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Abstract—The mechanics of leukocyt¢white blood cell ance depends strongly on WBC deformabfiftynd the
(WBC)] deformation and adhesion to endothelial c¢BE) in expression of adhesion receptors and ligaid4.

shear flow has been investigated. Experimental data on tran- . - .
sient WBC—EC adhesion were obtained framvivo measure- For example, observations of WBC rolling vivo

ments. Microscopic images of WBC—EC contact during incipi- have shown that as the blood wall shear ratg (n-

ent WBC rolling revealed that for a given wall shear stress, the creases from 50 to 800 § WBCs elongate to 140% of
contact area increases with time as new bonds are formed at theheir undeformed diameter, and the contact area between
leading edge, and then decreases with time as the trailing edge\ysc and substrate increases 3.6-ffldfhese data em-

of the WBC membrane peels away from the EC. A two- hasi h ial of cell-sh h ith def
dimensional mode{2D) was developed consisting of an elastic phasize the potential of cell-shape changes with defor-

ring adhered to a surface under fluid stresses. This ring repre-mation to affect WBC rolling and adhesion by either
sents an actin-rich WBC cortical layer and contains an incom- alteration of the resistance to deformation or the strength
pressible fluid as the cell interior. All molecular bonds are gf the adhesive WBC—EC bonds. For example, the ve-

modeled as elastic springs distributed in the WBC—EC contact | . Lo
region. Variations of the proportionality between wall shear locity of WBC rolling in venules was found to vary very

stress {,) in the vicinity of the WBC and the resulting drag  Ittle at all shear rates, thus suggesting that the greater
force (Fy), i.e., F¢/7,, reveal its decrease with WBC defor- deformation of WBCs rolling at high shear rates results

mation and increasing vessel channel hei@m). The compu- in greater adhesive forces that attenuate further increases
tations also find that the peeling zone between adherent WBC of WBC rolling velocity as shear stress is increased.

and EC may account for less than 5% of the total contact ; : :
interface. Computational studies describe the WBC-EC adhe- Also, the stretching and elongation of the WBC in shear

sion and the extent of WBC deformation during the adhesive flOW may help temper hemodynamic drag forces on the
process. ©1999 Biomedical Engineering Society. WBC by reducing the extent of the vessel lumen ob-

[S0090-69649)01103-0 structed by the WBC®
Significant progress has been made in the past decade
Keywords—In vivo, Incipient cell rolling, Transient contact, toward understanding the receptor-mediated cell adhe-

Drag force, Modeling. sion which is involved in the WBC—EC interaction. De-
tailed experimental studies of the adhesive bonds have
INTRODUCTION suggested that adhesion molecules of the selectin family

are involved in maintaining the initial rolling of leuko-
cytes on the endothelium, whereas the much stronger
integrin bonds are responsible for firm and prolonged
WBC attachment to the E€:24

Analysis of the forces involved in WBC—EC adhesion

Leukocyte[white blood cell(WBC)] adhesion to en-
dothelial cells(EC) of postcapillary venules is a funda-
mental step in the inflammatory process which precedes
their emigration through the microvessel wall. It is gen-
erally recognized that firm adhesion is the final result of . X
a sequence of dynamic events that begins with the radi- &t the eqU|I|br’|u0m_sta_te was pioneered by I?e&ased_
cal migration of WBCs to the venular wall, its subse- upon Zhurkov's® kinetic theory of fracture, the analysis

quent rolling along the EC, and finally WBC arrest and of the separation- of two cells firmly adhere.d to one
attachment to the E€* The process of WBC adhesion another was cast in terms of the thermodynamics of bond
and rolling involves a complex balance of forces arising SeParation. Evans established a theoretical framework

from hydrodynamic shearing effects and the strength of ©f & one-dimensional tape-peeling model to compute the
the adhesive bond between the WBC and EC. This bal- @dhesion force between a biomembrane and a substrate
with constant adhesive strength. To study the receptor-
Address correspondence to C. Dong, Bioengineering Program, 229 mediated cell adhesion to a ligand-coated Sl,Jrface' Ham-
Hallowell Building, Penn State University, University Park, PA 16802. mer and Lauffenburgéf took steps from Bell's theofy
Electronic mail: cxd23@psu.edu and developed a cell adhesion model taking receptor—
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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
C ‘ WBC-EC contact length L. at various

e times in the blood flow. Wall shear
stress =7.7dyn/cm?. (a) WBC just ad-
d heres to the EC at time t=t, (0 s). (b)

8 WBC reaches its largest deformation at
time t=t, (3.2 s). (c) WBC peels away

; o from the EC at time t=t, (5.3 s). (d) Rep-
ool resentative measurements on L. chang-
% i ing as a function of time.
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ligand bond kinetics into consideration. By considering data indicates that WBC deformability is an essential
the influence of the mechanical properties of the cell component that aids in the adhesion process to balance
membrane, Dembo and co-workerextended Evans’ the hemodynamic and WBC—EC adhesive forces.
tape-peeling theory by adding receptor—ligand bond ki-

netics into their model and computed the adhesion force EXPERIMENTAL OBSERVATIONS
between a cell membrane and its adherent substrate.
With a similar approach, Waret al?’ further explored To assess the relationship between cell membrane me-

