were derived from the best agreement with thein vivo
experimental measurements on cell shapes, cell–sur
contact lengthLc ~d could not be measured!, transient
adhesion timetp , and various shear stresses. Witho
concluding what should be an ‘‘appropriate’’ magnitud
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311Mechanics of Leukocyte–Endothelium Adhesion
for mc and B, a general parametric trend shown in F
10 has provided an important insight showing how WB
rheological properties would affect cell deformatio
hence, the cell–surface adhesion.

The relative influence of cell-shape changes a
ligand densityNl on the peeling timetp was character-
ized for a wall shear stress of 6 dyn/cm2. Shown in
Fig. 11~a!, an extremely highNl will result in an infinite
long tp , indicating that the present shear stress may
be high enough to detach the WBC from the EC.
contrast, ifNl becomes extremely low,tp will be close to
zero, which implies that cells cannot maintain adhere
to the endothelium. As shown in Fig. 11~a!, cell deform-
ability has less significant influence on the peeling tim
On the other hand, given an EC ligand density on
substrate, the surface receptor densityNr on a WBC can
also change the WBC–EC peeling time@Fig. 11~b!#.
With the current 2D model, a bond lifetime was chara
terized by a measurable time constanttp regulated by a
parameterK ts @Eq. ~9!#. Demboet al.5 defined a bond as
a ‘‘slip bond’’ if K ts,Ks ; while they called an ‘‘ideal
bond’’ when K ts5Ks . Results from Fig. 11~c! predict
that the smallerK ts is (Frs5$Ks2K ts%/Ks), the shorter
the peeling timetp ~transient adhesion! will be. An
‘‘ideal bond’’ would have a longer adhesion time. Sin
K ts affects the bond densityNb @Eqs. ~7!–~9!#, the num-
ber of bonds is very sensitive to the formation of
‘‘stable adhesion’’ (t0,t,tp) and an initiation of cell
rolling (tp,t,te).

Although a 2D model has its limitations on an es
mate of forces, time, and other results in describing
actual 3D situation, the present model provides a us
means to characterize the influence of cellular defo
ability on the transient cell adhesion processes. Amo
all those parameters, the fluid shear stresstw has the
most significant impact on almost all solutions, such
cell shapes@Fig. 4~b!#, drag forces~Fig. 6!, cell–surface
contact interface@Fig. 9~a!; Figs. 10~c! and 10~d!#, and
transient adhesion@Fig. 9~b!; Fig. 11~c!#. Rheological
parameters, such as cell membrane bending moduluB
and cytoplasmic viscositymc , have profound effects on
cell shapes@Figs. 10~a! and 10~b!# and the cell–surface
contact interface@Figs. 10~c! and 10~d!#. Flow channel
dimensionD appears to affect drag forces~Fig. 7!. Ad-
hesion receptor (Nr) or ligand (Nl) densities and bond
property~characterized byK ts in Frs) seem to have more
influence on adhesion time@Figs. 11~b! and 11~c!# than
that for cell shapes@Fig. 11~a!#. In general, a more de
formable cell would be less easy to detach because
smaller drag force~Fig. 6!. Recent work by Leiet al.20

also showed that a less deformable cell would roll fas
due to less energy dissipation from both cell cytopla
and cell–surface adhesion.
l

In summary, the analyses presented in this paper
low us to understand the basic mechanics of leukoc
deformation and adhesion to the vascular endothelium
shear flow. Beyond the parametric studies presen
here, the major conclusion is that the transmission
shear forces to the entire cortical shell of the WBC a
their resultant action on a relatively small ‘‘peelin
zone’’ at the cell’s trailing edge is a process that can
be ignored or overly simplified, if one is to obtain mea
ingful descriptions ofin vivo events. It is apparent tha
much further experimental and theoretical studies
needed to fully elucidate the mechanics of WBC–E
adhesion.
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