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Biomechanics of cell rolling: shear #ow, cell-surface adhesion, and cell
deformability

Cheng Dong*, Xiao X. Lei
Bioengineering Program, The Pennsylvania State University, 229 Hollowell Building, University Park, PA 16802, USA

Abstract

The mechanics of leukocyte (white blood cell; WBC) deformation and adhesion to endothelial cells (EC) has been investigated using
a novel in vitro side-view #ow assay. HL-60 cell rolling adhesion to surface-immobilized P-selectin was used to model the WBC}EC
adhesion process. Changes in #ow shear stress, cell deformability, or substrate ligand strength resulted in signi"cant changes in the
characteristic adhesion binding time, cell}surface contact and cell rolling velocity. A 2-D model indicated that cell}substrate contact
area under a high wall shear stress (20 dyn/cm2) could be nearly twice of that under a low stress (0.5 dyn/cm2) due to shear
#ow-induced cell deformation. An increase in contact area resulted in more energy dissipation to both adhesion bonds and viscous
cytoplasm, whereas the #uid energy that inputs to a cell decreased due to a #attened cell shape. The model also predicted a plateau of
WBC rolling velocity as #ow shear stresses further increased. Both experimental and computational studies have described how WBC
deformation in#uences the WBC}EC adhesion process in shear #ow. ( 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Selectins are responsible for `capturinga or `tetheringa
leukocytes (white blood cells; WBC) in post capillary
venules (Springer, 1994). Selectin-mediated WBC rolling
at physiologic #ow rates was found to be a distinct
prerequisite for integrin-mediated "nal WBC arrest to
endothelium (EC) (Lawrence and Springer, 1991). Such
a process involves a complex balance of forces arising
from hydrodynamic shearing e!ects and the strength of
the adhesive bond between the WBC and EC (Lau!en-
berger and Linderman, 1993). Hydrodynamics appears
to play an important role in allowing cell rolling to occur
by driving the cells forward while the speci"c adhesion
force holds them at the marginal position of the vessel.
The rheological properties of WBC alter the circumstan-
ces under which both WBC}EC adhesion bond forces
and #uid shear forces act. Cell deformation contributes
to a stronger WBC}EC adhesion by providing a larger
contact area so that more adhesion receptor}ligand pairs
can be formed. As a cell elongates, a decrease in cell
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height results in less vessel-lumen obstruction and less
#uid driving force on the cell. This suggests the import-
ance of cell deformability and its potential role in regula-
ting WBC}EC interactions.

In the present study, HL-60 cell rolling adhesion to
surface-immobilized P-selectin in shear #ow has been
investigated using a newly developed side-view #ow
chamber (Cao et al., 1997), which permits measurements
of cell deformation and cell}substrate contact length as
well as cell rolling velocity. The puri"ed P-selectin was
coated onto a clean microslide surface to simulate the
vascular endothelium. HL-60 cells were chosen because
they express levels of PSGL-1 (P-selectin ligand) compa-
rable to that on most human leukocytes. A two-dimen-
sional model was recently developed based on an
assumption that the #uid energy input to a rolling cell
would be essentially distributed into two parts: cytoplas-
mic viscous dissipation, and an energy needed to break
adhesion bonds between the rolling cell and its substrate
(Lei et al., 1999). Both extracellular and intracellular #ow
"elds were solved using "nite element methods with
a deformable cell membrane represented by an elastic
ring. The adhesion energy loss was calculated based on
the receptor}ligand kinetic equations. It was found that
the cell-substrate contact area under high wall shear
stresses (20 dyn/cm2) could be nearly twice of that under
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Fig. 1. (a) Schematic diagram of the side-view #ow chamber setup.
Light from the condenser is "rst re#ected by one of the 453 prisms,
through the cell-substrate interface, and then re#ected by another 453
prism to reach the objective lens, (b) Side-view images of HL-60 cells
rolling on P selectin-coated substrate. For the particular images shown,
P-selectin density is 3.75]1010 sites/cm2. The inlet wall shear stress is
2 (top) and 15 (bottom) dyn/cm2, respectively.

low stresses (0.5 dyn/cm2) as a result of shear #ow-in-
duced cell deformation. An increase in contact area re-
sults in more energy dissipation to both adhesion bonds
and viscous cytoplasm whereas the #uid energy that
inputs to the rolling cell might decrease due to the #at-
tened cell shape, indicating how WBC deformation in-
#uences the WBC}EC adhesion process in shear #ow.