the effect of ligand density on the detachment of the cell chanics and the formation and disruption of WBC—-EC
membrane from a substrate. While other simple geomet- adhesion bonds, both the WBC—-EC contact area and
ric models have been previously used to represent cell-WBC shape have been studied usingrivo experiments
to-surface adhesioh>'"?%no previous study has eluci- during incipient WBC attachment and detachment to the
dated the mechanics of shape change for the entire cellEC2® Briefly, a high-magnification water immersion ob-
due to deformation and adhesion under shear flow con-jective (X40) was used to record the transient adhesion
ditions. It is thus evident that greater insight is needed on of WBCs to the lateral edges of postcapillary venules in
the mechanisms that determine how hydrodynamic mesentery(rats, as described by Lipowskgt al?! The
forces acting on the cell surface are transmitted, via cell wall shear stress due to the flow was estimated as the
deformation, into forces which disrupt individual Newtonian value of 8V ea/D, WhereD denotes vessel
receptor—ligand bonds between the WBC and EC. diameter,V can represents the mean-blood velocity, and
To explore the role of WBC deformation in the pro- u is the blood viscosity(an average value of blood
cess of WBC-EC adhesion, the present study has aimedviscosity of 0.025 P was assumeW .,,was estimated
to develop a biomechanical model using the theory of an from the red cellred blood cell(RBC)] velocity Vggc,
elastic thin shell coupled with adhesion bond kinetics. obtained along the center line of the vessel by the em-
The model includes a two-dimensional cell-shape changepirical relationship for the video two-slit photometric
due to deformation and determines the relationship be- techniqueVmea= Vred/1.62 Images of WBC adhesion
tween cell membrane mechanics and the receptor-to, and detachment from the EC were recorded on video
mediated WBC—-EC adhesion. A finite-element computa- tape for subsequent analyses. WBC-shape changes and
tional model was used to calculate the hydrodynamic alterations in the contact length between the WBC and
force and torque exerted on individual cells in a shear EC during the transient adhesion were characterized.
flow. The equilibrium among forces arising from hydro- The recorded video images of WBC—-EC adhesion
dynamic shearing effects due to the blood flow, and the were used as a reference guide for development of the
strength of the adhesive receptor—ligand bonds betweencomputational cell model. For an illustration, three rep-
WBC and EC is considered. Results show that both the resentative shapes of a WBC transiently adhering to the
net hydrodynamic force and adhesion force are influ- EC are shown in Fig. 1. The cell shape shown in Fig.
enced by both the cell deformability and cell-surface 1(a) represents a WBC that has just adhered to the sur-
adhesion kinetics. Comparison of the model wiihvivo face of the EC, prior to deforming in response to a wall
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shear stresst(,) of 7.7 dyn/cri. It has been noticed that
the cell is deformed from its original circular shape to a
teardrop shape along the direction of flow in the blood
stream prior to cell attachment. Following the attach-
ment, the cell deforms with time due to the elongation of
the cell membrane and deformation of the cell body
under the influence of hydrodynamic and adhesion
forces. Also, the WBC—EC contact length. [Fig.
1(a)] steadily increases with time as new bonds are
formed at the leading edge of the WBC membrane. The
starting time of the WBC deformation was definedtgs
(to=0s), which is the time of initial attachment to the
EC. When the WBC adheres to the EC for about 3.2 s,
the cell becomes most deformed as evidenced by having
the largest projection lengthW,.) and L. [Fig. 1(b)].
The corresponding time for a cell to reach its largest
deformation was denoted dg, which is the time that
the WBC starts to be peeled away from the EC. Even-
tually, the WBC is detached from the EC after 5.3 s
which was defined as the ending timg)( [Fig. 1(c)].
During this period,L. subsequently decreases with time
as the trailing edge of the WBC membrane is peeled
away from the EC during initiation of cell detachment.
Frame-by-frame analysis of video recordings facilitated
the measurement df., W;, and height H;) as shown

in Figs. Xa), 1(b), and Xc), respectively. Linear regres-
sions of L, versus time were used to characterize the
relationship among cell dimensiorsl,, W,., and L)
and wall shear stress, for two distinct time periods:
tost<t, and tysts<t,, as illustrated in Fig. (@) for
this representative cell. Since th¢, and W, could be
easily measured from thi vivo images, we therefore
used theH_ /W, ratio as a key index to validate the cell
model, and a comparison between the computed and
measured values df. could be obtained.

THEORETICAL FORMULATIONS

A theoretical model ofin vivo WBC—-EC adhesion
was developed. Using a two-dimensior{aD) approxi-
mation to the actual three-dimensior{@D) cell body, a
cross-sectional slice of an adherent WBC was formu-
lated, which was made by the cell membrane through the
azimuth center of the ce[lFig. 2(@)]. The cell was rep-
resented by a 2D extensible elastic ring adhered to a
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FIGURE 2. (a) Schematic drawing of a 2D cell adhesion
model. H. is the height; W, is the projection length; L. is
the contact length; & is the active peeling zone; pu. is the
intracellular viscosity; ¢ is the angle between a tangent
drawn from a point on the ring surface to the substrate; Fsis
the fluid drag force; and T, 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. g and = 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 6 to
the substrate. & is the stretch length of the bond. T is the
membrane peeling tension and & is the active peeling zone.

shape of a deformed cell, static equilibrium between hy-
drodynamic shear stress and adhesive force was consid-

plane surface with steady-state fluid stress and adhesivesred as follows.

contact stress as they were acting to deform the WBC
vivo. In actuality, this ring may represent an actin-rich
cortical layer under the WBC surface. The model also
included the kinetics of adhesion bond formation and
disruption within the WBC—EC contact region. All mo-
lecular bonds were modeled as elastic springs, which
were distributed in the contact region to generate the
contact stress to the adherent ring. To determine the

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

The undeformed shape of the elastic ring was as-
sumed to be circular with radiuR,. When the cell is
subjected to a steady fluid stress, the elastic ring deforms
to a teardrop-like configuratiofFig. 2(@)]. The effect of
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cell membrane folds or wrinkles, which provide about circumference in the direction of the flow, which should
80%—100% excess area over that needed to envelope theeflect the properties of the leukocyte cortical layer in
cell volume by a smooth spherical surfagendeformed terms of the membrane surface foldsig. 2(b)].
WBC), was characterized by the extensibility of the elas- For a 2D model, the width of the ring may be as-
tic ring in terms of its surface stretch rati). The sumed to be constant during cell deformation, so that the
WBC-EC contact area was characterized by the contactcell surface area change is approximated A&/A=\
length L. in the 2D model. The cell interior was as- —1. If Ty is assumed to be the prestressed tension in the
sumed to be an incompressible, viscous Newtonian fluid cortical layer, the stretch ratio in Eq4) can be ex-
under the quasistatic state with a viscosity.qf. For a pressed by the approximation
2D case, the cell volume incompressibility in 3D was
then approximated by an area conservation that the ring n T-T,
enclosed. The membrane elasticity and cytoplasmic vis- AN=1+

. - . . E
cosity will determine the degree of cell deformation.

