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Abbreviations
2-D
3-D
AFM
BFP
CR

two-dimensional
three-dimensional
atomic force microscope
biomembrane force probe
consensus repeat

Glossary
2-D binding kinetics The binding kinetics the binding
kinetics between membrane-bound receptors and ligands
anchored to apposing cell surfaces, whose motions are
restricted to a 2-D plane.
Bell model A model proposed by Bell for describing
receptor–ligand bond dissociation, wherein the bond
dissociation rate increases exponentially with the applied
force.
Catch bond receptor–ligand bonds whose lifetimes
increase upon the application of a low external force.
Dembo model A model proposed by Dembo for
describing receptor–ligand bond dissociation, wherein the
bond lifetime may decrease or increase or remain the same
upon application of an external force.
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EDTA
EGF
MFP
PMN
RBC
RIC

11
12
12
14
14
15
16
17
18
19
19
19
20
21
22
23
23
23
24
25
26
27
29
30
30

ethylenediaminetetraacetic acid
epidermal growth factor
molecular force probe
polymorphonuclear leukocyte
red blood cell
reflectance interference contrast

Micropippette aspiration assay A technique to measure
the two-dimensional (2-D) kinetics of receptor–ligand
interactions by characterizing the adhesion frequency as a
function of contact duration between two apposing cells.
Molecular force probe A device that utilizes a flexible
cantilever, which deflects in response to forces generated
between the tip and the sample surface when brought
together, for measuring the kinetic and micromechanical
properties of receptor–ligand bonds at the single molecule
level.
O-glycans The modification of serine or threonine
residues on proteins by addition of a GalNAc residue, which
results in an O-linked oligosaccharide or O-glycan.
PSGL-1 The P-selectin glycoprotein ligand-1 (PSGL-1;
CD162) is a membrane glycoprotein that is expressed on
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virtually all blood leukocytes, human hematopoietic
progenitor cells, and to a much lesser extent on blood
platelets.
Selectin A Ca2 þ -dependent transmembrane glycoprotein
present on the surface of circulating leukocytes, activated
platelets, and endothelial cells at sites of inflammation/
infection.
Shear threshold phenomena A counterintuitive
phenomenon in which the extent of cell binding to selectins
first increases and then decreases while monotonically
increasing the wall shear stress.
Shear-controlled association rate An association rate
model wherein the shear-induced slipping motion of a cell

7.3.1

Introduction

Cell adhesion is instrumental in diverse biological processes,
including inflammation and blood-borne metastasis. In the
cardiovascular system, cells are exposed constantly to hemodynamic forces generated by blood flow, including fluid shear
stress. On one hand, fluid shear induces collisions among freeflowing cells as well as between free-flowing cells and the
vessel wall, thereby increasing the encounter rate between
membrane-bound receptors and their ligands. On the other
hand, fluid shear shortens the intercellular contact duration,
and exerts tensile forces tending to disrupt the receptor–ligand
bonds that are responsible for cell adhesion. Cell–cell adhesive interactions, therefore, depend on the balance between
the dispersive hydrodynamic forces and the adhesive forces
generated by the interactions of receptor–ligand pairs.
Cell adhesion pertinent to inflammation and blood-borne
metastasis is primarily regulated by two families of adhesion
receptors, namely the selectins and integrins, and their respective ligands. The selectins comprise a family of three
structurally related cell adhesion molecules, L-, E- and
P-selectin. Each selectin has an amino terminal domain with
sequence similarity to the calcium-dependent animal lectins
(C-type lectins), followed by an epidermal growth factor
(EGF)-like domain, variable numbers of short consensus repeat (CR) domains, a single-pass transmembrane domain,
and a short cytoplasmic carboxyl terminal tail. While sharing
many common elements, the tissue distribution and regulation of the three selectins are quite different, possibly reflecting their crucial involvement in a number of
pathophysiological processes. L-selectin (CD62L) is constitutively expressed on the surface of almost all types of
leukocytes but is rapidly shed upon cell activation with cytokines, chemokines or formyl peptides. E-selectin (CD62E)
expression is induced on vascular endothelial cells, requires de
novo mRNA and protein synthesis, and peaks 4–6 hours after
activation with inflammatory stimuli in vitro. However, in vivo,
E-selectin may be chronically expressed at sites of local inflammation, particularly in the blood vessels of skin during
delayed hypersensitivity reactions.1 P-selectin (CD62P) expression on both vascular endothelium and platelets is also
inducible. However, P-selectin is stored preformed in the
Weibel-Palade bodies of endothelial cells and alpha-granules
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relative to a wall may enhance the encounter rate between
membrane-bound receptors and immobilized ligands.
sLex The tetrasaccharide sialyl Lewis x {sLex; NeuAc a2,3
Gal b1,4 (Fuc a1,3) GlcNAc-R} is a terminal component of
glycans attached to glycoproteins and glycolipids on most
circulating leukocytes, and on some endothelial cells and
tumor cells.
Slip bond receptor–ligand bonds whose lifetimes
decrease with the application of an external force.
Two-pathway dissociation model A model wherein the
unbinding of the selectin–ligand complex from a single
bound state can be either along the catch pathway over a lowenergy barrier or the slip pathway along a high-energy barrier.

of platelets, from which it can be rapidly mobilized (within
seconds to minutes) to the plasma membrane upon cell activation.2 Additionally, P-selectin expression on vascular
endothelium may also be regulated at the transcription level.
Cytokines such as interleukin-4 or oncostatin M significantly
upregulate P-selectin mRNA levels in cultured human endothelial cells in a delayed and sustained fashion.3
Like all C-type lectins, the selectins bind to carbohydrate
ligands in a calcium-dependent manner. Detailed studies involving site-directed mutagenesis, domain swapping, and
antibody inhibition, have revealed that carbohydrate ligands
bind to the lectin domain on a shallow region that overlaps a
single calcium coordination site opposite where the EGF domain is located.4,5 Several lines of evidence also suggest that
the EGF domain and the short CR domains not only contribute to ligand specificity, but also confer unique kinetic and
mechanical properties on each selectin when binding to its
ligand.6
The selectins share the ability to recognize the tetrasaccharide sialyl Lewis x (sLex; NeuAc a2,3 Gal b1,4 [Fuc a1,3]
GlcNAc-R) and its isomer sialyl Lewis a (sLea; NeuAc a2,3 Gal
b1,3 [Fuc a1,4] GlcNAc-R).4 sLex is a terminal component of
glycans attached to glycoproteins and glycolipids on most
circulating leukocytes and some endothelial cells. In contrast,
sLea is found on some tumor cells but not on normal leukocytes. The binding affinity of selectins for isolated monovalent
sLex and sLea oligosaccharides is very low, as shown in Table 1.
Consequently, neither expression of the sLex nor the sLea
groups per se correlates with the properties of endogenous
selectin ligands on cellular targets. Instead, sLex or related
structures are part of more extensive binding determinants. As
pointed out by Varki,7 distinctions must be drawn between
structures that can bind to selectins under certain conditions
in vitro and structures that actually do interact with selectins
in vivo. To this end, a functional selectin ligand should fulfill
certain criteria; it should be expressed in the right place at the
right time; the ligand should bind with some selectivity and
relatively high affinity; selective removal or absence of the
ligand should prevent cell adhesive interactions.
High affinity ligands for P- and L-selectin have been
identified. P-selectin binds to the amino terminus of the
P-selectin glycoprotein ligand-1 (PSGL-1; CD162), which is
expressed on virtually all blood leukocytes, human
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Table 1

Three-dimensional affinity and kinetic rate constants of selectin–sLex interactions measured by surface plasmon resonance.

Selectin

Ligand

Kd (mM)

kf (M–1 s–1)

kr (s–1)

P-selectin
L-selectin
E-selectin

sLex
sLex
sLex

7.8
3.9
0.72

67 000
280 000
230 000

522
1080
164

Nicholson, M. W.; Barclay, A. N.; Singer, M. S.; Rosen, S. D.; van der Merwe, P. A. Affinity and kinetic analysis of L-selectin (CD62L) binding to glycosylation-dependent celladhesion molecule-1. J. Biol. Chem. 1998, 273, 763–770. Poppe, L.; Brown, G. S.; Philo, J. S.; Nikrad, P. V.; Shah. Conformation of sLe(x) tetrasaccharide, free in solution and
bound to E-, P-, and L-selectin. J. Am. Chem. Soc. 1997, 119, 1727–1736.

hematopoietic progenitor cells,8 and to a much lesser extent
on blood platelets.9 High affinity binding of PSGL-1 to P- and
L-selectin requires three clustered tyrosine sulfate residues,
adjacent peptide components, and fucose and sialic acid
residues on an optimally positioned short core-2 O-glycan
within the anionic amino-terminal region of PSGL-1.10 Crystallographic studies reveal a patch of positive electrostatic
potential on P-selectin designed to engage the tyrosine sulfate
residues and increase the binding affinity.5 L-selectin binds to
PSGL-1 and glycoprotein ligands (GlyCAM-1, CD34, MadCAM-1) that contain O-linked glycans in which the sLex determinant is present and further substituted with a sulfate ester
on the 6-hydroxyl group of the GlcNAc (NeuAc a2,3 Gal b1,4
[Fuc a1,3] SO36-GlcNAc; 6-sulfo-sLex) and/or Gal (NeuAc
a2,3 SO36-Gal b1,4 [Fuc a1,3] GlcNAc; 6’-sulfo-sLex) residues.
The sulfate residue on GlcNAc is required for high affinity
L-selectin-dependent binding, while the contribution of Gal-6sulfation is controversial.11 E-selectin also binds to PSGL-1,12
but accumulating evidence supports the concept that sialylated fucosylated glycolipids on human PMNs might be the
physiologically relevant E-selectin ligands.13–15 Recent studies
also reveal that variant isoforms of CD44 (CD44v) on colon
carcinoma cells possess E-, P- and L-selectin binding activity.16–18 Interestingly, the selectin binding determinants on
CD44v are sialofucosylated structures displayed on O-linked
glycans, akin in nature to those on PSGL-1.
This chapter reviews both theoretical and experimental
aspects of selectin-mediated cell adhesion. We first discuss the
concept of two-dimensional affinity binding along with relevant mathematical models and experimental methodologies.
Next, the biophysics of selectin–ligand bond rupture under
applied force is reviewed, in light of observations showing that
under certain conditions force can shorten or prolong the
lifetime of receptor–ligand bonds, referred to as slip or catch
bonds, respectively. The impact of catch-to-slip selectin–ligand
bond transition on the shear-threshold phenomenon in which
the number of interacting cells first increases and then decreases while monotonically increasing the shear stress is
discussed. We conclude by discussing the modeling of selectinmediated cell tethering and rolling in shear flow.