2. Materials and methods

Human promyelocytic leukemic cell lines (HL-60)
were maintained in tissue culture as detailed elsewhere
(Lei et al., 1999).

The side-view #ow chamber consisted of two precision
rectangular glass tubes called microslides (Fig. 1a). The
smaller microslide was inserted into a larger one to create
a #ow channel with a #at surface on which the selected
P-selectin molecules were present. Two optical prisms,
each with a 453 chromium-coated surface, were used

along the #ow channel to generate side-view light illu-
mination. This design allowed the measurement of cell
rolling velocity, cell shape change and cell-substrate con-
tact length (Fig. 1b).

P-selectin was puri"ed from outdated blood platelets
by immunoa$nity chromatography, which was gener-
ously provided by Dr. Michael Lawrence (Univ. of Vir-
ginia, Charlottesville, VA). P-selectin molecules were
adsorbed to the microslide surface following the method
developed by Cao et al. (1998). Site density of adsorbed
P-selectin on the glass surface as a function of P-selectin
solution concentration was determined by a radioim-
munoassay using a functional blocking monoclonal anti-
body G1 (Lawrence et al., 1997).

To increase cell deformability, HL-60 cells were
treated with 10 lM cytochalasin B (CB; Sigma, St. Louis,
MO) before any #ow assays. The cell suspension was
then perfused through the #ow channel over the P-
selectin immobilized substrate using a syringe pump
(Harvard Apparatus, MA). The rolling adhesion of HL-
60 cells on P-selectin was observed through an inverted
microscope (Nikon, Melville, NY). The e!ects of #ow
shear stress, cell deformability, and substrate P-selectin
density on HL-60 cell deformation and rolling adhesion
were analyzed.

3. Modeling and analyses

To understand the relative in#uence of shear #ow,
adhesion strength, and cell deformability on WBC rolling
(Fig. 2a), a 2-D model was employed (Fig. 2b). An elastic
ring enclosing an incompressible viscous #uid represent-
ed an actual 3-D cell. Adhesion bonds formed between
WBC surface and its substrate were treated as elastic
springs that were perpendicular to the substrate. For
simplicity, WBC surface microvilli were neglected in the
current model by assuming a smooth membrane surface.
A prestressed elastic ring, with both adherent and non-
adherent portions, simulated an actin-rich cell cortical
layer. The deformation of a non-adherent ring under
both extracellular and intracellular #uid stresses was
solved by a #uid}solid coupled calculation. The deforma-
tion of an adherent ring under the adhesion force was
calculated by coupling with adhesion bond kinetics (Figs.
2c and d).

The extracellular and intracellular #ow "elds were
calculated using a "nite element analysis package
(FIDAP; Fluid Dynamics International). It was assumed
that #uid surrounding the cell membrane and #uid en-
closed by the cell membrane were homogeneous, incom-
pressible and Newtonian (with a di!erent viscosity).
Finite element methods were used to solve the two-di-
mensional steady-state Navier}Stokes equations. The en-
trance #ow was assumed to be a fully developed 2-D
Poiseuille #ow. At the surface of the lower and upper
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Fig. 2. Model illustrations for a rolling WBC in a shear #ow: (a) Factors involved in a rolling WBC interaction with EC, (b) A 2-D cell model in terms
of shear stress, cell-surface adhesion and cell deformation. q

8
is the inlet wall shear stress; ¸

#
and H

#
are cell contact length and height, respectively;

v
#
is the cell rolling velocity (i.e. cell center velocity); k

#
is the cytoplasmic viscosity; EQ

&
, EQ

$
, and EQ

!
are the rates of energy for #uid, viscous cytoplasm,

and adhesion bonds, respectively. (c) Illustrations of an adherent membrane and its associated adhesion bonds. v
1

is the membrane peeling velocity
(relative to the substrate). Microvilli are neglected by assuming all bonds to be spatially distributed along a smooth membrane as a function of s,
modeled by elastic springs with constant k (s is the curvilinear coordinate). (d) Schematics of three types of adhesion bonds: (I) Catch bond (k(k

54
); (II)

Ideal bond (k"k
54
); and (III) Slip bond (k'k

54
), in which k

54
represents the transition state bond elastic constant.