Formulation of the membrane mechanics was developed ) )
along the cell surface for nonadherent and adherent re-WhereE is the elastic modulus for the membrane surface

gions as follows. area dilatation andnh is a positive finite numberE

In the nonadherent region, it was assumed that the =0-15dyn/cm,n=1 were used by Dong and Skafak
external stresses from the steady shear flow had a normaf™om Egs. (1)—(4), one obtains a single fourth-order
componenty; and a tangential component on the cell nonlmear. ordinary dlfferenual .equat|on foip(s), .to—
surface, respectively, as shown in FigbR Prior studies gether with Eq.(5), which desprlbes .the deformation of
of WBC deformation suggested that a simple membrane the upper surface of the celFig. 1), i.e.,
theory might be adequate to describe the rheological
behayior of the' WBC cortical layer by neglecting the Bo™ q AB@"P"  ¢'q .
bending propertie§®13In a recent study, Zhelest al?® — St TABo' "+ T
included the bending stiffness to model the WBC cortical ¢ ¢ (¢7) (¢7)

or T=To+E(N-1)", (5

layer and_cell deformat_ion. In the present analysis, the Ko ON"B¢"  3\'Bo”
WBC cortical layer has included the effect of both bend- +AN"Bl 1-— |+ —+ -
ing stiffness and surface folds during cell deformation in ¢ ¢
a shear flow: 2
2)\ ! B " )\HB //k
- Eﬁ) ?2°+wsuwﬂzo. ()
Q' —kT—q=0, 1) (¢") (¢")
T +kQ+7=0 2) This equation may be separated into a set of four first-

order nonlinear ordinary differential equations and
solved by using a Runge—Kutta meth@fSL, Houston,

TX) as an initial value problem.

) o . In the adherent region, the mechanical response of the
Equations (1)—(3) govern the equilibrium of the ring  ce|l membrane to the WBC—EC adhesion was formu-
segment as shown in Fig.(l8. Q, T, and M are the  |ated. All adhesion bonds within the adherent region
transverse shear, the tension, and the bending momentyyere assumed to be oriented at an ar(@leto the sub-
respectively;,g and = are the total normal gnq tangential gt ate [Fig. 20)], with a force f, from each receptor—
syrface §tresses, .respe.ctlvel)'/. The pr(r‘r)endlcates'the ligand bond. The strength of the adhesive bonds to resist
differential d/ds, in which s is the surface coordinate g horizontal forces from the shear flof, was deter-
along the midsurface starting at the leading edge of the mined by integration of the product of an individual
ring—substrate contact point and going counterclockwise. ponq forcef, (the sum of the horizontal component of

M’'—Q=0. 3

The bending momeni can be assumed to be f,) and a bond densit),, over the entire contact areq
in the direction of flow[Fig. 2(a)]. It is hypothesized in
M=\B(k—ko), (4) the present model that only those bonds in the active

peeling region(d) near the trailing edggFigs. 4a) and
whereB is the bending stiffness of the cortical layér;  2(c)], rather than the entire contact regioh.), would

andk is the curvature of the ring that is equal #g(s), be stretched during the cell membrane peeling process
where ¢(s) is the angle between a tangent drawn from a and, therefore, resi$ts on the cell. In the region beyond
point on the surface of the ring to theaxis. kq is the the 6 zone withinL., all bonds were assumed to be
reference curvature of the ring in the restitgnde- compressed for a balance of forces in $hexis. The

formed state.\ is the stretch ratio of the ring along the fluid torque T, exerted on the cell body and the torque



302 DonG et al.

generated by the stretched adhesive bonds insthene the critical bond densityN,.=10 *Npy.°> Nyo is the

were balanced with respect to the point[Big. 2@)], initial bond density solved by

i.e., the projection point of the mass center C. The torque

generated beyond thé zone was neglected, which was 0=K%(N,—Np )(N,— N ) —K°N (10)

believed to be much less than the torque generated from A R AT g/ TR =Ty

the peeling zoned. The current modeling approach has

focused on a very small peeling zone reflecteddbly.. . At the contact poins=P, [Fig. 2(c)], the bond density
In terms of membrane displacemenis) [Fig. 2(c)], N, was assumed to bd&l,, at time t=t, and subse-

the local mechanical equilibrium within thé zone was quently dropped toN,. at time t=t, in the present

formulated in a similar way to Eq(6), by letting q= model. Fors<P., it was assumed thai,<N,. and

—o0p—0in, and7=7,, Whereq;, is the normal stress of  bond stresses are negligible. Lettivg be the peeling
the cell interior; andry, and 7, are the normal and shear velocity given bpr:&Pc/at,S'6 with a reference frame
adhesive-bond stresses, respectivslsepresents the cur-  fixed at the moving poinP., thenV,=0 if t<t,. For
vilinear coordinate, starting at the trailing edggoint time periodt=t,, V, is given by
P.; s=0) counterclockwise along the ring surface
within the peeling zones. X=§6 (s=1) represents the N},
end point of the peeling zone, at which the membrane V,= —[K+(N,—Nb)(Nr—Nb)—KNb]/g}
surface is tangential to the substrate with zero-bond
stretch or compressionY(=0).

The formulation of adhesive-bond separation was
based on the reaction model developed in the
literature®>>7 in which the bond densityN, may be Therefore, the detachment process requires that the peel-
related to the kinetics of bond formation by ing velocity V,>0.

In terms of &(s) [Fig. 2c)], if one receptor—ligand
bond generates a tension forég given by f,=K¢,
Ny Ny,

g =V, P +K o (N;—=Np)(N,=Ny)—K_Ny, (7) then the normal bond stress, can be expressed by

s=P,

11

Ub:Nbbeir\(0+¢). (12)
where N, is the initial density of total receptors on the
WBC surface and\, is the initial density of total ligands
on the ECK, andK_ are the forward and reverse rate
constants, respectively, which have been proposed in the

The adhesive shear stregscan also be expressed by

following forms2® =~ Npf, cOL 6+ ¢b). (13
K2 Equations(12) and (13), therefore, provide a bridge be-
K,=K% ex;{ B ) (8 tween the molecular influence of bond kinetic distribu-
z

tion [Egs. (7)—(9)] and the continuum model of cell
deformation in formulating adhesive-bond stressgs

K— Ky €2 and 7, in the peeling regiofFig. 2(b)].
K_=K° ex%—%), 9) ’ PEEIS T °
z

. Fluid—Solid-Coupled Model
where B, is the product of the Boltzman constant and

temperatureK; is the bond elastic constari is the The effects of coupling the moving fluithlood and
transition state bond elastic constamt;is the stretch the deformation of an adherent cell were also considered
length of a bond[Fig. 2(c)]; and the superscript “0” in the present study. Given that shear stresses produced
refers to the reaction rates at the state of zero stretch ofby the blood stream cause a deformation of the cell, the
the bonds. In the region beyond ti#ezone[Fig. 2(a)], effect of the resultant cell-shape change on the hydrody-