7.3.2

Two-dimensional (2-D) Receptor–Ligand
Binding Kinetics

Even though several techniques have been developed to study
the kinetics of receptor–ligand binding, most of them, such as
radio-immunoassays and surface plasmon resonance, require
at least one molecule present in solution phase, which limits

their application to the measurement of three-dimensional
(3-D) binding constants. However, cell adhesion is mediated
by binding of membrane-bound receptors to ligands anchored
to apposing cell surfaces, in which the motion of both the
receptor and ligand are restricted to 2-D.19 Not only the
binding mechanism is different, but also their respective kinetic association rates have different units (M–1 s–1 in 3-D and
mm2 s–1 in 2-D). Although 3-D kinetic rates have been extensively reported in the literature, they do not adequately describe the 2-D kinetics of selectin-mediated cell adhesion.
To quantify the 2-D receptor–ligand binding kinetics, a
micropipette aspiration assay was developed by Evans and
colleagues.20–21 In this assay, a red blood cell (RBC), serving as
a picoforce transducer, coated with a low density of the adhesion receptor of interest is held at a fixed position by a
micropipette. Also held by a second micropipette, a polymorphonuclear leukocyte (PMN) or a ligand-decorated bead
is translated to contact with the biomembrane force probe
(BFP) by precision-piezo displacements for prescribed periods
of time. This micropipette is then retracted from the contact
position at defined pulling velocities, and the extension of the
RBC induced by the molecular linkage (i.e., receptor–ligand
bond) is monitored under a video-enhanced microscope. The
bond rupture force is calculated by multiplying the total extension of RBC with the stiffness of the membrane transducer
at the moment of the molecular linkage failure.20,22 This
technique has been utilized to determine the force-dependent
2-D dissociation rates of receptor–ligand pairs as discussed in
sections 7.3.3 and 7.3.4. By precisely controlling the contact
duration and quantifying the fraction of adhesive events (i.e.,
adhesion probability rather than adhesion strength), the
micropipette aspiration assay can also evaluate the 2-D affinity
per contact area, Ac Ka0 ,23 by using a probabilistic formulation
in small systems,24–27 as described in Section 7.3.2.2.

7.3.2.1

Mathematical Models of 2-D Receptor–Ligand
Binding

The behavior of a macroscopic system is usually deterministic,
since it is governed by a large population of adhesion molecules such that the spontaneous fluctuations become insignificant. Once the state of the system is known at time t, the
state at any other time can be determined and no fluctuations
are considered. However, when the size of system is reduced,
the effect of intrinsic randomness starts to significantly affect
the measurement; hence, the deterministic model may not
accurately predict the behavior of the system. In this sub-
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section, the kinetics of small systems and its application to
micropipette aspiration assays will be discussed.23–25
In the micropipette experiment, the target cell or bead is
typically brought into contact with the RBC, thereby forming a
small overall contact zone. For such a small contact zone and
relatively limited number of adhesion molecules, receptor–
ligand binding occurs as a random event, and is thus nondeterministic even though all experimental conditions can be
kept identical including contact area (Ac), duration (t), surface
density of receptors (mr) and ligands (ml). Instead of using a
single scalar to describe the average binding events per area,
the probabilistic model is more suitable here.25 If the probability to have n bond is defined as pn, the state of system can
be described by a vector that includes the combination of all
possible states:
fP0 ; P1 ; :::; Pn ; PAc mmin g

½1

The number of established bonds varies between 0 and Acmmin
where mmin ¼ min(mr, ml). For a one-step reversible kinetic
system, its reaction equation is given by:
k0f

vr R þ vl L " vb B
k0r

½2

the contact zone. The special case, vr ¼ vl ¼ vb ¼ 1, of this simplification has been discussed in the literature23,24,26,27. For this
special case, the complete solution of the probability to have n
bonds is in the form of binomial distribution23:


Ac mmin
½5
pn ðtÞ ¼
½pðtÞn ½1  pðtÞAc mmin n
n
where p(t) is the probability to form one bond at time t which
is given by:
h
i
1  exp ðmmax k0f þ k0r Þt
½6
pðtÞ ¼
1 þ ðmmax k0f =k0r Þ1
For the second case, we assume the formation of a small
number of receptor–ligand bonds, which will have no significant effect on the availability of unbound receptors and
ligands inside the contact area. The master equation can thus
be simplified by neglecting n and n–1 terms in the [Acmj 
(vj/vb)n] and [Acmj  (vj/vb)(n  1)] (subscript j ¼ r or l)23:
dpn
k0
¼ ðn þ 1Þvb vbr1 pnþ1
dt
Ac
"

where k0f and k0r represent the unstressed association and
dissociation reaction rates, respectively. Equation [2] represents the general form of receptor–ligand interaction involving
vr receptors (R) binding to vl ligands (L) to produce vb bonds
(B).
When the two cells are just brought into contact with each
other, there is no bond at this instant (t ¼ 0):
(
1 when n ¼ 0
pn ð0Þ ¼
½3
0 when na 0

 ðAc mr Þvr ðAc ml Þvl
þðAc mr Þvr ðAc ml Þvl

#
0
vb k r
þ
n
pn
Avc r þvl 1
Acvb 1
k0f

k0f
vr þvl 1 pn1
Ac

dpn
k0
¼ ðn þ 1Þvb vbr1 pnþ1
dt
Ac
"



dpn
¼ ðn þ 1Þk0r pnþ1  Ac mvr r mvl l k0f þ nvb k0r pn
dt

v r 

½4
where the first term on the right hand side of eqn [4] represents the probability of (n þ 1) bonds losing one bond during
time t; the second and third terms represent the probability of
n bonds adding one or losing one during time t, respectively;
and the last term represents the probability of (n–1) adding
one bond during time t. Equation [4] can be simplified for two
special cases.
For the first case, if the site density of one adhesion molecule
is significantly higher than that of the other one, the reaction will
be limited by the availability of the latter species. Therefore,
mmax ¼ max(mr, ml) is assumed to have a constant value inside

½8

The complete solution of eqn [8] is of the form of the Poisson
distribution:23,29
Pn ðtÞ ¼

#
v l
0
k0f
vl
vb kr

Ac ml  n
þ n vb 1 pn
vb
Acvr þvl 1
Ac

vr 
vl
0
kf
vr
vl
þ Ac mr  ðn  1Þ
Ac ml  ðn  1Þ
pn1
vb
vb
Acvr þvl 1
vr
Ac mr  n
vb

½7

For the special case of vb ¼ 1, the master equation is further
simplified,28 as follows:

þ Ac mvr r mvl l k0f pn1
Once bonds start to form at t40, pn(t) increases with time t.
The rates of change of these probability components are defined as:

13

hnin
expðhniÞ
n!

½9

where hni is the average number of bonds at time t given by:

½10
hni ¼ Ac mvr r mvl l Ka0 1  exp k0r t
Both approximations provided by eqns [5] and [9] have been
utilized to study the 2-D kinetics of receptor–ligand bond
formation.23,26,29,30 These approximations will deviate significantly from the exact solution when the number of available receptors and ligands are similar (i.e., mmaxEmmin). The
comparison between the two approximations and the exact
solution against the mmax to mmin ratio has been discussed in
the literature.23 The analysis reveals that when Acmmin/
/nS410, the Poisson distribution given by eqn [9] is in excellent agreement with the exact solution. In contrast, the binominal distribution, eqn [5], provides reasonable agreement
with the exact solution when mmax/mmin4100. Taken together,
the Poisson approximation is preferable to model the 2-D
receptor–ligand binding in small systems.23
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Even though the specific case, which assumes
vr ¼ vl ¼ vb ¼ 1, successfully fits to many experimental results,31–34 the actual order of the reaction kinetics has to be
determined. This can be obtained by fitting the Poisson
equation with experimental results. Since the orders of association (vr and vl) are lumped into one value, which can be
treated as a fitting parameter, the order of dissociation vb can
be independently obtained from the fitting analysis.23

7.3.2.2

adhesion probability for a given set of conditions, is
provided by:

½13
Pa;ss ¼ 1  exp Ac mr ml Ka0
Hence, the 2-D affinity constant Ac Ka0 can be estimated
directly from the experiment data for a prescribed set of receptor
and ligand site densities. Mathematical manipulations23 reveal
that the unstressed dissociation rate k0r can be expressed by

Estimation of Kinetic Rate Constants from
Micropipette Aspiration Assays

k0r E

In most chemical reactions, the concentration of the product
is proportional to the reaction time until the system reaches
equilibrium. Similar reaction characteristics have been observed in receptor–ligand mediated cell adhesion to a surface.23 An example plot showing the dependence of adhesion
probability on the contact duration for different site densities
of membrane-bound receptors and immobilized ligands is
presented in Figure 1. The non-specific binding Pnon can be
subtracted from the total adhesion probability Pt by the following equation:23,35,36
Pt  Pnon
Pa ¼
1  Pnon

Pa;int ðtÞ ¼ 1

 exp Ac mr ml Ka0 1  1  k0r t þ Oðk0r tÞ2


¼ 1  exp Ac mr ml Ka0 1  exp k0r t

½12

The 2-D binding affinity Ka0 and the unstressed dissociation
rate k0r can be obtained by a simple graphic representation
method, as shown in Figure 1. By setting t-N in eqn [12],
the steady-state solution Pa,ss, which represents the maximum

Adhesion Probability, Pa

1
t50
0.8
ml × mr = 240
0.6
ml × mr = 120

Pa,ss

0
2

4
Contact duration (s)

6

8

Figure 1 An example plot illustrating the adhesion probability as a
function of the contact duration time for different site densities of
receptors and ligands (mr  ml). The 2-D binding affinity Ac Ka0 can
be estimated from eqn [13] and the steady-state data point Pa,ss. The
unstressed dissociation rate kr0 can be determined by applying the
half-time t50 to the eqn [14].

Pa;int ðtÞ ¼ 1  1  Ac mr ml Ka0 k0r t þ Oðk0r tÞ2

½16

Pa;int ðtÞ ¼ Ac mr ml k0f t

½17

Taking the time derivative of eqn [17], the initial slope of
adhesion probability can be expressed by:
dPa;int
¼ Ac mr ml k0f
dt

½18

According to eqn [18], the unstressed association rate k0f can
be estimated from the slope of the initial data points. Since the
unstressed dissociation rate k0r of selectin molecules is con1
siderably
 0 2 large (ranging from 1 to 10 s ), dropping of
O kr t becomes unrealistic, and as such this method for estimating k0f is inaccurate. Although no direct estimation of k0f
is available, an alternative expression of association Ac k0f can
be obtained by multiplying 2-D binding affinity Ac Ka0 with
unstressed dissociation rate k0r .