boundaries of the #ow channel and of the rolling cell, no
slip and no penetration conditions were assumed. The
intracellular #ow "eld was solved similarly, with no slip
and no penetration boundary conditions for the inner
surface of cell membrane. The rate of energy provided by
the #ow (EQ

&
) to the rolling cell was
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where S
&
is the surface area exposed to the #ow "eld; C

&
is

the corresponding 2-D circumference, p
ij

is the #uid
stress, l

j
is the normal unit vector of the surface, and v

*
is

the velocity on the surface. On the assumption of cell
volume conservation, an e!ective cell width of
w
#
"4R

#
/3 was derived (R

#
was the radius of an

undeformed cell, which was 3 lm for an average HL-60
cell.).

The rate of energy dissipation of the viscous cytoplasm
(EQ

$
) becomes
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where < is the cell volume, S is the cell cross-sectional
area in a 2-D model, and e

ij
is the strain rate.

Adhesion kinetic equations were coupled with mem-
brane equations. The cell}substrate contact area was
characterized by cell}substrate contact length ¸

#
in the

2-D model. As shown in Fig. 2c, assigning s"0 as the
starting point where the adhesion bonds were un-
stretched, curvilinear coordinate is increased towards the
detaching edge. For a rolling cell with no sliding, the
rolling velocity v

#
(i.e., the cell center velocity) was essen-

tially the membrane detaching velocity v
1

(Fig. 2c). The
adhesion bond force was assumed to be f

"
"N

"
k(y!j),

where N
"

is the bond density, k is the bond elastic
constant, j and y are the lengths of an unstretched bond
and a stretched bond, respectively. Dembo et al. (1988)
proposed:
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where N
-
is the ligand density on the substrate; N

3
is cell

surface receptor density; k
&%2

and k
3%2

are forward and
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Fig. 3. HL-60 cells roll on a substrate with P-selectin density (N
-
;

]1010 sites/cm2). Data (by symbols) are presented as mean $SD
averaged from more than 10 cells. Theoretical calculations (by curves)
are compared with experiments: (a) Cell height and cell}substrate
contact length as a function of shear stresses, in#uenced by P-selectin
density, (b) Cell rolling velocity a!ected by cell deformability (untreated
cells and CB-treated cells) and ligand density under various shear
stresses q

8
. The p-value (0.05 between (i) and (ii) except for very low

q
8

(0.5}2.0 dyn/cm2); and p-value (0.05 between (ii) and (iii) except for
either very low or very high q

8
(0.5 or 15.0}20.0 dyn/cm2). Cytoplasmic

viscosity k
#
was estimated at 40 (CB-treated cells) to 50 (untreated cells)

poise to match the measurements on ¸
#
, H

#
, and v

#
at all shear stress

levels tested.

reverse reaction rate constants for unstretched bonds;
B
;

is thermal energy, and k
54

is the bond elastic constant
in transient state. Depending on the values of k

54
and k,

adhesion bonds could be classi"ed to three types, the
so-called catch bonds (k(k

54
), ideal bonds (k"k

54
), or

slip bonds (k'k
54
) as de"ned in Fig. 2d (Dembo et al.,

1988). The energy loss in overcoming adhesion (EQ
!
) was

proportional to adhesion bond force and cell rolling
velocity
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where w
!

is the e!ective width of the contact area
(w

!
"p¸

#
/4, assuming a circular contact area).

Cell rolling velocity, v
#
, was calculated based on an

energy balance. The rate of energy provided by the sur-
rounding #uid to the rolling cell (EQ

&
) was assumed to be

dissipated predominantly into two parts: EQ
!
, energy dissi-

pation due to adhesion bond separation, and EQ
$
, energy

loss due to cytoplasm viscous dissipation (Schmid-
Schonbein et al., 1987). Other energy gains and losses
from biochemical sources during bond association and
dissociation were neglected:
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where H
#

and ¸
#

are the cell height and cell}surface
contact length, respectively. q

8
is the #ow wall shear

stress along the cell surface and k
#

is the intracellular
viscosity.