K, and K_ were assumed to be constant and equal to namic flow field was estimated by a computational fluid
Ki and K°, respectively. The above kinetic equations dynamic model of flow over a deformed cell body. The
govern the bond density variation as a function of both blood was assumed to be a homogenous, incompressible
space and time within the contact area, including the Newtonian fluid with a viscosity of 1.3 cp. The two-
critical trailing edge where the bond is separated due to dimensional steady-state flow field was calculated using
the peeling force. A receptor-ligand bond was assumedthe finite-element methoriDAP, Evanston, I to solve

to be disrupted only if the bond density became below the equations of conservation of mass
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V.u=0, (14 3 layers of elements
near the cell Flow
Lk membrane >
and momentum
Jdu v v 1 v2 15
—_ + . - + —_
o Hu-vu Pt RgV U (15

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

To minimize the influence of the inlet and outlet
boundary conditions, the entrance and exit lengths were
chosen to be 8 and 13 times the undeformed cell diam-
eter, regpectlvely.. The \{elocny profile was assume(_j _to be FIGURE 3. A typical finite-element grid used for a flow field
parabolic and unidirectional at the entrance. Additional and an adherent cell generated by Fibap. (a) and (c): Extra-
boundary conditions included no slip and no penetration cellular flow field containing an adherent cell on the sub-
at the lower and upper wall, no slip condition on the cell Z:?gfmgg:;”‘igﬁ' - d(:r) S";‘]’;‘;r_(d)' Intracellular flow field for a
surface, and a unidirectional velocity profile without nor-
mal stress at the outlet.

Computational grids were generated using the auto-
matic mesh generator in thebDAP software with a re-
finement of the grids near the cell surfaffeig. 3a)]. Fi:LUiinJ ds, (16)
The sharp corner near the cell-surface contact regions
was replaced by a smooth curve to avoid overlap grids. wheren; is the unit normal vector on the cell surfae
A nonlinear, steady apglysis with an i.nitial guess .of [Fig. 2(6)]_ For a 2D model, the incompressibility of a
Stqkes flow was specified. The Gale.rkm method ‘,N'th 3D cell volume was approximated by a conservation of
weighted reS|duaI_s was used to form integral equations. it area enclosed by an elastic ring multiplying the ring
The penalty _funct_|on approach was used to 7replace the idith (i.e., a volumeV = areaxwidth=47R3/3 for a cell
pressure variabléi.e., V-u=—ep with e=1077), and i 5 radius ofR,). A constant ring width of Gum was
the integration was achieved by Gaussian quadrature..p, o for the present computatian; is the total stress
Grid optimization was achieved by testing the influence tensor for the flow field. Knowing tﬁe force, the fluid

of the mesh density on the shear stress and normal Stres?orqueT with respect to the pivot point QFig. 2a)]
computations. 2280 element nodes were used to charac—was givezn by '

terize the geometry of capillary venules and the flow

field, as shown in Fig. @). The fluid drag force was N

computed by integrating the shear and normal forces TZ:E Fo-M,, 17)
along the cell surface as follows: k=1

(d

TABLE 1. Parameters used in deformation and adhesion model.

Symbol Definition Value Reference
R, WBC radius 4.0 um 23
D Venule diameter in rat (average) 30 um 25
E WBC membrane area modulus 0.12 dyn/cm 9
B WBC membrane bending stiffness 1.15x107° dyncm 29
N, Total receptor density 2-5x10'° mol/cm? 19
N, Total ligand density 2-5x10° mol/cm? 19
K° Forward rate constant 5.5x10 1 cm?/s 19
K° Reverse rate constant 1.3 /s 3
Ks Bond elastic constant 4.0 dyn/cm 5,16
Kis Transition state bond elastic constant 3.96 dyn/cm 5,16

Ly Bond length 50 nm 24
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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=0s. At time t=t, (0% s), this ring quickly deforms
into a teardrop (solid line ) forming an initial contact length
L. as shown in Fig. 1 (a). Time t, is the instant at which the
cell undergoes the largest deformation. Wall shear stress
=6.0dyn/cm 2. (b) Deformed cell shapes at time t=t, with
different shear stresses of 3.0, 6.0, and 9.0 dyn/cm 2.
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FIGURE 5. Distribution of the normal and tangential shear
stresses along a deformed cell surface within a 30 pm diam
vessel (wall shear stress 7,=6.0 dyn/cm ?). The spatial loca-
tions A-B-C-D along the abscissa correspond to the actual
sites (inset) along the wall and the cell surface.

[Fig. 2@)]. To better represent the flow close to the
moving boundary, three layers of elements with specified
depths[Fig. 3(b)] were attached around the cell mem-
brane prior to an automatic meshing for the remaining
computational domain of the cell interior with a total of
1344 element nodefFig. 3b)]. The actual fluid shear
stress and normal stress acting on the cell inner surface
were computed coupling with cell deformation.

RESULTS

In the present cell adhesion and deformation model, a
cell diameter of 8um and a vessel channel heigt2D)
of 30 um were assumed. Both intracellular and extracel-
lular flow fields for an adherent cell under shear are
illustrated in Figs. &) and 3d). Using the parameters
listed in Table 1 for this model, Fig.(d shows the
calculated 2D cell shapes in a shear flow, where a WBC
is adherent to the EC under a fluid wall shear streg3 (
of 6.0 dyn/cmi. The cellular cytoplasmic viscosityu(.)
of the adherent WBC was predicted to be around 100 P,
which was derived from the best agreement between the
experimentally measured and the computed indices in
cell shapes(e.g.,L;, H., andW,; Fig. 2) at various
time pointsfe.g., t, t, andt.; Figs. (a-1(c)]. Time
t=t, (t,=07"s) represents the instant at which a WBC

where M is the moment arm with respect to the pivot just attaches to the EC and quickly deforms into an

point O andN is the total number of discrete points.