7.3.2.3

ml × mr = 60

0

½15

½11

Pa ðtÞ ¼ 1  P0 ðtÞ

0.2

½14

Thus, the unstressed dissociation rate can be estimated from
the time t50, which represents the required time for Pa(t) to
achieve 50% of its steady-state value Pa,ss (Figure 1).
For the very initial state (k0r t-0), the initial-state solution
Pa,int can be obtained by using Taylor series expansion of
 the2
exponential functions in eqn [12] and dropping the O k0r t
term:

where Pa is probability of specific adhesion. For a first order
binding kinetics (vr ¼ vl ¼ vb ¼ 1), and taking into consideration that the adhesion event is defined as having nZ1 bonds,
the equation of Poisson approximation becomes:

0.4

0:5
t50

Effects of Cell Mechanics, Surface Microtopology,
Molecular Orientation and Length on 2-D
Selectin–Ligand Binding as Assessed by
Micropipette Aspiration Assays

To evaluate the effects of cell stiffness and surface microtopology
on the 2-D selectin–ligand binding kinetics, three types of
molecule-bearing carriers have been employed in micropipette
aspiration assays:35,36 a human RBC with a deformable and
relatively smooth surface; a human HL-60 cell with a less deformable and rough surface; and a polystyrene bead with a stiff
and smooth surface. Comparison of systems I to III suggests that
stiffening the carrier significantly reduces the 2-D binding affinity whereas it has no effect on the unstressed dissociation rate
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Table 2
carriers.
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Summary of the 2-D unstressed dissociation rate k 0r and binding affinity AcK 0a between P-selectin and PSGL-1 coated on different

System

P-selectin bearing carrier

PSGL-1-bearing carrier

k 0r (s–1)

AcK 0a  103 (mm4)

I
II
III
IV

RBC
RBC
Bead
RBC

RBC
Bead
Bead
HL-60

0.670.1
0.770.1
0.870.1
0.970.1

22.577.9
4.671.8
0.05570.001
3.770.2

Wu, L.; Xiao, B.; Jia, X.; Zhang, Y.; Lu, S.; Chen, J.; Long, M. Impact of carrier stiffness and microtopology on two-dimensional kinetics of P-selectin and P-selectin glycoprotein
ligand-1 (PSGL-1) interactions. J. Biol. Chem. 2007, 282(13), 9846–9854.

Table 3
2-D Selectin–ligand binding affinity AcK 0a and unstressed dissociation rate k0r estimated for different lengths and molecular
orientations of P- or E-selectin-coated RBCs and PSGL-1-expressing on HL-60.
System

Molecule

Length

Orientation

k0r (s–1)

AcK 0a  103 (mm4)

I
II
III
IV
V

sPs
sPs
PLE
sEs
sEs

Long
Long
Short

Uniform
Random
Uniform
Uniform
Random

0.970.1
1.170.1
1.170.1
0.970.5
0.970.1

3.7170.16
1.1870.03
1.6370.04
0.1870.03
0.0370.001

Huang, J.; Chen, J.; Chesla, S. E.; Yago, T.; Mehta, P.; McEver, R. P.; Zhu, C.; Long, M. Quantifying the effects of molecular orientation and length on two-dimensional
receptor–ligand binding kinetics. J. Biol. Chem. 2004, 279(43), 44915–44923.

(Table 2).36 The authors36 hypothesized that stiffening the carrier reduces the accessibility of a receptor to a ligand on an
apposing surface, thereby limiting bond formation. However,
the marked decrease of the 2-D binding affinity observed using
the stiff vs. the deformable molecule-bearing carrier might be
attributed at least partly to the smaller contact area Ac. On the
other hand, the receptor–ligand bond dissociation depends on
the conformation of the established complex. According to Wu
et al. (2007), once a bond is successfully formed, the mechanical
properties of the carrier have no effect on the probability of
dissociation, as shown in Table 2.
Comparison of systems I to IV reveals that surface microtopology also affects the 2-D receptor–ligand binding kinetics.
Roughing the carrier surface reduces the effective contact area
Ac, which in turn decreases the effective binding affinity.36
Interestingly, the values of the 2-D selectin–ligand binding
affinity are similar for systems II and IV, suggesting that softening the carrier and roughing the surface simultaneously may
have opposing effects on affinity.
By controlling the number of CR domains, P-selectin
molecules of different lengths were engineered. Under static
(no-flow) conditions, PSGL-1-expressing PMNs attach to both
native P-selectin and P-selectin constructs containing as few as
two CR domains with similar efficiency.6 In contrast, P-selectin constructs containing only two or three CR domains failed
to support PMN binding under physiological flow conditions.6 Micropipette aspiration assays were performed to
determine the impact of CR domains on the 2-D selectin–ligand binding kinetics using two types of soluble P-selectin: sPs
consisting of Lec-EGF domains plus nine CR but no transmembrane and cytoplasmic domains, and PLE consisting of
only the Lec-EGF domains with an added C-terminal epitope.
As shown by,35 the 2-D affinity Ac Ka0 of the long sPs molecule
is B2-fold larger than that of short PLE molecules (Table 3).
However, the values of the unstressed dissociation rate k0r are

similar in the two systems (Table 3). These findings suggest
that the absence of PMN binding to immobilized P-selectin
constructs bearing two or less CR domains6 is attributed to the
poor accessibility of the short molecule to the ligand-coated
surface. Once P-selectin–ligand bonds form, their dissociation
is not affected by the length of the molecules.
Micropipette aspiration assays were also performed to
evaluate the effects of molecular orientation on 2-D selectin–ligand binding kinetics using sPs or soluble E-selectin
(sEs) either adsorbed randomly on the RBC surface or coupled
uniformly to non-blocking anti-selectin monoclonal antibodies-bearing RBCs. As shown by,35 the 2-D binding affinity
Ac Ka0 of uniformly oriented P- or E-selectin is markedly higher
than that of randomly absorbed P- or E-selectin. However, the
unstressed dissociation rates k0r are nearly identical. Taken altogether, cell deformability, molecular orientation, and length
of selectin molecules enhance the 2-D binding affinity without
affecting the unstressed dissociation rate.

7.3.3

Selectin–Ligand Dissociation: Slip Bond
Kinetic Parameters

The kinetic and micromechanical properties of selectin–ligand
bonds were initially estimated in vitro by quantifying leukocyte
tethering lifetime in flow chamber assays.13,37–39 However,
these assays may not effectively differentiate avidity from affinity of a single receptor–ligand pair, and most importantly,
rely on broad assumptions to estimate the forces exerted on
the bonds. These issues can be addressed by the use of a BFP
and a molecular force probe (MFP), which enable us to study
receptor–ligand binding kinetics at the single molecule scale
and determine rupture forces with pN resolution.12,40–46 In
this section, we review the experimental methodologies and
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mathematical models to study the biophysical properties of
the different selectin–ligand pairs at the single molecule level.

7.3.3.1

Single-molecule Force Spectroscopy

Two types of ultrasensitive probes are utilized in single-molecule force spectroscopy studies: BFP where force is sensed by
the displacement of a glass microsphere immobilized on a
pressurized membrane capsule (i.e., RBC),41,42 and MFP
where force is sensed by the deflection of a thin cantilever.12,40,44–46 Both techniques allow detection of a wide
force spectrum ranging from 5 pN to 41 nN,48–56 which
covers the typical biological forces from the molecular to the
cellular level as tabulated in Table 4.
The BFP was developed based on the micropipette aspiration technique, which determines the rupture force by the
deformation of membrane capsule (see section 7.3.2). Evans
and colleagues22 improved the micropipette aspiration assay
by biochemically coupling a 2–3 mm diameter microsphere
onto the RBC. The soft membrane capsule (RBC) becomes the
force transducer, and its membrane tension is adjusted by the
micropipette suction pressure. The implementation of reflectance interference contrast (RIC) microscopy enhances the
resolution of detection of movement of the BFP tips to the nm
level.22 The difference between micropipette translation and
BFP tip displacement is multiplied by the force constant to
obtain the rupture force. The loading rate can be calculated by
the product of membrane transducer force constant and the
speed of separation.
The MFP has the architecture of the atomic force microscope
(AFM). The MFP utilizes a flexible cantilever, which deflects in
response to forces generated between the tip and the sample
surface when brought together hundreds of times. Deflections
are detected by a laser incident on the tip of the cantilever and,
using the bending constant of the cantilever, transformed into
time-dependent forces. In this sub-section, we focus on the review of the MFP technique, since detailed discussions of BFP can
be found elsewhere.22,43,47
MFP experiments were initially performed by repeatedly
bringing the receptor-functionalized cantilever into contact
with a counter-receptor immobilized onto a glass slide.53
Subsequent MFP experiments were performed using a receptorfunctionalized cantilever and a cell immobilized onto a culture
dish (Figure 2).12,54 Cells can also be immobilized on a cantilever tip, thereby enabling us to probe receptor–ligand interactions between apposing intact cells.55 Probing intact cells
rather than recombinant proteins ensures that the natural
orientation of cell receptors on the cell surface and the post-

Table 4

translational modifications of these receptors (e.g., glycosylation) are preserved. Moreover, using intact cells rather than
recombinant proteins ensures that transmembrane receptors
can still interact with the cytoskeleton via interactions mediated
by cytoplasmic proteins binding the cytoplasmic domain of the
receptors, while recombinant proteins tethered to reconstituted
phospholipid membranes cannot. However, when probing
cell–cell interactions, the non-linear mechanical response of
cell deformation may complicate the measurement results.48,56
Receptor–ligand binding depends, among other parameters, on the contact duration between the receptor and the
ligand, and the force applied by the receptor-functionalized
cantilever to the immobilized cell during contact
(Figure 2(a)). To limit the number of bonds formed during
receptor–ligand contacts, the contact duration and the impinging force can be reduced. Small impinging forces and
short times of interaction diminish the number of intercellular
bonds. Engagement of single bonds as opposed to multiple
bonds is promoted by targeting a percentage of successful
receptor–ligand binding interactions of 10–35%. As discussed
in section 7.3.2.1, the probability of formation of receptor–
ligand bonds follows Poisson statistics. When only 30% of
receptor–ligand contacts lead to molecular bonds on the
force-distance curves, then 480% of the successful binding
events involve only one bond, 15% involve two bonds and
o3% involve three bonds. The unbinding of single receptor–ligand pairs is also revealed by the emergence of predominantly single rather than multiple steps in the force-time
traces (Figure 2(b)). Under these conditions, rupture force
histograms, representing the most probable rupture force at a
given reproach velocity, develop a single peak as opposed to
regularly spaced force distributions, which would be indicative
of the unbinding of oligomeric adhesions.57
Control experiments are performed to demonstrate the
specificity of receptor–ligand binding. For instance, addition
of ethylenediaminetetraacetic acid (EDTA) to the tissue culture
dish consistently abrogated binding (Figure 2(b)), a finding
which is in agreement with the calcium dependence of selectin–ligand binding. Alternatively, incubating the selectincoated cantilever with a function-blocking anti-selectin mAb
or the neutrophils with an anti-PSGL-1 mAb reduces the frequency of binding events to basal levels.
A wide variety of receptor–ligand pairs, such as E-cadherin
or N-cadherin homotypic binding, selectin–ligand or integrin–vascular cell adhesion-1 binding, have been studied by BFP
and/or MFP.12,41,42,44,54,55,58,59 Before summarizing the forcespectroscopy data on selectin–ligand binding interactions at
the single molecule level, we will review the kinetic models of
receptor–ligand bond dissociation.