4. Results

Images of rolling HL-60 cells were recorded, including
changes cell height H

#
and cell}substrate contact length

¸
#
. H

#
and ¸

#
of each rolling cell were measured in three

sequential frames and averaged using a video frame grab-
ber (Data Translation, Marlboro, MA). Fig. 1b shows
typical video images of a rolling cell under di!erent shear
stresses with a substrate P-selectin density of 3.75]1010
sites/cm2. Rolling cell morphologies changed from al-
most a sphere at a low shear stress to a tear drop-like
shape at a high shear stress with an increase in ¸

#
and

decrease in H
#

(Fig. 3a). However, there were no signi"-
cant changes in H

#
and ¸

#
when P-selectin density

N
-
changed from 3.75 to 5.3]1010 sites/cm2. HL-60 cell

rolling velocities were also measured as a function of
shear #ow, in terms of cell deformability and P-selectin
density (Fig. 3b). With a given ligand density, v

#
increased

as shear stress increased and seemed to approach a pla-
teau at higher shear stresses. Less change in v

#
was seen

with a variation of ligand density under low shear stres-

ses (&2 dyn/cm2), but v
#

changed more apparently un-
der high shear stresses (&20 dyn/cm2). As ligand density
increased, v

#
decreased. P-selectin with 3.75 and 5.3

(]1010 sites/cm2) were the highest densities that we
tested in supporting cell rolling (for v

#
'0). In contrast

under a high shear stress (20 dyn/cm2), a value of 0.79
(]1010 sites/cm2) was found close to the lowest ligand
density to support continuous cell rolling. CB-treated
HL-60 cells deformed much more easily than the un-
treated cells, which resulted in a slower v

#
than that of

untreated cells. Theoretical predictions on cell deforma-
tion and rolling velocity were compared with the experi-
mental measurements (Fig. 3a and b). Values for
cytoplasmic viscosity and the adhesion bond reaction
rate constants were estimated to derive the #uid drag
force and energy dissipation involved in cell rolling
under various parametric changes. Some other model
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Table 1
Model parameters cited: De"nitions and values

Symbol De"nition Value Reference

N
3

Cell surface receptor
density (sites/cm2)

2.0]1010 Lawrence and
Springer (1991)

k
&3%2

Forward reaction
rate constant (cm2/s)

1.0]10~9 Bell (1978)

k
3%2

Reverse reaction
rate constant (1/s)

10.0 Bell (1978)

k Static bond elastic
constant (dyn/cm)

0.5 Dembo et al. (1988)

k
54

Transient bond elastic
constant (dyn/cm)

0.48 Dembo et al. (1988)

j Unstressed bond
length (nm)

10.0 Springer (1994)

B
z

Thermal energy (erg) 4.0]10~14 Dembo et al. (1988)

Fig. 4. (a) Stress distributions on the surface of a rolling cell calculated
by an inlet wall shear stress 6 dyn/cm2 and a #ow channel height
100 lm. In the 2-D case shown, cell height H

#
"10.9 lm; contact

length ¸
#
"7.37 lm; contact width w

#
"4 lm; and cell rolling velocity

v
#
"20 lm/s. An insert shows spatial locations represented by A, B, C,

and D, (b) Drag force acting, respectively, on a rigid sphere (3-D;
R

#
"3 lm) parallel to a wall; an adherent rigid sphere (2-D; R

#
"3 lm;

w
#
"4 lm; H

#
"11.5 lm; ¸

#
"6.15 lm); and a rolling deformable cell

(2-D; w
#
"4 lm; H

#
"11.66}10.17 lm; ¸

#
"6.33}7.35 lm). Calcu-

lations were made using a #ow channel height of 100 lm; a gap
d"0.765 lm; and v

#
"20 lm/s. For 2-D cases, an e!ective cell width

w
#
"4R

#
/3 was used.

parameters were applied based on previous studies as
listed in Table 1.

Shown in Fig. 4a are stress distributions on the surface
of a rolling cell. The geometry corners and velocity dis-
continuity at both detaching edge and attaching edge of
the cell caused small #uctuations of the normal stress.
The maximum shear stress on the surface of the rolling
cell was found to be about 2.8 times the inlet wall shear
stress, depending strongly on cell deformation and cell-
surface contact. E!ects from channel height on the stress
distribution was not found to be signi"cant if a channel
height was greater than 50 lm (Lei et al., 1999). Drag
forces from a sphere parallel to a wall (no contact) are
shown in Fig. 4b from both a numerical calculation (2-D)
and Goldman's 3-D formula (Goldman et al., 1967). It
was found that a rigid sphere separated from the wall by
a distance d (e.g. d"765 nm) experienced a greater drag
force than that of a sphere or a deformable cell adherent
to the wall. A typical distance between leukocyte and
endothelium is between 270}765 nm. Only a 7% change
in drag force was found when d increased from 270 to
765 nm.