To compute the flow field within the cell interior,

initial teardrop shape. Timée=t, (e.g.,t,=3.8s, under
= 6.0 dyn/cn) is the time point that the WBC initiates

velocity boundary conditions were applied along the cell detachment from the EC. After tintg, the cell starts a
membrane. The cell membrane was assumed to be inpeeling process while the trailing edge of the WBC
quasistatic equilibrium, and the pivot point of the mem- membrane moves in the direction of the blood flow. The
brane rotational motion was approximated to be the pro- actual distance of the cell movement from timgto t
jection point of the cell center of gravity on the substrate was computedFig. 4(a)]. Figure 4b) shows the com-
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FIGURE 6. Computed results: (a)
horizontal drag force Fg; (b) torque
T,; and (c), (d) drag coefficients
T, (dyne/cm?) 1, (dyne/em?) Fslz, and T,/,, respectively, on a
single cell adhered to the venular
wall (vessel diameter =30 um) as a
function of wall shear stress  7,. The
different time instants represent dif-
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puted cell-shape changes under different wall shear less thanr,, most likely due to cell deformation. Figure
stressede.g., 7,= 3.0, 6.0, and 9.0 dyn/cth at timet 6 also shows thaFg, T,, F¢/7,, andT,/7, all have

=t,. the largest value at timg, (cells are less deformednd
Figure 5 shows that the actual shear stress around thethe smallest value dt, (cells are more deformgdor any

cell is very different from the inlet wall shear stress. given 7. If it is assumed that the cell is a rigid sphere

For example, shear stressr starts at 7=r7, in close proximity to the substrate, the drag fofegor

=6.0dyn/cnt away from a cell(point A) and is gradu- F</7, may be estimated from the formulation of Gold-
ally reduced in its magnitude as flow approaches the cell man, et al'® As illustrated in Figs. &) and &c), the
(point B). The shear stress then rapidly increases along solution of Goldman and co-workers yields much greater
the deformed cell surface as the vessel lumen becomesvalues forF¢ andF¢/ 7, . These results demonstrate how
more obstructed by the cell. The peak stréssint C cell-shape changes or cell deformability may affect the
was found to ber,,=2.57, in a range of inlet wall total fluid drag force and torque on the adherent cells in
shear stress 3.0-9.0 dyn/enThe shear stress drops as a shear flow. It is these fluid forces that are transmitted
the vessel lumen widens again along the leading surfacevia a deformable cell body to the cell-surface contact
of the cell (point D). This stress resumes its upstream region, which generate a peeling force that breaks the
value at some point downstream. The pressure dropadhesive bonds.

across one celle.g., in a 30um vessel channglwas Figure 7 further elucidates the relationships among
found to be around\p=14—-45dyn/crh at 7, of 3.0— the fluid drag coefficientF¢/7,, the vessel channel
9.0 dyn/cr. height D, and cell dimension. The computations reveal

The horizontal drag forceH;) and torque T,) on a that F¢/ 7, increases ad decreasedFig. 7(a)]. The
WBC were calculated as a function ef, as shown in influence of WBC deformatior(characterized by cell-
Figs. 6a) and b). While bothFg and T, increase as,, shape indexH./W,) on F¢/7, becomes more apparent
becomes largelFigs. §a) and Gb)], the ratios ofF¢/ 7, when D is small (e.g.,D<15um). F¢/7, decreases as
and T,/r, decrease when,, increaseqFigs. 6c) and H./W, decreases from 0.8 to 0.4 for a givenunder a
6(d)], suggesting that the fluid drag force and torque wall shear stress 6 dyn/éniFig. 7(@)]. With further
acting on an individual cell increase disproportionately reductions inH./W., a minimum value ofF¢ /7, is
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051 FIGURE 8. Theoretical predictions on (a) WBC—-EC peeling
@E gaps (Y) as a function of both space (X) and time (f). Wall
S o4l shear stress is 3.0 dynfcm 2 L, is the unstretched bond
S length (L,=50nm). The inset defines X=0 location. (b)
* Spatial and temporal distributions of receptor—ligand bond
& 03 density (Np). Npo is the initial bound density  (Npp=1.3
~ x 10'° dyn/cm ?).
Th
0.2 |
o1 4 and ¢ is the active peeling zone within the total contact
region ofL. (Fig. 2). The results were calculated under
0.0 . . , : Tw=23.0dyn/cn at four different time point$=t, ty/2,
0.0 0.1 0.2 0.3 0.4 05 t,, andte, respectively. These gapqX) represent the
(b) H/D different extent at which each individual bond is stressed
(4

FIGURE 7. Fluid drag coefficient on a deformed cell affected
by: (a) cell deformation represented by a ratio of cell height
H, to the cell projection length W, (D is the channel height
for a 2D vessel ); and (b) vessel lumen obstriction by a cell
characterized by a ratio of H_/D.

attained wherH /W, approaches 0.2, following which
F¢/ 7, increases with further reductions kh./W,.

The total adhesive force resulting from the receptor—
ligand bonds depends on the bond denfiity; Egs.(12)
and(13)]. Such a force is a function of both time and the
peeling tension that is acting on each bdths. (7)-
(9)]. The bond kinetic change would alter the bond dis-
tribution and the WBC—-EC surface contact gapX)

under the tensile-peeling forces from the cell membrane.
The peeling gap increases as time increases frgito

t,. Itis noticed from the experimental observatigig.

1) that the entire frame of the WBC membrane begins to
move in the direction of flow after timg,, analogous to

a rigid body rotation about the WBC center. The total
distance moved by a cell was predicted by multiplying
the average peeling velocity/() with the time differ-
ence of At=t,—t, as shown in Figs. @ and ga).
Within the same peeling zon& the actual bond density
distributions (\,) corresponding to the gaps shown in
Fig. 8@ were also predicted from the present cell adhe-
sion model[Fig. 8b)]. From Fig. &b), it can be seen
that there is a significant drop in bond density at time

t=t,/2 andt,, which suggests a mode of temporal de-

(Fig. 2, hence, change the total adhesive strength to pendence on bond density based on the kinetic(Bg-

resist the flow-induced peeling forces. Figur@8hows
the nondimensional peeling gafiL,, between the WBC

(9). This drop becomes more apparent especially near the
trailing edge[X=0; Fig. 2c)], where the largest peeling

and EC surfaces as a function of a peeling distance forces are exerted on the receptor-ligand bonds. To ob-

X/Lp(0=X< ). Ly, is the length for a unstretched bond

tain these results, an initial bond densit\ () was as-
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FIGURE 9. (a) Ratios of active peeling zone (é) to the total
contact length (L) as a function of time. 7, is the wall shear
stress and t,'s are the different peeling times  (superscripts
1-3 on t, are for 7,=9.0, 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.

sumed to be uniformly distributed at time=t, within
the area of WBC—-EC contact. Based on the kinetic
model proposed by Befl,it was also assumed that the
time neededfrom t=0 to t=t,=0"s) to form a bond
would be very short compared with the scale of the
adhesion timé,. The bond densit\Ny,, therefore, rep-
resents the total equilibrium in bond formation within a
“zero” time period. N,g, however, depends on the ini-
tial density of total receptorll, on the WBC and ligands
N, on the EC, as well as the kinetic rate constaifs
andK® [Egs.(8) and (9)].