Characteristic force scales of common cellular and molecular processes

Biological processes

Force scale

References

Cellular contraction
Protein unfolding
Receptor-ligand interaction
Cytoskeletal motor protein

B0.1–1 mN
B100–200 pN
B50–250 pN
B2–10 pN

121
122–124
(Hanley et al., 2004; 12,125)
126

Author's personal copy
Biophysics of Selectin-Mediated Cell Adhesion

17

100 pN
0.1 sec

Laser

Photodetector

Rupture force

(A) PBS, Ca2+

Focus Lens
Photodetector
mirror

Cantilover
Anti Human-IgG Fc
P-selectinLigands
Cellular
monolayer

P-selection-igG Fc
(B) EDTA

(a)

(b)

Time

Figure 2 (a) MFP schematic indicating the use of intact cells to measure in situ cellular adhesion forces. P-selectin-Ig chimera was captured in
the proper orientation with an anti-human IgG/Fc antibody adsorbed on the cantilever tip. The cantilever was positioned directly above a cell and
was allowed to approach until it touched and slightly deformed the cell membrane before reproaching at a prescribed velocity. This approach/
reproach cycle was repeated hundreds of times to obtain a statistically significant value for the P-selectin–ligand rupture force. Adapted with
permission from Hanley, W.; McCarty, O.; Jadhav, S.; Tseng, Y.; Wirtz, D.; Konstantopoulos, K. Single molecule characterization of P-selectin/
ligand binding. J. Biol. Chem. 2003, 278(12), 10556–10561. Copyright by American Society for Biochemistry and Molecular Biology. (b) Force
versus time traces for E-selectin binding to PMNs in the absence (curve A) and presence (curve B) of EDTA. Experimental conditions, including
selectin concentration on the cantilever, contact force and dwell time, were optimized for P-, E- and L-selectin experiments to result in B30%
binding events (30 adhesion events per 100 contacts). The arrows indicate rupture events with magnitudes of about 100 pN taken from an
experiment with a reproach velocity of 15 mm/s. The presence of EDTA was consistently found to eliminate receptor–ligand binding. The linear
increase in slope just before each rupture event is indicative of the loading rate exerted on the receptor–ligand bond. Adapted with permission
from Hanley, W. D.; Wirtz, D.; Konstantopoulos, K. Distinct kinetic and mechanical properties govern selectin-leukocyte interactions. J. Cell. Sci.,
2004, 117(Pt 12), 2503–2511. Copyright by Company of Biologists.

7.3.3.2

Mathematical Description of Slip-Bond
Dissociation

bond dissociation, which is given by:

When a receptor and a ligand are in close proximity to each
other, the bond formation can be described by a reversible
bimolecular reaction with two discrete steps: receptor–ligand
encounter and reaction. This conceptual design60 is expressed by:
dþ

rþ

d

r

R þ L " RL " Bond

½19

where R is a free selectin molecule, L is a free ligand molecule,
d þ and d– are the rates of formation and dissociation of the
encounter complex RL, r þ and r– are the forward and reverse
rate for the bond formation. In most cases, the concentration of
RL complex is significantly lower than that of free receptor R and
free ligand L. Therefore, eqn [19] can be simplified by assuming
each bond is formed directly from the pair of free molecules.60
The overall binding process is thus represented by:
kf

R þ L " Bond
kr

½20

where kf and kr are the association and dissociation rates of the
bond resulting from a free receptor and a free ligand pair. In
1978, Bell proposed the force dependence of receptor–ligand

kr ðf Þ ¼ k0r exp



xb f
kB T


½21

where k0r is the unstressed dissociation rate, xb is reactive
compliance, f is the rupture force acting on the bond, kBT is
the Boltzmann constant multiplied by the temperature (or
thermal energy). The bond dissociation rate kr, which is related to bond lifetime tb by tb ¼ 1/kr, exponentially increases
with the applied force as shown in Figure 3(a). In the literature, kr is also given in the following form:43,61
 
f
kr ðf Þ ¼ k0r exp
½22
fb
The new parameter fb ¼ kBT/xb has units of force, and can be
considered as the characteristic force scale at which the dissociation rate changes 2.7-fold. Equations [21] and [22] are
commonly used to model slip-bond dissociation under force.
In a BFP or MFP experiment, it is essentially impossible to
apply a force instantaneously; thus, there is always a finite
loading rate rf. Evans and colleagues62 proposed a model to
estimate dissociation parameters when a bond is ruptured by a
finite loading rate. The probability of a single bond rupture in
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tb,2
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Figure 3 The bond lifetimes under (a) constant rupture forces and (b) a linear ramping of rupture force, df/dt ¼ rf. Modified with permission
from Evans, E. A.; Calderwood, D. A. Forces and bond dynamics in cell adhesion. Science, 2007, 316(5828), 1148–1153. Copyright by AAAS.

the time interval (t, t þ dt) as a function of force is given by:62
 Z t

pðt; f Þ ¼ kr ðf Þexp 
kr ½f ðt 0 Þdt 0

½23

0

where the exponential term represents the probability of bond
survival up to time t, whereas the kr(f) term represents the
probability of bond rupture in the next short time interval dt.
The peak value of this probability distribution can be obtained
by taking the derivative of eqn [23] with respect to f. By setting
Wp/Wf ¼ 0 and using the linear ramp of force, f(t) ¼ rf  t,
the dissociation rate at the critical rupture force /fbS is given
by:
kr ðhfb iÞ ¼ rf

q
½ln kr ðf Þf ¼hfb i
qf

½24

Substituting the Bell model given by eqn [21] into eqn [24],
eqn [25] is obtained:
hfb i ¼



kB T
xb
kB T 
þ
ln 0
ln rf
xb
xb
kr kB T

½25

Equation [24] suggests that the bond dissociation rate increases with the loading rate rf as shown in Figure 3(b).
Interestingly, according to eqn [25], the bond rupture force
also increases with the loading rate (Figure 3(b)). By plotting
the rupture force /fbS against the logarithm of loading rate
ln(rf ), the Bell model parameters, k0r and xb, can be estimated
from the slope and intercept of experimental data in the linear
region by using the following equations:12,61,63


kB T
kB T
xb
½26
slope :
; intercept :
ln 0
xb
xb
kr kB T
Alternatively, k0r and xb can also be estimated by a non-linear
least-square fit of eqn [27] to the experimental data over the
entire range of loading rates44,62,63:


 0
 Z N exp kr0 kb Tt
xb rf
kb T
kr kb T
exp
dt
½27
hfb i ¼
t
xb
x b rf
1
The accuracy of the Bell model parameters can be validated by
Monte Carlo simulations of receptor–ligand bond rupture

under constant loading rates.12,44 In brief, given a k0r and xb in
each simulation, the rupture force (Frup ¼ rf  nDt) at a prescribed loading rate can be calculated for which the probability of bond rupture, Prup, is greater than Pran, a random
number between 0 and 1:


 
xb rf nDt
Dt
½28
Prup ¼ 1  exp k0r exp
kb T
where n ¼ 1, 2, 3,y, Dt is the interval and nDt is the time step.

7.3.3.3

Kinetic and Micromechanical Properties of
Selectin–Ligand Bonds

Using single-molecule force-spectroscopy, the dissociation of
E-, P- and L-selectin from PSGL-1 presented on the neutrophil
surface has been studied over a physiological range of loading
rates.12,41,44–46 In Figure 4, the mean rupture forces are plotted as a function of the loading rate for all three selectins.12
The Bell model parameters, k0r and xb, were extracted by fitting
eqn [26] or [27] to the experimental data shown in Figure 4.
The trends of these parameters are summarized below:
unstressed dissociation rate; k0r :
reactive compliance; xb :

PoEoL

EoPoL

This analysis reveals that L-selectin-PSGL-1 bonds have an
intrinsically higher off-rate and a higher reactive compliance,
which reflects the susceptibility of bond rupture under force. It
is also clear from the force spectra that the tensile strength of
an L-selectin-PSGL-1 bond is apparently lower than that of Por E-selectin binding to PSGL-1 (Figure 4). Taken together,
these data may help explain the faster rolling of neutrophils
over L-selectin relative to E- or P-selectin in flow-based adhesion assays.37,38
E-selectin-PSGL-1 binding has a slightly higher k0r but a
lower reactive compliance xb compared to P-selectin-PSGL-1.
A higher unstressed dissociation rate suggests that E-selectinPSGL-1 bonds have a shorter lifetime in the absence of force,
however a lower reactive compliance suggest that E-selectinPSGL-1 bonds are more resistant to rupture in the presence of
force, which becomes clear at high loading rates (Figure 4).
Because dynamic leukocyte adhesion assays are performed in
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also increase with the applied force or remain the same; these
bonds were termed as catch and ideal bonds, respectively.
Catch-to-slip bond transition exhibited by selectin–ligand
bonds under progressively increasing forces has been demonstrated experimentally.45,46,66 This catch-to-slip bond transition is thought to be primarily responsible for the shear
threshold phenomenon observed in flow-based adhesion
assays where the extent of neutrophil binding to selectins first
increases and then decreases while monotonically increasing
the wall shear stress.67,68 Hence, the Bell (slip-bond) model is
only suitable for selectin–ligand dissociation under relatively
high applied forces.

50

7.3.4
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10 000 100 000
100
1000
Loading rate (pN/s)

Figure 4 Rupture force plotted against the natural logarithm of
loading rate for E-, P- and L-selectin binding to PSGL-1. The
superimposed solid lines indicate the nonlinear least-squares fit of
eqn [27] over the entire range of experimental loading rates. Adapted
with permission from Hanley, W. D.; Wirtz, D.; Konstantopoulos, K.
Distinct kinetic and mechanical properties govern selectin-leukocyte
interactions. J. Cell. Sci., 2004, 117(Pt 12), 2503–2511. Copyright by
Company of Biologists.

the presence of hydrodynamic shear, the lower reactive compliance and additional tensile strength of E-selectin-PSGL-1
bonds might allow neutrophils to roll more slowly on
E-selectin relative to P-selectin. Nevertheless, the differences in
the rolling velocities of neutrophils on E- versus P-selectincoated substrates are subtle relative to those on L-selectin.
The unstressed dissociation rates obtained by single-molecule force spectroscopy44,47,53 typically yield lower values
than those reported by flow-chamber experiments.37–39,64
Moreover, the reactive compliance values are higher in forcespectroscopy than in flow-chamber experiments. Because
multivalent binding is expected to decrease the reactive compliance, we speculate that force-spectroscopy experiments are
more likely to isolate single-molecule interactions than flow
chamber assays.12 Despite the low site densities of adhesion
molecules in flow chamber experiments, cell flattening during
tethering and the resulting increase in the contact surface area
increases the probability of mutiple selectin–ligand bonds
forming, particularly at higher shear stresses.41

7.3.3.4

Limitations of the Bell Model Selectin–Ligand
Dissociation at Low Forces

The Bell model was proposed to describe receptor–ligand
bonds, referred to as slip bonds, whose lifetimes decrease with
the application of an external force, because force reduces the
energy barrier between the bound and free states. Ten years
later, Dembo proposed an alternative model in which the dissociation rate increases exponentially with the square of applied force.65 As a theoretical possibility, Dembo suggested that
the bond lifetime, which is the inverse of dissociation rate, may

Selectin–Ligand Bonds Exhibit Catch Bond
Behavior

Catch binding is a fascinating and counterintuitive phenomenon
in which the receptor–ligand bond resists breaking and becomes
stronger upon application of a low external force. At least three
distinct receptor–ligand pairs have been identified to exhibit
catch bond behavior: selectin–ligand,45,46,66 glycoprotein Ib-von
Willebrand factor69 and the bacterial adhesion protein FimHmannose.70 This seemingly paradoxical phenomenon at the
nanoscale level translates into a complex behavior witnessed at
the cellular level, such as the shear-enhanced cell adhesion. In
this section, we will review the catch-bond phenomenon in
selectin molecules by using physical modeling and experimental
evidence reported in literature.