A rolling cell is driven by #uid forces and hindered by
adhesion forces. ¸

#
and v

#
are two very important para-

meters for adhesion energy dissipation (EQ
!
). As shown in

Fig. 5a, EQ
!

increased with an increase in ¸
#

or v
1

(for
a non-slip rolling cell, v

1
"v

#
; Fig. 2c). When v

#
became

larger, di!erences in ¸
#

made greater in#uence on EQ
!
.

Another important factor is the adhesion bond strength.
When k

54
became smaller than k, indicating slip bonds

(Fig. 2d), less EQ
!

was needed to detach an adherent cell
membrane from its substrate (Fig. 5b). As ligand N

-
(P-

selectin) density increased, EQ
!

would increase initially
followed by a plateau at a density around 9}10]1010
sites/cm2, in which EQ

!
became more invariable to further

changes in ligand densities (Fig. 5c). The in#uence of cell
receptor density N

3
and kinetic rate constant k

&%2
, k

3%2
on

EQ
!

was also characterized by Fig. 5c, in which both

N
3
and k

&%2
had more apparent in#uence, compared with

k
3%2

, on EQ
!
.

Fig. 6 shows the #uid energy input EQ
&
and percentages

of adhesion energy dissipation EQ
!
/EQ

&
(cytoplasm viscous

dissipation EQ
$
/EQ

&
"1!EQ

!
/EQ

&
). In general, EQ

&
was found

to increase with an increase in shear stress and v
#

(Fig.
6a), whereas EQ

!
consumed more than 80% of the total

#uid energy input (Fig. 6b). With a smaller N
-
, cells rolled
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Fig. 5. Adhesion energy dissipation in#uenced by: (a) membrane de-
taching velocity (v

1
) and cell}substrate contact length, (b) ligand density

and receptor}ligand bond elastic constant k and k
54

(k, k
54
"0.5, 0.48

were used in the current model), (c) receptor density (N
3
;]1010

sites/cm2), adhesion bond forward reaction rate constant (k
&%2

; cm2/s),
reverse reaction rate constant (k

3%2
; 1/s), and ligand density.

Fig. 6. Ligand density and cell deformability e!ects on: (a) rate of #uid
energy input, (b) percentage of adhesion energy dissipation in #uid
energy input, (c) (dotted lines) untreated cells with N

-
"3.75]1010

sites/cm2. (solid lines) untreated cells with ligand density
N

-
"5.3]1010 sites/cm2. (dashed lines) CB-treated cells with

N
-
"5.3]1010 sites/cm2.

faster resulting in a higher EQ
&
. More deformable cells

(CB-treated) rolled slower, which minimized EQ
&
. It was

found that EQ
$
/EQ

&
became larger under higher shear stres-

ses, but EQ
!
/EQ

&
decreased (even though EQ

!
increased) as

shear stresses increased, suggesting strong in#uence of
cytoplasmic viscous dissipation on cell rolling adhesion
under high shear stresses.

Cell deformation and cytoplasmic viscosity k
#

directly
a!ect viscous dissipation, hence, the cell rolling velocity.
For example, as k

#
increased from very small values

(1}50 poise), v
#
decreased rapidly, particularly under high

shear stresses (Fig. 7a). However, when k
#

was above
1000 poise, v

#
decreased much less with a further increase

in k
#
. Fig. 7b shows how adhesion parameters a!ect cell

rolling. For example, v
#

was found to be very small
((1 lm/s) for an ideal bond (k"k

54
) and less sensitive

to changes in wall shear stress. As the adhesion bonds
became more slippery (k

54
(k), cells rolled faster

('100 lm/s). However, v
#

still reached a plateau under
higher shear stresses, indicating that a signi"cant increase
in cell deformation attenuated a further increase in cell
rolling velocity. Fig. 7c shows a dependence of v

#
on

ligand density with di!erent cell receptor density, for-
ward and reverse rate constants. At a very low N

-
(e.g.,

108 sites/cm2), v
#
was about 200 lm/s that was apparent-

ly independent from any changes in N
3
, k

&%2
or k

3%2
. As
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Fig. 7. (a) E!ect of cytoplasmic viscosity k
#

on cell rolling velocity
under di!erent inlet wall shear stresses. Calculations were made using
N