The ratio of the active membrane peeling lengthto
the entire contact length_¢) was computed from timg,

307

to t,, under wall shear stresses ranging from 3.0 to 9.0
dyn/cnf. Figure 9a) shows that only a very small por-
tion of the entire cell-surface contact 6/(;
~2%—4%) is actually under the tensile peeling force. It
is this small peeling zones that provides all the
adhesive-bond forces to resist the fluid-induced drag
force. Under higher shear stresdesg., ,=6.0 or 9.0
dyn/cnf), the 8/L ratio increases with time due to a fact
that § increases more than that in,. This suggests that

a cell is actively being detached from its substrate faster
than the cell can be deformed by the shear force. In
contrast, thed/L. ratio shows a biphasic change with
time under a low shear streés.g., ,,= 3.0 dyn/cn?), in
which the §/L. ratio increases during an initial time
period followed by a subsequent decrease at a later time.
Obviously, a decrease in th#L . ratio indicates that
increases disproportionately more théander low shear
stresses, in which cell deformation becomes more appar-
ent than cell-surface detachment. The model predictions
on the WBC—-EC contact length, were directly com-
pared with experimental measuremefdsy., Fig. } as a
function of time for different wall shear stressgsig.
9(b)]. The parameters used to calculate are tabulated

in Table 1. The cytoplasmic viscosity and cell membrane
bending stiffness were estimated to be around 100 P and
1.5x 10 %ergs, respectively. Figure(l9) illustrates that

an increase in wall shear stress results in an increase in
WBC-EC contact length. ., but a decrease in peeling
time t,.

The relative influence of both cytoplasmic viscosity
and membrane bending stiffness on the overall cell de-
formability were examined. Figure (@ shows how cell
deformation at an onset timg, responds to a 10- to
20-fold increase in cytoplasmic viscosity under a given
wall shear stress ,=6.0dyn/cni). The cytoplasmic
viscosity u. significantly influences cell-surface contact
as well in terms ofs/Lc [Fig. 10d)]. To characterize the
effect of membrane elasticity on the cell-shape change
and cell-surface contact, changes in membrane bending
stiffness B were tested for a given wall shear stress
[Figs. 1@Gb) and 1@c)]. These results demonstrate the
sensitivity of the cell deformation to alterations in the
membrane bending stiffness of the WBC cortical layer.

The influence of cell receptor density; and substrate
ligand densityN, on the peeling time, was character-
ized for different cell deformations as shown in Fig. 11,
where B is an index of the cell-shape changes that
reflects the ratios of cell height and width at two differ-
ent times:t, andty (i.e., B={Hc/Wc}ip/{Hc/We}t0)-
Given a cell shape, e.g., from Fig.(a} (8~0.8, N,
=3.0x 10" mol/cn?), t, changes as a function dX,
[Fig. 11@]. A nearly linear relationship betweep and
N, was found for low values oN,. As shown from Fig.
11(a), there is a critical value ofN, (~1.0x10°
mol/cn?) below which t, apparently approaches zero,



308 DoNG et al.

12 —— M = 100 Poise 12 4
— -+ p = 1000 Poise
Flow — — .= 2000 Poise
8 8
B E
2 2
> 4 N 4
0 0 A
(@ B, =1.5x10° ergs (b) FIG.URE 10. Influence pf cytoplasmic vjs—
-4 T T T T -4 T . . . cosity (m.) and cortical layer bending
-4 i} 4 8 12 -4 0 4 8 12 stiffness (B) on cell shapes (a) and (b)
X (um) X (um) and cell-surface contact (c) and (d) at
the time of initial attachment  (tp). Wall
shear stress 7,=6.0dyn/cm 2. (a) and (d):
<, = 3.0 dynelor? o 1, = 3.0 dyneferm? Change in cytoplasmic viscosity — u, (Wi_th
6 1| —e— 1, =6.0 dynelem? 8| —@—r1,=60 dyne/cmz B=1.5x10""ergs). (b) and (c): Change in
—&— 7,=9.0 dyne/em’ —2— 1,,= 9.0 dyne/cm membrane bending stiffness B (with .
- =100P; By=1.5%10"%ergs).
9 S 6
< 4 4 =
3 ~
0; < 44
2 D/D/D
2 4
©) (d)

0.0 1.5 3.0 45 20 25 3.0 35

B (x10° ergs) log ()

indicating that cells cannot maintain adherence to the new bonds are formed at the leading edgg.then de-
substrate under the given flow shear stress. The currentcreases with time as the trailing edge of the WBC mem-
calculations also suggest that the critical values of ligand brane peels away from the E®ond breakage was as-
density [minimal values in Fig. 1(a)] for maintaining sumed to occur a=0; Fig. 2c)]. The timet, was

cell adhesion t,>0) are not significantly influenced by  found to decrease if the wall shear stregsincreased. A
cell deformation or wall shear stress. However, a greater significant linear correlation <0.05) between Irif)
value in ligand density will result in a longer peeling andr, was previously found by Strublet al?® in which
time t,. When a cell becomes stiffée.g., 5~1.0), the they showed a logarithmic decline of with 7,,. Their
peeling timet, will become shorter than those for de- study suggested thap could be equivalent to the bond
formable cells(e.g., 8~0.6). The sensitivity of the peel- lifetime under a given separation force, which would be
ing time to receptor densit), [Fig. 11(b)] appears to  consistent with the kinetic theory of fracture developed
increase as the ligand density increases. Figur&)1l by Zhurkov’® and Bell® The present study has used time
illustrates the effects of bond kineti¢sharacterized by t, to characterize the transient state of WBC—EC adhe-
Frs={Ks—K/Ks; Egs. (8) and (9)] on the transient  sion at which the cell starts to peel away from the sub-
adhesion in terms of,. Results from Fig. 11 suggest strate during the initiation of WBC—EC separation.