7.3.4.1

Hookean Model of Receptor–Ligand Bond
Dissociation

Dembo and his coworkers were the first to describe the catch
bond behavior by assuming that the bound state and the
transition state are Hookean springs with specific elastic constants and resting lengths. Originally derived from the transition state theory, the system was assumed to be close to
thermodynamic equilibrium. If the bound state and the
transition state springs have the same elastic constant but the
transition state spring has a longer resting length than the
bound state spring, the dissociation rate kr can be expressed as
an exponential function of the applied force f:65


ðdlÞf
½29
kr ¼ k0r exp
kB T
where kr is the dissociation rate in the presence of applied force f,
k0r is the unstressed dissociation rate, dl is the difference between
the resting lengths of the transition-state and the bound-state
spring (dl40). If both springs have the same resting lengths but
the transition state spring is softer, the dissociation rate increases
exponentially as the square of the force:65


ðdkÞf 2
½30
kr ¼ k0r exp  2
2k kB T
where k is the elastic constant of the bound-state and dk is the
difference between the elastic constants of the transition-state
and the bound-state (dko0). To explain the distinctions between
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slip and catch bonds, the possibilities of the transition state
spring having a smaller resting length than the bound state
spring (dlo0) or the transition state spring being stiffer than the
bound state spring (dk40) were considered. This would result in
the dissociation rate being an exponentially decreasing function
of the force or the square of force. The elastic constant and the
resting lengths of the two states can be allowed to be different at
the same time, for which the full model can be expressed as:65
(
)
dk 2
ðdlÞf  2k
2 f
0
kr ðf Þ ¼ kr exp
½31
kB T
In the above equation, the dissociation rate depends exponentially on a quadratic function of force. This is the simplest three-parameter model proposed for explaining catch
bonds. It was thought that the application of external force on
the catch bond decreases its failure rate at low forces, but this
scenario switches to the traditional slip binding at higher
forces where the applied force increases the failure rate. A
simple physical model to explain the catch bond behavior is
that of a child’s toy called the finger-prison: the harder you try
to pull it, the more tightly it gets locked.65

7.3.4.2

Physical and Mathematical Descriptions of the
Two-Pathway Model

Physical and mathematical models were proposed to describe
published experimental data showing that selectin–ligand bonds
exhibit catch and slip bond behavior. To account for this, twopathway dissociation models were developed. Conceptually, the
receptor–ligand bond can be imagined to be shaped like a harpoon or a hook. This configuration can lock ‘tightly’ when pulled
apart by the two ends. Hence, the unbinding time (or bond
lifetime) increases with the applied force initially, reflective of the
catch bond behavior. Progressively increasing forces are responsible for bending the elastic hook and promoting dissociation
through the slip pathway.71 Alternatively, the receptor can
undergo a ligand-induced switch to an active conformation.71
The transition state in the catch pathway would be a reversion to
the inactive conformation followed by immediate receptor–ligand unbinding. The slip pathway would involve unbinding
through the active conformation, equivalent to the forceful
bending of the elastic hook.
A simple four-parameter model72 describes the unbinding
of the selectin–ligand complex from a single bound state either along the catch-bond pathway over a low-energy barrier
or the slip-bond pathway over a high-energy barrier (Figure 5). In the absence of an external force, the transition of the
receptor–ligand complex from the bound state to the free state
is related to the thermal probability of reaching the top of the
barrier. The unbinding rate is exponentially dependent on the
depth of the energy barrier DE0:
k012 B eDE0 =kB T

Catch pathway
xc

Unbound
state

Bound state
x1

Unbound
state

Separation distance, x
Figure 5 Potential energy profile for a one state two pathway
dissociation model. The catch barrier has to be lower than the slip
barrier for an efficient catch-slip transition to occur. The effect of
force is described by the grey line. Modified, from Thomas, W. E.;
Vogel, V.; Sokurenko, E. Biophysics of catch bonds. Annu Rev
Biophys, 2008, 37, 399–416. Copyright by Annual Review.


!
where x12 ¼ x!
2  x1 cosy, is the distance between the bound
state 1, and the transition state 2 projected on to the direction
of the externally applied force f. y is the angle between the
directions of the force and the displacement of the ligand from
x1 to x2. The receptor–ligand complex forms a slip bond when
the applied tensile force pulls the bond from the bound state
to the transition state by performing positive work on the
ligand, thereby lowering the energy barrier (Figure 5). The
projected distance is positive (x1240). Hence, the bond
breakage in this case is through a single pathway. But force can
also pull the ligand away from the transition state in such a
way that the projected distance becomes negative (x12o0). In
this situation, the force performs negative work on the ligand
and increases the depth of the energy barrier DE, thereby decreasing the dissociation rate (Figure 5). In other words, the
applied tensile force increases the lifetime of the receptor–
ligand bound complex and makes it a catch bond.65,72
For a catch-slip transition to occur, the bound complex
should be able to dissociate from the bound state via two
alternative paths that can be available. They can be represented
as two finite energy barriers on either side of the bound state.
The probability that a ligand is still bound to its receptor at a
later time t40 is given by P(t). This probability decreases with
time according to the equation:72
dP
¼ ðk1c þ k1s ÞPðtÞ
dt

½34

½32

The effect of external force on the bond can be represented by
considering the change in the height of the energy barrier DE:
DE ¼ DE0  x12 f

Slip pathway
xs

Energy, U(x)

20

½33

where k1c and k1s are the dissociation rate constants for unbinding through the catch and slip pathways with the coordinates xc and xs, respectively.
The dissociation rates along with catch and slip pathways
depend exponentially on the applied force according to the
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k1c ¼ k01c exp





x1c f
;
kB T

k1s ¼ k01s exp



x1s f
kB T


½35; 36

where k01c and k01s are the unstressed dissociation rates along
the catch and
x1c
 slip
pathways respectively.

 and x1s are given
x1 cosyo0; x1s ¼ !
x1 cosy40. The soluxc  !
xs  !
by x1c ¼ !
tion to the equation for the survival probability is
PðtÞ ¼ exp½ðk1c þ k1s Þt , which implies that the two pathway
model arising from a single bound state displays a single exponential decay. The inverse mean lifetime of the bound state
is given by:


1
x1c f
¼ k01c exp
tðf Þ
kB T





x1s f
þ k01s exp
kB T

½37

Lifetime measurements

When the applied external force increases from zero, the lifetime of the bond increases until a maximum value is reached
at a critical force. Within this force regime, the receptor–ligand
bonds possess a unique ability to exhibit longer lifetimes
under force, which is reflective of the catch bond behavior.
This can be achieved if k1c decreases more rapidly than k1s
increases in the low force regime. Above the critical force, the
slip pathway dominates so a continued increase in force
would accelerate dissociation by suppressing the energy
barrier.
Using this model, the four parameters, namely, ko1c ; ko1s , x1c
and x1s, were estimated for previously published experimental
P-selectin-PSGL-1 data to be: ko1s ¼ 0.2570.05 s1, x1s ¼ 5.17
0.5 Å; ko1c ¼ 120755 s1, x1c ¼  21.772.4 Å72, and found to
be in good agreement with MFP data12.
Another two-pathway model was described by Evans and
colleagues42. In this model, the receptor–ligand bond can
dissociate along two force dependent pathways from two
bound states, which are in thermal equilibrium with each
other. The authors assumed a rapid inner conversion between
the two states, which reduced the model parameters from nine
to five. The switch from the low impedance pathway (which
has a fast dissociation rate) to the high impedance pathway

P-selectin - PSGL-1

(which has a slow dissociation rate) by the application of force
is governed by the change in the occupancies of the two
bound states, and this determines the transition from catch to
slip bond behavior.42 P-selectin-PSGL-1 was found to act as a
mechanochemical switch where the force history determines
the pathway along which the receptor–ligand complex dissociates.42 The authors tested this hypothesis using a novel
jump/ramp mode of force spectroscopy.42

7.3.4.3

Zhu and colleagues provided the first experimental observation of catch bonds involving selectins using force spectroscopy and flow-chamber experiments. The dependence of
bond lifetimes on applied tensile force for P-selectin-PSGL-1
interactions was directly measured by force spectroscopy.45 In
these experiments, the dimeric form of PSGL-1 or the monomeric recombinant soluble PSGL-1 (sPSGL-1) immobilized
on the cantilever was brought repeatedly in contact with
P-selectin incorporated into polymer supported lipid bilayers.
After applying a constant force to the P-selectin-PSGL-1 bond,
its lifetime was recorded (Figure 6(a)). For a given force, the
logarithm of the number of events that survived was also
plotted against the lifetime t (Figure 6(b)). When the lifetime
of the bond was measured and plotted against all applied
forces, it was observed that it initially increased at low forces,
indicative of the catch bond behavior (Figure 6(a)). At higher
forces, the bond lifetime decreased, indicative of the traditional slip bond behavior (Figure 6(a)). This produced a
characteristic biphasic pattern depicting the transition of the
catch bond to slip bond when a certain critical force level is
reached (Figure 6(a)).45
Interestingly, the lifetimes and critical force for P-selectin–dimeric PSGL-1 interactions were approximately double
in comparison to those for P-selectin-sPSGL-1 interactions
(Figure 6(a)). Hence, their data suggest that sPSGL-1 forms
monomeric bonds with P-selectin, whereas the native form of
PSGL-1 forms dimeric bonds with P-selectin45. The dimeric
bond was able to withstand higher tensile forces and exhibit

High Force

P-selectin - sPSGL-1
(a)

Force

Experimental Demonstration of Selectin–Ligand
Catch-to-Slip Bond Transition

Ln(no. of measurements)

following relations:

21

(b)

Lifetime

Figure 6 (a) Measurements of bond lifetimes between P-selectin and monomeric (sPSGL-1) versus dimeric PSGL-1 as a function of applied
force. (b) The logarithm of the number of events that survived with increasing levels of force was plotted against the bond lifetime. These plots
illustrate that P-selectin-PSGL-1 bonds exhibit catch bond behavior at low forces and transition to slip bonds at higher forces.
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longer lifetimes, which explains the rightward and upward
shifts, respectively, in the lifetime-force plot for P-selectindimeric PSGL-1 relative to P-selectin-sPSGL-1 interactions
(Figure 6(a)). These force-spectroscopy data were confirmed
by the use of flow chamber experiments45.
L-selectin binding to its ligands, PSGL-1 and endoglycan,
also displayed catch bond behavior at low forces and transition to slip bond in the higher force regime.46 Molecular
elasticity measurements revealed that the spring constants of
L-selectin complexed with either dimeric PSGL-1 or sPSGL-1
were identical.46 In stark contrast, the spring constant of
P-selectin-dimeric PSGL-1 bond was twice that of P-selectinsPSGL-1. Taken together, these data reveal that L-selectin is
only capable of making monomeric bonds with PSGL-1.46
Independent experiments performed by Evans and colleagues42 using a BFP with a combination of the ‘steady ramp’
and ‘jump/ramp’ modes of force spectroscopy also revealed
that P-selectin-PSGL-1 bonds exhibit the catch-to-slip bond
transition.