-
"5.3]1010 sites/cm2; k, k

54
"0.5, 0.48 dyn/cm, respectively;

N
3
"2]1010 sites/cm2; k

&%2
"1]10~9 cm2/s; and k

3%2
"10 1/s, (b)

In#uence of adhesion bond constant k and k
54

on cell rolling velocity
with k

#
"50 poise. Other parameters are the same as used in (a), (c) Cell

rolling velocity as functions of N
3
, k

&%2
and k

3%2
, with wall shear stress

q
8
"6 dyn/cm2 and k

#
"50 poise.

N
-
went above 109 sites/cm2, it was found that a 4-fold

increase in N
3
only downshifted v

#
slightly, while a 4-fold

decrease in N
3
increased v

#
by more than 100 lm/s (when

N
-
P1012 sites/cm2).

5. Discussion

This study presents an in vitro experimental system
that allows studies of the relative importance of shear
#ow, cell-surface adhesion, and cell deformability in cell
rolling mechanics. Cell deformation reduces the #uid
energy to a cell because a #attened cell causes fewer
disturbances to the #ow and, hence, smaller shear stresses
on the cell surface. Meanwhile, larger cell deformation
would result in a larger cell-surface contact area, which
leads to more adhesion energy needed to disrupt ad-
hesion bonds and more cytoplasm viscous dissipation
required to move the intracellular #ow. Such an in#uence
of cell deformation on energy distributions was shown to
have a nonlinear e!ect on cell rolling velocity under
various wall shear stresses.

Cytochalasin B is a fungal agent that induces profound
changes in cell morphology by inhibition of actin polym-
erization, and has been found to reduce prestressed ten-
sion in the WBC cortical layer and intracellular viscosity
(Dong et al., 1999). The WBC cytoplasm is in-
homogeneous at all levels of organization and the mech-
anical properties of the cytoplasm depend on both the
magnitude and the rate of applied forces. A more reason-
able model of the WBC cytoplasm would be a complex
non-Newtonian #uid comprised of an aqueous #uid-
phase "lling the space within an entangled mesh of
"lamentous cytoskeletal proteins and other macro-
molecular structures. If the cytoplasm would be treated
as a homogeneous material, the consequence of `appar-
enta viscosity k

#
may vary greatly, depending signi"-

cantly on the method of evaluation (Dong et al., 1988;
Evans and Yeung, 1989; Lipowsky et al., 1991). There-
fore, the values of energy dissipation EQ

!
and EQ

$
depend

on the choice of the cytoplasmic model. In light of the
evidence that the cell cytoplasm may behave like a vis-
coelastic Maxwell #uid, a limiting case for large rolling
velocities would lead to a much smaller EQ

$
. A depend-

ency of cell rolling velocity on the apparent nature of
k
#

has been characterized based on the in vitro experi-
ments and model calculations.

An elastic constant at the transit state, k
54
, was used to

characterize how the rate of bond breakage increases or
decreases with extension of the adhesion bond. The mag-
nitude of the di!erence between k and k

54
is important for

the micromechanics of an adhesion bond (Fig. 2d).
A parameter, f

,
"(k!k

54
)/k, is sometimes de"ned as

a `reactive compliancea of an adhesion bond. This
quantity relates the strain of a bond to its rate of break-
age and indicates a fraction of the energy of bond strain
that is actually devoted to breaking tethers. From the
present analysis, it was found that with a larger f

,
, cell

rolling velocity would increase; while if f
,
"0, cell rolling

velocity would be the slowest. The reaction rate constant
k
&%2

and k
3%2

were compared with a a$nity parameter
K

$
measured from radioimmunoassay. It has been found
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that 125I-labeled soluble forms of P-selectin bind to
PSGL-1 on HL-60 cells with an apparent value K

$
of

70 nM (Ushiyama et al., 1993). The equilibrium constant
for reactants in solution (K

4
) is the inverse of K

$
. Therefore,

K
4
"1/K

$
"1 l/(70]10~9 mol)"(1]103]109 cm3)/

(70]6.023]1023) "2.4]10~14 cm3. The equilibrium
constant for reactants on membranes (K

.
) is related to

K
4
by K

.
"K

4
/r

12
, where r

12
is roughly the thickness of

a layer parallel to the membrane within which the recep-
tors are located. For PSGL-1 receptors, r