that the cell-surface adhesion time is predominately af-  The relationship between wall shear stress along the
fected by the receptor—ligand bond density and kinetics EC and peak shear stress on the WBC surface was cal-

in contrast to the extent of cell deformation. culated. The shear stress at the highest point of a cell
(point C in Fig. 5 was found to be 2.5 times of the
DISCUSSION upstream wall shear stress raging from 3.0 to 9.0

dyn/cnf. However, such an estimate based on a 2D
Numerical calculations have been presented to inves-model could fall short in an actual 3D flow field. For
tigate the mechanics of WBC deformation and adhesion example, Cacet al? found the maximum shear stress on
to the EC in shear flow and to elucidate the effect of an adherent cell surface in a 3D flow field would be
cellular mechanical properties on the equilibrium be- almost 4.0 times of the inlet wall shear stress. Similar
tween hydrodynamic and adhesive forces. shear stress distributions were also observed in other
Both in vivo measurementgFig. 1) and numerical studies of low Reynolds number flow over spreading
simulation (Fig. 4) have shown that under a given wall cells?? although less rigorous estimates of shear stress on
shear stress, the contact len@ithincreases with time as  the WBC surface were made. The pressure drop across
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FIGURE 11. Changes of the peeling time ¢, as a function of
the EC ligand density N, (a) and (b) and bond constant K,
(c). Bis the ratio of H./W,(t,) and H./W,(ty) characterizing
the cell deformability. H, is the cell height and W, is the cell
projection length. N, is the WBC receptor density. Wall shear
stress is 6.0 dyn/cm 2 for (a) and (b). (a) Influence of N, on tp
with different B8 (N,=3.0x10*mol/cm ?). (b) Influence of N,
on t, with different N, (8=0.8). (c) Influence of K {Fs
=(Ks—Ki)/Ks}t on t, under different wall shear stresses
(N,=N,=3.0%10'° mol/cm 2, K;=4.0 dyn/cm).

one cell is found to be around 14.0-45.0 dyridor 7,

of 3.0-9.0 dyn/crfy which is within the range of experi-

acterized.F5 and T, were calculated from time, to t,
(Fig. 6) by integrating the total fluid stresses acting on a
deformed 2D ring with an effective ring width of Bm
[Fig. 2@]. For a given wall shear stressr,
=6.0dyn/cn, Fig. 6@a) shows thatF¢ decreases from
time ty to t, due to an increase in cell deformatifffig.
4(a)]. The computed forceF; on a deformable cell
ranges from 1.3 to 2810 °dyn under wall shear
stresses 7,,=3.0—9.0dyn/crA  which is significantly
smaller than that on a rigid sphere calculated by the
method of Goldmaret al!® Schmid-Schobein et al?3
estimated that a drag force between a leukocyte and the
endothelium was in an order ranging from %.00"° to
23.4<10 °dyn as determined fromin vitro models.
House and Lipowsky also calculated the leukocyte—
endothelium adhesion force ranging from 1.1 to 76.1
X 107%dyn with a mean force of 122410 °dyn based
upon in vivo measurements of pressure drop along the
venular wall. It has been found that the forEg and
torque T, both increasdFigs. §a) and &b)] with an
increase in wall shear stress within the range that we
have tested £, =3.0—9.0dyn/crf). In contrast, the drag
coefficientF¢/7, or T,/7,, for a deformable cell de-
creases as,, increasegFigs. §c) and &d)], suggesting
that the drag acting on an individual WBC increases
disproportionately less than, due to cell deformation.
The current calculations on the drdfig. 6(c)] agree
with those earlier experiments onn vivo force
determinatiort® The magnitude ofF./,, however, is
somewhat different from that of House and LipowsRy,
where values ofF¢/7, decreased from 1610 ° to
0.25x10 °dyn asr, increased from 2.0 to 6.0 dyn/ém
within a 35 um diam vessel. The greatér vivo values
may be attributed to the increased stiffness ofithgivo
WBCs (which protruded further into the lumgmttained
during adhesion stimulated by the chemoattractant fMLP.
Irregularities in the microvessel wall and hence a depar-
ture from a circular cross section may also be a factor
contributing to this disparity.

To further elucidate the mechanics of WBC-EC ad-
hesion and deformation in a small vessel, the relation-
ships among the fluid drag coefficieRt/r,,, the vessel
channel heightD, and cell dimension were examined
(Fig. 7. It has been found thaF./7, decreases as
H./W, decreases from 0.8 to 0.4 for a givéhand a
wall shear stres$Fig. 7(a)]. When H./W, approaches
0.2, a minimum value of~¢/7, is attained following
which F¢/7, increases with further reductions in
H./W,. In that extreme situation, it would be possible

mental conditions. A pressure drop across an adherentthat any slight decrease in cell heigtt ) may cause an

cell was previously reported by House and Lipow$ky
from an actualin vivo measurement to be about 40

dyn/cnf under a similar flow condition.

The influence of cell deformation on the total hori-
zontal forceFg and torqueT, on the cell has been char-

increase in cell projection length\;) due to the cell
volume conservation. As a result, an additional increase
in fluid—cell surface contact area will possibly increase
the horizontal fluid drag force on a very deformed cell.
Figure 7b) further illustrates the extent to which the
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fluid drag force is influenced by ratios of the cell height strongly on the intercellular viscosity, and cell mem-
to the channel heighi.e., H./D). The reversed trend of brane bending stiffnesB.
F./7, dependence on cell deformation is strongly af- Both cytoplasmic viscosityFig. 10a)] and cell mem-
fected by the vessel dimensions. While these results arebrane elasticityFig. 10b)] have a profound influence on
qualitatively similar to the simple “pill box” model of  cell deformation. For red blood cells, there is very little
House and Lipowsky® they offer greater detail and pre- extension in cell surface area during cell deformation.
sumably a more realistic appraisal of the role that cell RBC deformability is predominated by the bending and
deformation plays in affecting the drag force on an ad- shearing rigidity of the cell membrane. Membratw
herent WBC. thin shel) theory is usually adequate to describe the
The fluid drag forces acting upon a WBC will be rheological behavior of the WBC cortical layer without
transmitted to forces that disrupt individual adhesive considering the bending propefty'**because of a large

bonds between WBC and EC. Boky and T, are bal- among of surface folds. Comparing with the RBC mem-
anced by adhesive forces, which are influenced by the brane bending stiffness of 16?ergsl® a WBC bending
bond elastic constar,;, the bond densityN,, the ac- modulus in an order of 10*erg was recently reported

tive WBC—EC separation are&, (characterized by the by Zhelevet al?® from a micropipette measurement on a
peeling lengthd), the location of a mass center, and the suspended white cell under static deformation. Also, a
bond tilting angled [Fig. 2(c)]. It is evident from the bending stiffness of 2010 °ergs was estimated by
present calculations which represent incipient WBC roll- Olivier and Truske$” in calculating the fluid on a
ing that the peeling gafy=Y(X) and the peeling dis- spreading cell in a laminar flow using a parallel-plate
tance X=4 change as a function of time and location flow chamber. The current 2D model shows that such a
[Fig. 8@]. This behavior results in both temporal and membrane bending rigidit{B) has a significant influence
spatial changes iN, [Fig. 8b)], and hence the bond on cell deformatiorfFig. 10b) and 1@c)]. Figure 1@c)
force f,=A.N,f, sin(6+¢). Because of the temporal (an adherent cell under a shear foreeggests a general

change inN, under a given wall shear stresg,, an parametric trend thad/L., a ratio between the active
adherent cell in a shear flow deforms as a function of peeling zoneé and the total contact length., would
time in order to readjust the force balande € f,) to decrease wheB becomes smaller. For exampl&L . is
maintain its adherence to the EEig. 4). As the peeling about 3%—-6%(depending on shear stresgegen B is
gap Y=Y(X) continuously increase$Fig. 8a] and in an order of 10°%erg. &/Lc decrease to approximately
bond densityN,, decreases with timgt,<t<t,; Fig. 1%—2% whenB values are less than 18 erg, indicat-