7.3.4.4

Structural Basis of Selectin–Ligand Catch-Slip
Bonds

High affinity binding of the lectin domain of P-selectin to
PSGL-1 requires three clustered tyrosine sulfate residues, adjacent peptide components, fucose and sialic acid residues on
an optimally positioned short core-2 O-glycan within the
anionic N-terminal region of PSGL-1.5,10 All of these moieties
have a distinct contribution to the binding affinity of PSGL-1
to P-selectin, and must be presented in a stereochemically
precise configuration for optimal binding that also involves a
combination of electrostatic and hydrophobic contacts.
Somers et al. showed that the sulfotyrosine-containing region
of PSGL-1 binds P-selectin in an area of positive electrostatic
potential whereas its sialic acid/fucose component interacts
with P-selectin in a region of neutral and negative electrostatic
potential.5 Based on the structural information of P-selectin
bound to PSGL-1 derived glycosulfopeptide and in light of
reports suggesting that the EGF-like domain of the P-selectin
molecule may regulate its function in various ways,5 a model
was speculated73 to explain catch and catch-slip transitional
bond behavior of P-selectin-PSGL-1 complex in vivo. Mechanical forces induce a conformational change at the interface
of the lectin and EGF domains of P-selectin that propagates
along the lectin domain ultimately triggering the PSGL-1
binding site to change from a low affinity to a high affinity
conformational state73. These changes in the binding affinity
may manifest in the well known catch bond behavior. Comparison of crystal structures of uncomplexed P-selectin and
P-selectin-ligand complex at equilibrium reveals that the
largest change in the P-selectin conformation occurs at the
interface of the lectin and EGF-like domains, whereas small
structural changes are evident in the putative PSGL-1 binding
site.5 Mechanical forces could also elongate the flexible PSGL1 molecule, and thus better expose its critical determinant for
recognition by P-selectin.73 Weak P-selectin-PSGL-1 interactions induced by low hemodynamic forces may be mediated by either the sialyl Lewis x present on a short core-2
O-glycan or any of the sulfotyrosine residues. Increasing

hemodynamic forces may strengthen binding (catch bond
behavior) by inducing conformational changes in the binding
pocket that ultimately present the critical binding determinants on both P-selectin and PSGL-1 in a proper configuration
for cooperative binding.73 These structural changes may result
from the exposure of buried residues in the binding pocket,
resulting in newer opportunities for attractive interactions,
which would prolong the lifetime of the bond. Alternatively, if
the pathway to debonding involves the deformation of compliant domains distal from the binding pocket, then application of a force may retard the rate of deformation, thereby
augmenting the stability of the P-selectin-PSGL-1 bond. When
the force crosses a critical threshold value, all the electrostatic
and hydrophobic interactions between P-selectin and PSGL-1
are disrupted and the lifetime decreases leading to the slip
bond regime.73
The above model73 was validated and extended by molecular dynamics simulations, Monte Carlo modeling, and
mutational experimental studies by laying emphasis on the
angle between the lectin domain and the EGF-like domain of
the selectin molecule.74,75 Molecular simulations reveal that
the structure of P-selectin liganded with PSGL-1 yielded an
interdomain angle of 139.31 in the open-angle conformation,
whereas that of P-selectin liganded with sLex had an interdomain angle of 114.61 in the closed-angle conformation.75
When tensile force is applied to the selectin–ligand complex,
there is a greater probability for the selectin to exist in the
open angle conformation.74 Taking into account the noncovalent interactions at the atomic level, molecular dynamics
simulations of P-selectin unbinding from PSGL-1 showed that
the interdomain angle opening allows rotation of the lectin
domain and makes the binding interface tilt and align
itself better with the direction of force.75 This results in sliding
of the ligand along the binding interface as the preexisting
interactions dissociate. This provides opportunity for
newly formed interactions between the two sides of the
interface, which replace those that have already dissociated,
thereby bringing the system back to its previously bound
state. This prolongs the lifetimes by slowing dissociation, resulting in catch bonds. Four residues on the PSGL-1 glycan:
fucose, sialic acid, galactose, N-acetylglucosamine and eight
residues from the PSGL-1 peptide including three sulfated
tyrosines were observed to form new interactions most frequently.75 Thus, a flexible hinge between the lectin and EGFlike domain allows mechanical force to allosterically cause
catch bond with the selectin ligand via sliding-rebinding
mechanism. Once the interdomain angle is fully open, the
probability for rebinding becomes maximum. Further increase in applied force will not increase the lifetimes, instead
it will accelerate the dissociation resulting in the catch-to-slip
bond transition.75
It is noteworthy that the P-selectin’s hinge between the
lectin and EGF-like domain is more flexible than that of
L-selectin.74 This physical property appears to account for the
longer lifetime of P-selectin–ligand catch bonds that convert
to slip bonds at lower forces than L-selectin. The force required
to place the equilibrium between the closed and the open
angle conformation is greater for L-selectin than P-selectin
primarily because of the presence of a hydrogen bond between
the residues Tyr37 and Asn138.74 The frequency of transition
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between the closed and the open angle conformation increases with increasing the flexibility of the hinge. By eliminating the hydrogen bond between Tyr37 and Asn138 by
mutational experiments, the rotational diffusivity of the lectin
domain of L-selectin increased, which resulted in increased
tethering of L-selectin-bearing microspheres on PSGL-1-coated
substrates.74 Taken together, the increased bond formation
rate and the longer lifetime of catch bonds at lower forces as a
result of the increase in the flexibility of the L-selectin hinge
were found to lower the shear threshold for L-selectin
dependent rolling.

7.3.4.5

Physiological Significance of Catch-Slip Bonds

Catch bonds have been shown to regulate the flow-enhanced
leukocyte adhesion to selectin-coated surfaces in experimental66 and simulation76,77 studies. Both L-selectin and
PSGL-1 are expressed on the surface of circulating leukocytes,
and have been reported to play a key role in homotypic
leukocyte adhesive interactions in shear flow.78,79 Without the
catch bonds to shorten the bond lifetimes at low shear stresses, spontaneous homotypic aggregation of free-flowing
leukocytes via an L-selectin-PSGL-1-dependent mechanism
would be induced with unwanted clinical manifestations.
Hence, the catch bonds function to prevent leukocyte aggregation when it is not needed.80 Understanding the catch bond
behavior will help us to redesign novel catch bonds for
medical/therapeutic purposes and for engineering structures
that can be used for various technological applications, inspired by this naturally occurring phenomenon.

7.3.5

Selectin-Mediated Cell Adhesion in Shear
Flow

Cell adhesion mediated by biological macromolecules and
their respective ligands plays a key role in a number of diverse
biological phenomena including inflammation and cancer
metastasis. Leukocyte recruitment to sites of infection is
regulated by highly specific receptor–ligand interactions that
allow leukocytes to first tether and roll on activated endothelium under hydrodynamic shear and then firmly adhere
prior to their extravasation into the tissue space. Accumulating
evidence suggests that tumor cell arrest in the microcirculation
is also mediated through receptor–ligand interactions between
tumor cells and the vascular endothelium in a manner
analogous to leukocyte recruitment.81–84 Both processes involve highly regulated molecular events such as selectin–ligand interactions that rely on the local circulatory
hemodynamics and the mechanical and kinetic properties of
participating adhesive molecular groups. Providing sufficient
observation capabilities and mimicking the physiological flow
environment, flow chamber assays have been utilized to study
selectin-mediated cell binding.38,39,66,85 This section discusses
how flow modulates the binding of a cell to a functionalized
surface, focusing on theoretical, experimental, and numerical
studies reported in the literature.

7.3.5.1

23

Mathematical Description of Cell Tethering to a
Selectin-Coated Surface in Couette Flow

In flow-based adhesion assays, the translational velocity at any
given instant describes different types of cell motion.86,87
Specifically, a cell is in free motion when its translational
velocity is close to the prevailing hydrodynamic velocity.
When the cell mean velocity is significantly slower than the
hydrodynamic velocity due to the formation/dissociation of
receptor–ligand bonds, the cell is classified as in rolling motion. If a cell is stationary for at least several seconds, it is
considered as firmly-adherent. Although cell rolling is a
complex process controlled by many different physical and
chemical parameters such as cell deformation, microvillus
extension, receptor and ligand densities, and receptor–ligand
bond formation and dissociation, several simplifications can
still be made. In the low shear regime, the cell deformation
can be neglected such that the cell can be modeled as a hard
sphere in a Couette flow.88 If ligands are immobilized on the
substrate at very low site densities, the binding interaction can
be assumed to involve a single receptor–ligand bond complex.
Therefore, the bond lifetime can be obtained by simply recording the cell tethering time. Here, we discuss the suitability
of the Couette flow assumption. Then, a physical model will
be discussed to estimate the bond rupture force induced by the
hydrodynamic shear.
The diameter of blood cells, for example leukocytes, varies
from 6–10 mm, and as such, viscous effects dominate the flow
behavior as characterized by a small Reynolds number, typically much smaller than unity. Thus, the flow is laminar, and is
described by the Stokes flow equation. The flow field u can be
assumed as 2-D, as shown in Figure 7(a), since most of flow
chambers have a width much bigger than the height (about 10
times in ratio). If cells are rolling close to the bottom wall with
a distance much smaller than the height of flow chamber, the
flow velocity profile in the vicinity of the channel bottom
surface can be approximated to be linear (Couette flow), as
depicted in Figure 7(b). This linear approximation significantly simplifies the analysis of cell-surface adhesive
interactions.
An exact solution has been derived for a neutrally buoyant
sphere moving next to the wall by an imposed Couette flow.88
Although cells are not neutrally buoyant due to slight differences in their density relative to that of the suspended buffer,
they can be considered as ‘‘neutrally buoyant’’ because the
gravitational force keeps them only rolling along the bottom
wall and eliminates their cross-streamwise motion. Hence, the
exact solutions apply in this situation. The equations to calculate shear-induced force and torque are given by:

Fx ¼ 1:7005  6pmR2 S

½38


Ty ¼ 0:944  4pmR3 S

½39

where m is the viscosity of the suspended buffer, R is the radius
of cell and S is the shear rate. The values inside parentheses
represent the shear-induced force and torque without having a
wall next to the cell. The wall effect induces 70% greater force
and 5.6% less torque onto the rolling cell. The bond rupture
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Linear approximation
u(z)
Umax

z

Cell

Ucell
y
x

(a)

(b)

Figure 7 (a) The 2-D fully-developed flow velocity profile is only the function of cross-streamwise direction z. (b) Comparison between the
actual flow velocity profile (black curve) and the linear approximation (gray dotted line) for a short distance closed to the wall.

extended microvillus and the selectin molecules.38,89,90 The
oriented angle y of the tether is expressed by90:

S
Ty

y ¼ tan1
Fx

½43

The parameters of neutrophils and HL-60 human promyelocytic cells are listed in Table 5. Although the Fb/Fx ratios are
similar between these two cell types, HL-60 cells experience
about a 2-fold larger hydrodynamic force because of their
larger cell diameter relative to neutrophils, as disclosed by eqn
[38].