12
"10 nm

"10~6 cm, hence K
.
"2.4]10~8 cm2 (Bongrand,

1988). The value k
%2
"k

&%2
/k

3%2
we used in this study was

1]10~8 cm2, which was very close to
K

.
"2.4]10~8 cm2. The parametric dependence of cell

rolling on k
&%2

and k
3%2

is presented.
The force to rupture an adhesive bond or extract

a receptor from the lipid layer during a cell detaching
from the substrate has been estimated to be about
1 ldyn. As for the adhesion energy dissipation per unit
area or fracture stress (de"ned as dE

!
/dA

#
), a fracture

stress of 0.1 dyn/cm (e.g., under EQ
!
"10~7 erg/s,

¸
#
"5 lm, and v

#
"20 lm/s) was calculated, which

agreed with 0.12 erg/cm2 ("dyn/cm) found by Evans
(1985). The adhesion kinetic equations we used in this
study assumed that all receptors on the cell surface are
immobile and unable to redistribute over the cell surface.
Such an assumption is valid for the current analysis
based on the Peclet number, P

%
"v

#
¸/D, which

measures the relative importance of receptor convection
and di!usion during cell rolling. For example, with
a contact length ¸ of 5 lm and receptor di!usivity D of
10~10 cm2/s, P

%
'50 was found when rolling velocity

v
#
'0.1 lm/s. Therefore, the rolling process is su$-

ciently fast compared with the receptor mobility on
the cell surface. We also applied a set of reaction-
limited kinetic equations assuming both forward and
reverse reaction rate constants to be independent of
ligand density. If the ligand density is very low or the
di!usivity of a receptor on the cell surface is high, a
di!usion-limited kinetics equation would be more appro-
priate.

For any cell population, cell properties such as size,
deformability, adhesion molecule expression, etc., vary
greatly from one cell to another. In the current study,
subgroups of HL-60 cells and cells in di!erent growth
stages are not distinguished. This certainly will bring
many random factors to the experimental data. However,
a previous study showed that during HL-60 cell matura-
tion, mechanical properties only changed by a very small
range (Tsai et al., 1996). Thus far, no studies have been
done for the adhesion molecule expression during cell
di!erentiation. Therefore, with averaged data for cell
rolling and deformation, an average level of adhesion
molecule expression on cell surface has been assumed.
The rolling motion of WBCs #uctuates randomly, and
may be due to the heterogeneous e!ects of adhesion

molecule distribution on the cell surface. Stochastic mod-
els (Hammer and Apte, 1992; Zhao et al., 1995) showed
that experimentally determined rolling velocities depend-
ed on the time *t used in calculating velocities, assuming
cell rolling to be a random process. However, with an
average rolling cell in mind, we are content at this stage
with a deterministic mechanical approach to study the
in#uence of shear #ow-induced cell deformation on WBC
rolling adhesion. Nevertheless, to illuminate the intri-
guing details of adhesion receptor}ligand interaction in
this process, further studies from both approaches and
better yet, combining both approaches in one, are really
needed. Some other limitations come from cell surface
structure. For example, microvilli with typical length
0.3 lm and spacing 2}3 lm on cell membrane (Bruchl et
al., 1996) have been neglected in the present model in
detailing a coupled problem between shear #ow, cell
deformation and adhesion kinetics. Some recent e!orts
have been made to characterize how much the cell sur-
face roughness would in#uence a rolling cell, in which
rigid spheres covered with microvilli were proposed
(Feng et al., 1998; Zhao et al., 1998).

In summary, an in vitro experimental system and
a theoretical framework that examines the interaction of
shear #ow-induced cell deformation and speci"c ad-
hesion during cell rolling have been presented. The theor-
etical model incorporates both mechanical aspects of
detailed cell deformation and biochemical aspects of ad-
hesion kinetics, and is able to predict cell deformation
and rolling velocity quantitatively. From the results pre-
dicted by this model, it has been found that shear #ow-
induced leukocyte deformation could alter the balance
between #uid driving force and the adhesion bond force
in determining leukocyte rolling adhesion. Due to the
many parameters involved in the WBC rolling adhesion
process and the di$culties of directly measuring these
parameters, better experiment designs with the ability to
measure cell deformability and adhesion kinetics are in
great need.
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