8(b)], a final equilibrium state must be reached at which ing that a “softer” cell membrane would result in larger
the bonds at the trailing edge of the WBC—EC contact cell deformation with an increase in cell-surface contact
[point P, in Fig. 2(c)] reach a critical densitiN,.. The lengthL.. We have further found that the total contact
time needed to reach this critical point has been charac-length L. increases disproportional more than those of
terized in the present study by the peeling titge sub- the active peeling zoné when B decreases. Cell defor-
sequent to which the cell initiates movemertt, <t mation is also sensitive to cytoplasmic viscosity [Fig.
<t.). The distance of a curve shifting due to the cell 10(a)]. Figure 1@d) indicates a general parametric trend
detachment from its substrate was determined from thethat §/L. would increase from 1%-3% to 5%—8% when
experimental measurementBig. 1). The average bond u. increases from #to 10° P, indicating that a more
tilting angles were predicted to be around 45.5°-65.0° viscous core in cell cytoplasm would result in smaller
from the calculations for a shear stress raging from 3.0 cell deformation with a decrease in cell-surface contact
to 9.0 dyn/cm. This prediction is close to the angle of length L.. We found that the total contact length.
55.5° estimated by Aloret all in their studies of the  decreases disproportional more than those of the active
lifetime of the P-selection carbohydrate bond under a peeling zones when w. increases. Although some dis-
shear stress of 1.1 dyn/ém crepancies might exist in estimating. and B for a
The active peeling distancé has been found to be WBC*%2?°t would be noted that most parameters are
less than 5% of the total contact and depends on the very “apparent,” depending on a modé2D or 3D).
wall shear stress, adhesion time, and cell deformation Those apparent parameters also depend on an actual ex-
[Fig. 9@)]. The 6§ zone may also depend on the mechani- perimental assaya suspended cell under static condition
cal properties of cell membrane and bond adhesion or an adherent cell on a flat surface subject to a shear
strengtie'!? It should be noted that the computed and flow). The apparent parameters obtained in this study
measured values of . are in close agreement. Some were derived from the best agreement with thevivo
differences between calculation and experiméhig. experimental measurements on cell shapes, cell-surface
8(b)] may also arise from artifacts in th&n vivo contact lengthL. (5 could not be measurgdtransient
images® which may result from out-of-focus informa- adhesion timet,, and various shear stresses. Without
tion. The apparent WBC—EC contact length also dependsconcluding what should be an "“appropriate” magnitude
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for u. and B, a general parametric trend shown in Fig.  In summary, the analyses presented in this paper al-

10 has provided an important insight showing how WBC low us to understand the basic mechanics of leukocyte
rheological properties would affect cell deformation deformation and adhesion to the vascular endothelium in

hence, the cell—surface adhesion. shear flow. Beyond the parametric studies presented

The relative influence of cell-shape changes and here, the major conclqsion i; that the transmission of
ligand densityN, on the peeling time, was character- she_ar forces to the_ entire cortical _shell of the WBC_and
ized for a wall shear stress of 6 o’I)yn/%rTShown in thelr”resultant a}ctlon__on a rel_atlvely small “peeling
Fig. 1, an exvemely i i esu i an e £ S0 SO 1eing e 8 proess b o
long t,, indicating that the present shear stress may not g y P ’

hiah h h th ¢ h ingful descriptions ofin vivo events. It is apparent that
be high enough to detach the WBC from the EC. In oy fyrther experimental and theoretical studies are
contrast, ifN, becomes extremely lovt, will be close to

needed to fully elucidate the mechanics of WBC—-EC

zero, which implies that cells cannot maintain adherence gqnesion.

to the endothelium. As shown in Fig. (8}, cell deform-
ability has less significant influence on the peeling time.
On the other hand, given an EC ligand density on the
substrate, the surface receptor densityon a WBC can
also change the WBC-EC peeling tinj€ig. 11(b)].
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terized by a measurable time constapntregulated by a
parameteiK s [Eq. (9)]. Demboet al® defined a bond as
a “slip bond” if Ki<Kg; while they called an “ideal
bond” when K ;=K;. Results from Fig. 1(t) predict
that the smalleiKs is (F,s={K;—K}/Ky), the shorter
the peeling timet, (transient adhesionwill be. An
“ideal bond” would have a longer adhesion time. Since
K, affects the bond densiti, [Egs.(7)-(9)], the num-
ber of bonds is very sensitive to the formation of a
“stable adhesion” {,<t<t;) and an initiation of cell
rolling (t,<t<t).

Although a 2D model has its limitations on an esti-
mate of forces, time, and other results in describing the
actual 3D situation, the present model provides a useful
means to characterize the influence of cellular deform-
ability on the transient cell adhesion processes. Among
all those parameters, the fluid shear stregshas the
most significant impact on almost all solutions, such as
cell shapegFig. 4(b)], drag forceqFig. 6), cell-surface
contact interfacdFig. 9a); Figs. 1dc) and 1@d)], and
transient adhesioiFig. 9b); Fig. 11(c)]. Rheological
parameters, such as cell membrane bending modgilus
and cytoplasmic viscosity.., have profound effects on
cell shapeqFigs. 10a) and 1@b)] and the cell-surface
contact interfacgFigs. 1Gc) and 1Qd)]. Flow channel
dimensionD appears to affect drag forcébig. 7). Ad-
hesion receptorN,) or ligand (N;,) densities and bond
property(characterized b¥X;s in F,s) seem to have more
influence on adhesion timg=igs. 11b) and 11c)] than
that for cell shape$Fig. 11(a@)]. In general, a more de-

28381 and HL-39286H.H.L.).
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