R
d
θ

 
 2

R
d þ l2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þ cos1
l
2d R2 þ l2

Fo
l

Fb
Figure 8 Force balance on a tethered cell in shear flow. Fluid shear
rate S will induce a force Fx and torque Ty on a cell of radius R. A
tether which has length d and oriented at an angle y with the
substrate experiences a force Fb. The binding point between the cell
and the surface locates l distance from the projection of the center of
cell.

force can be estimated by balancing forces and torques on the
cell at static equilibrium as depicted in Figure 8. Assuming
that there is only one bond capturing the rigid spherical cell
(Figure 8), then the sum of forces in x or z-direction must
equal zero at static equilibrium:
Fx ¼ Fb cosy

½40

Fo ¼ Fb siny

½41

The sum of torque in y-direction about the contact point of Fo
is given by:
Ty þ Fx R ¼ l  ðFb sinyÞ

½42

where the length of lever arm l, equals the distance between
the binding point and the contact point of Fo (Figure 8). The
lever arm can be determined by measuring the distance that
bound cells move during flow reversal assays38,89. The tether
length d (Figure 8) can be estimated by the total length of an

7.3.5.2

Estimation of Selectin–Ligand Bond Dissociation
Rates From Flow Chamber Assays

In flow-based adhesion assays, cells pause for short periods of
time (tb) and then translate forward in the direction of flow as
shown in Figure 9(a). The pause time, tb, is the bond lifetime,
and the dissociation kinetics can be obtained by quantifying
its distribution. Due to the probabilistic nature of receptor–
ligand bond rupture, the fraction of bound cells will decrease
exponentially with time under a constant force.91 By plotting
the natural logarithm of the number of cells that remained
bound as function of lifetime, the dissociation rate kr can be
obtained by the negative slope of the fitting curve as shown in
Figure 9(b).38,64 After repeating the flow assays at different
wall shear stresses, the estimated dissociation rates can be
plotted as a function of applied force, which is calculated from
eqns [40]–[43]. The values of k0r and xb will be estimated by
fitting dissociation rates with the Bell model as shown in
Figure 9(c).38,39,64,89 To ensure that this analysis will yield the
binding kinetics of a single receptor–ligand pair, experiments
are performed at very low selectin site densities on the substrate; typically, lower than those supporting stable leukocyte
rolling. Moreover, the independence of cellular dissociation
rate on the selectin density is indicative that a monovalent
bond between the selectin molecule and its ligand has been
identified.64 This analysis has also been used to detect the
catch bond behavior of selectin–ligand bonds at low applied
forces.45
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Model parameters reported in the literature for neutrophil and HL-60 cell tethering to selectin-coated surfaces.

Cell

R (mm)

d (mm)

l (mm)

y (1)

Fb/Fx

Neutrophil
HL-60

4.2570.24
6.370.8

1.070.2
1.670.5

3.070.38
4.771.0

62.871.9
61.572.5

2.1870.13
2.0970.19

(a)

tb

Time

(b)

Shear

kr,3

kr,1

kr,2
Bond lifetime tb (s)

Dissociation rate, kr

Natural log of bound cells

Cell displacement

Alon, R.; Chen, S.; Puri, K. D.; Finger, E. B.; Springer, T. A. The kinetics of L-selectin tethers and the mechanics of selectin-mediated rolling. J. Cell. Biol. 1997, 138(5), 1169–1180.
Smith, M. J.; Berg, E. L.; Lawrence, M. B. A direct comparison of selectin-mediated transient, adhesive events using high temporal resolution. Biophys. J. 1999, 77(6), 3371–3383.
Chen, S.; Alon, R.; Fuhlbrigge, R. C.; Springer, T. A. Rolling and transient tethering of leukocytes on antibodies reveal specializations of selectins. Proc. Natl. Acad. Sci. U S A 1997,
94(7), 3172–3177.

(c)

Applied force, Fb

Figure 9 (a) Displacement-time schematic of leukocyte rolling on a selectin-coated surface. The durations of transient tether events marked by
the double arrows represent the selectin–ligand bond lifetime tb under shear. (b) The distribution of bond lifetimes measured from a
displacement-time plot. The fitting slope represents bond dissociation rate kr. (c) Dissociation rates as a function of applied force. The values of
unstressed dissociation rate kr0 and reactive compliance xb can be estimated by fitting the Bell model with data points.

During inflammation, leukocytes tether and roll on activated endothelium via formation of specific selectin–ligand
bonds. Although all three selectins have similar molecular
structures, neutrophils roll markedly faster on L-selectin relative to P- and E-selectins.92 By measuring bond lifetimes,38
showed that the kr(f) for L-selectin is larger than that of P- and
E-selectin for bond forces ranging from 40 to 240 pN. By extrapolating kr to zero rupture force, the unstressed dissociation
rates k0r of L-selectin was found to be 7–10 times larger than
that of P- and E-selectin.37,38 When the force exerted on the
bond increases, Ref. 38 showed that the dissociation rate increases less for L-selectin than for P- and E-selectin. Therefore,
these authors hypothesized that the faster neutrophil rolling
on L-selectin is mainly due to the higher unstressed dissociation rate. The reactive compliance, which represents susceptibility of bond dissociation to the applied force, is not
responsible for the faster rolling.38
However, mathematical models of leukocyte rolling suggest that the reactive compliance correlates positively with
rolling velocity;91,93 that is, the higher the reactive compliance
the faster the cell rolling. It is noteworthy that under high
shear, the cell pause times due to L-selectin-dependent
tethering may be on the order of standard video capture
rates.39 To address this issue, Lawrence and colleagues39 employed high-speed videomicroscopy to record the lifetime of
neutrophil–selectin bonds under flow. Their analysis revealed
that the lifetimes of L-selectin–ligand bonds are drastically
shorter than those of P- and E-selectin–ligand ones, and
highly compliant to applied force. The reactive compliance of
L-selectin-ligand bonds obtained with the high-speed camera

is larger than that of E-/P-selectin–ligand bonds.39 Smith et al.
also indicated that a significant amount of binding and dissociation events were not detected by the standard camera,
and as such the L-selectin–ligand reactive compliance was
underestimated in experiments recorded by standard video
capture rates. The data obtained by high-speed videomicroscopy are in qualitative agreement with the single-molecule
force microscopy results discussed in section 7.3.3.3.12

7.3.5.3

Shear-Controlled Association Rate

The free motion of a neutrally buoyant sphere (e.g., modeled
leukocyte) near a wall in a shear field has been studied analytically and numerically by an image representation method
and series expansions.88,94,95 If there were no viscous fluid
moving around the sphere, its translational velocity Ucell
would be synchronized with angular velocity O when the
sphere is in the limit of touching the surface; this situation
can be envisioned when someone is rolling a basketball on
the floor. Hence, RO/Ucell would be equal to unity. However,
the sphere will experience a different motion under the influence of a viscous flow. If the coordinate z is defined as
the position of sphere centered above the wall, the gap distance is then equal to (z–R) where R is cell radius. The
numerical solutions of RO/Ucell obtained by Goldman88 are
plotted against the normalized gap distance (z–R)/R as
shown in Figure 10. Interestingly, when the gap distance approaches zero, (z–R)-0, the value of RO/Ucell does not
approach unity but a finite limit at about 0.5676. Therefore,
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is sufficiently small, the major encounter mechanism will be
controlled by the diffusivity of receptors and ligands on their
respective surfaces. Thus, the encounter rate k0 has a diffusive
and a convective limit characterized by Péclet number:76,96

0.4

8
< 2pD Pe{ 1
k0 ¼ lnðb=aÞ
:
Pe{ 1
2DPe

0.3
0.2
0.1
0
10−7

10−5

0.001

0.1

10

(z−R )/R
Figure 10 The ratio RO/Ucell is given as function of the normalized
gap distance (z-R)/R. The asymptotic solution indicates that the
translational velocity is not synchronized with the angular velocity
when a cell is in close proximity with a wall. From Goldman, A. J.;
Cox, R. G.; Brenner, H. Slow Viscous Motion of a Sphere Parallel to a
Plane Wall .2. Couette Flow. Chem. Eng. Sci., 1967, 22(4), 653–660.

Encounter complex

Cell surface

Receptors

Vslip

where D is the relative diffusion coefficient, which equals the
sum of the surface self-diffusivities for the target receptor and
ligand, a is the radius of the reactive circle around the receptor,
b is half of the mean distance between the ligand molecules,
and the Péclet number is defined by Pe ¼ Vslipa/D. The first
equation in [46] calculates the encounter rate at the diffusion
limit, whereas the second is at the convection limit. When a
free ligand is brought inside the reactive circle of a receptor,
this complex will start to react. The original model proposed
by Chang96 assumes that an encountered complex is always
possible to react, such that the bond association rate is always
enhanced by the cell slipping velocity. However, the successful
formation of a bond also depends on the encounter duration
between these two molecules. Caputo76 introduced a timescale (1/n) for exploring the conformational space, which
represents the minimum required time for bond reaction. So,
if the encounter duration is shorter than this timescale, the
probability of bond formation is set to zero. The shear-controlled association rate is given by:
kf ¼ k0 PrL

Ligands

Flow chamber wall
Figure 11 Schematic diagram showing that the cell slipping velocity
increases the encounter rate of membranebound receptors and
immobilized ligands on the substrate. Compared to the static
condition that only allows receptors to react with their adjacent
ligands, the finite slipping velocity can enhance the receptor–ligand
association rate.

Vslip ¼ Ucell  RO

½44

Vslip EUcell  0:5676  Ucell E0:4324  Ucell

½45

This unique slipping velocity increases the encounter rate between a receptor and a ligand96 (Figure 11). If there is no slipping motion between the cell surface and the chamber wall, each
cell receptor can only interact with a limited number of ligands
located within its reactive zone. In contrast, when a cell surface is
moving with a finite slipping velocity, each cell receptor can react
with any ligand passing by its reactive zone. Therefore, the overall
cell binding can be enhanced by increasing the flow rate due to
the shear-enhanced association rate.76,96
The process to establish a successful receptor–ligand bond
can be divided into two steps: encounter and reaction.60 If Vslip

½47

where rL is the density of adhesive molecules on the substrate
surface, P is the probability of reaction, and its detailed expression for both diffusive and convective limits is described
by Chang96 and Caputo76. If the number of available receptors
is constant inside the cell-surface contact region, the theoretical overall cell adhesion rate can be calculated by the following equation:96
kad ¼ kf Nr

the translational velocity Ucell is always larger than the surface
tangential velocity RO, leading to a cell slipping motion
relative to the flow chamber wall. This slipping velocity can be
expressed by:

½46

½48

where Nr is the number of effective receptors inside the cellsurface contact region. The proposed model successfully includes the shear flow effect in determining the association
between a cell receptor and a surface ligand. Since the rate of
encounter between adhesion molecules increases with the
Vslip, the shear-controlled association rate may explain, at least
partly, the counterintuitive shear threshold phenomenon reported for selectin-mediated cell rolling.67,68

7.3.5.4

Shear Threshold Phenomenon of Selectinmediated Cell Rolling

Selectins require a shear threshold to mediate optimal
leukocyte tethering and rolling.67,68 In other words, leukocyte
tethering first increases and then decreases while monotonically increasing the wall shear stress (Figure 12). This phenomenon seems counterintuitive because increasing levels of
shear stress increase the dislodging force on the cell, thereby
increasing their probability to detach from the substrate.
However, both in vitro and in vivo assays reveal that the shear
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Wall shear stress
Figure 12 Schematic plot illustrating the shear threshold
phenomenon observed for P-, E- and L-selectin-mediated adhesion.
The number of tethered cells increases until a critical shear stress
level is reached, beyond which it decreases. The shear stress
threshold reported for L-selectin (0.8 dyn/cm2) is higher than those
for E- and P-selectin (0.5 dyn/cm2).

threshold phenomenon may be characteristic of the binding
of all three selectins to their respective glycoprotein
ligands.67,68
Shear-induced cell deformation was initially suggested to
contribute to this phenomenon by increasing the contact area
between the cell and the substrate and thus the probability of
selectin–ligand bond formation under shear.68 However,
simulation studies reveal only a modest role for cell deformation in the shear-threshold phenomenon.77 In view of observations showing that cell-free flow assays using purified
selectins and their respective ligands can successfully recapitulate the shear-threshold phenomenon,45,66 it is now
widely believed that the origin of this phenomenon is predominantly molecular, intimately associated with the kinetic
and micromechanical properties of selectin–ligand bonds.
By analyzing the various biophysical parameters that govern selectin-mediated adhesion under flow, Zhu and colleagues identified two principal mechanisms that contribute
to the flow-enhanced leukocyte adhesion to selectins:97
transport-dependent acceleration of bond formation and
force-dependent deceleration of bond dissociation. Selectinmediated cell tethering is enhanced by three distinct modes of
transport, as shown by dimensional analysis:97 (i) the relative
sliding between the cell and the surface; (ii) the Brownian
motion, which alters the gap distance between the cell and the
surface and increases their collisions; and (iii) the molecular
diffusivity of the receptors and ligands, which orients their
binding sites for molecular docking. The second mechanism
refers to the selectin–ligand catch bonds, where tether force
prolongs their lifetime. Interestingly, simulation studies using
the adhesive dynamics model for cell rolling disclose that the
shear-threshold phenomenon is best achieved by a catch–slip
bond and to a lesser extent by the shear-controlled on rate.76
Dimensional analysis studies reveal that the tether force, but
not wall shear rate or wall shear stress, is the dominant parameter governing flow-enhanced cell rolling.97 Taken together,
experimental and simulation studies collectively show that
flow-enhanced leukocyte adhesion is caused by the mechanical regulation of the association and dissociation rates.

Reactive compliance
Figure 13 The Adhesive Dynamics state diagram indicates that the
cell rolling motion is characterized by the two major Bell model
parameters, the unstressed dissociation rate and the reactive
compliance. Four adhesive regions, termed as firm adhesion,
transient adhesion, fast adhesion and no adhesion, have been
identified. The Bell model parameters of all three selectins fall in the
rolling adhesion region. Adapted with permission from Chang, K. C.;
Tees, D. F.; Hammer, D. A. The state diagram for cell adhesion under
flow: leukocyte rolling and firm adhesion. Proc. Natl. Acad. Sci.
U S A, 2000, 97(21), 11262–11267. Copyright by PNAS.

As discussed in section 7.3.4.4, using site-directed mutagenesis, it was reported that by increasing the flexibility of the
L-selectin interdomain hinge, the tethering rate was increased
due to enhanced rotational diffusion of L-selectin lectin domain and catch bonds displayed longer lifetimes at
smaller forces. The mutated L-selectin with a more flexible
hinge required a lower threshold shear for rolling, thus providing a structural explanation for this counterintuitive
phenomenon.74,75

7.3.5.5

Numerical Simulations of Cell Rolling and
Adhesion in Shear Flow

Computational studies, modeling leukocytes as hard-spheres,
have systematically examined how the biophysical properties
of cell adhesion molecules regulate cell rolling and firm adhesion.76,86,87 Different cell adhesive behaviors have been
observed in simulations, and related to the combinations of
the Bell Model parameters k0r and xb, which were found to be
the most important molecular properties governing the dynamics of cell adhesion. Hammer introduced a computational
method called Adhesive Dynamics, by considering the formation and breakage of receptor–ligand bonds as stochastic
events and by relating the dissociation to force and kinetic
parameters.86,91 The relationship between the Bell model
parameters, k0r and xb, and various adhesive behaviors have
been summarized in a state diagram shown in Figure 13.86,87,98 The state diagram provides an understanding of
the relationship between the functional properties of receptor–ligand bonds and the kind of adhesive behavior mediated
by these bonds.
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The diagram is separated into four regions: firm adhesion,
transient adhesion (rolling), fast adhesion and no adhesion.
For receptor–ligand pairs having a small unstressed dissociation rate, the cell binding is likely to be firm adhesion unless
the reactive compliance is very large. Cell adhesion mediated
by integrin molecules belong to this group. At the other extreme, if the receptor–ligand bond has a large unstressed dissociation rate and a large reactive compliance, the cells do not
experience any adhesion and freely move under flow with
velocities greater than 50% of the hydrodynamic velocity
(0.5VH).
There are two intermediate regions where the cell neither
permanently adheres to the surface nor moves freely with the
flow but undergoes transient and fast adhesions. In the region
of fast adhesion, the velocity of the flowing cells gets reduced
to 50% or less than the hydrodynamic velocity, but do not
display any long-lasting arrests. In the region of transient adhesion, the cells show durable arrests. Rolling of leukocytes
falls in the region of transient adhesion where the mean velocities are less than 0.5VH and the cells exhibit extended arrests. The size of this region is small, such that only certain
combinations of unstressed dissociation rate and reactive
compliance result in the rolling adhesion. The constant velocity curve (0.5VH) separates the region of no adhesion from
fast adhesion. The region of transient adhesion is largely based
on the fractional stop times of moving cells.
The state diagram successfully explains why the rolling is so
unique and is only observed for a small group of cell adhesion
molecules. If a receptor–ligand bond has a slightly higher reactive compliance than what it has for rolling behavior, it will
fall into the region of no adhesion. Similarly, a slightly lower
unstressed dissociation rate can switch the cell’s adhesive behavior from rolling to firm adhesion. This numerical finding
has been compared to experimental studies and shows that
selectins have the combinations of k0r and xb, such that they
are exactly located in this rolling adhesion region.37–39,64,99
Cellular responses to fluid shear stress depend intimately
on the material properties and structure of the cell. Experiments involving cell indentation using atomic force microscopy as well as micropipette aspiration of cells have been
previously conducted to estimate the mechanical properties of
leukocytes.100–102 Early rheological models approximated the
leukocyte as a Newtonian viscous drop with a surface tension
which provides it with the spherical shape.100,101,103 However,
a single set of parameters for these models was unable to
predict the leukocyte rheology at both small and large deformation values determined by micropipette aspiration experiments. Moreover, experimental work has shown that the
cortical tension of the leukocyte varies with the extent of
deformability when the cell undergoes active deformation
during phagocytosis.104 To overcome this limitation, nonNewtonian drop models such as a shear thinning were proposed.102,105 However, the aforementioned models have the
drawback that they ignore the dual nature of the cytoplasms
with its cytosolic and cytoskeletal phases. Dembo and colleagues have used a two-phase viscous drop model in which
the cytoskeletal network and cytosol have different material
properties.106 Due to the axisymmetry of cell deformation
during micropipette aspiration, it has been possible to map
the 3-D problem to numerical simulations in 2-D space,

thereby reducing computational expense. Nevertheless, this
approach may not be appropriate for simulating the nonaxisymmetric problems of cell–cell aggregation and cell rolling
and adhesion to a substrate in a linear shear field.
Dong and coworkers have carried out the numerical
simulation of cell rolling on a planar substrate in a fully developed Poiseuille flow in 2-D using the finite element
method, where the cell is represented as an elastic ring enclosing an incompressible viscous fluid.107,108 In this model,
an energy balance was carried out to estimate the velocity of
the rolling cell. The energy imparted to the cell by the flow
field of the external (suspending) fluid is equal to the sum of
(i) energy lost due to viscous dissipation in the internal
(cytoplasmic) fluid and (ii) the energy utilized for the rupture
of receptor–ligand bonds between the cell and the substrate.107,108 Both extracellular and intracellular flow fields
were solved using finite element methods. The Hookean
spring model with a deterministic kinetic equation was used
to simulate the receptor–ligand interactions under hydrodynamic force. The study revealed that as shear stress increases, an increase in cell–substrate contact area results in a
larger dissipation of fluid energy to both adhesion bonds and
viscous cytoplasm, whereas the fraction of fluid energy imparted to the cell decreases due to a flattened cell shape.107,108
The model also predicted a plateau in leukocyte rolling velocity as shear stress further increased.107,108 However, the
model placed non-physical constraints on the contact area
(contact length in 2-D) between the cell and substrate.107,108
To overcome this limitation, N’Dri et al.,109 used the IBM to
develop a multiscale 2-D model of cell rolling which was
coupled with a deterministic representation of the Hookean
spring model of receptor–ligand interactions. In this study, the
cell was modeled as a 2-D compound drop with the highly
viscous inner core representing the cell nucleus. The study
showed that the presence of a nucleus increased the bond
lifetime, and decreased the cell rolling velocity. It further
predicted that a cell with a larger diameter rolls faster with a
reduced bond lifetime.109 The model was able to predict bond
lifetimes which were in close agreement with experimentally
observed P-selectin-PSGL-1 bond lifetimes estimated during
leukocyte tethering to surface immobilized platelets.109,110
However, the model was not able to simulate the characteristic
‘‘stop and go’’ motion of rolling leukocytes due to the deterministic treatment of receptor–ligand binding kinetics.
Moreover, the cell shapes predicted by the compound drop
model at large deformations deviate from those experimentally observed. These deviations may be the direct outcome of modeling cell membrane as surface tension interface
of a liquid drop rather than an elastic membrane, as recently
suggested.111
A 3-D compound drop model simulating cell rolling in a
parallel plate flow chamber was recently proposed in which
the nucleus and cytoplasm were modeled as viscoelastic
fluids.112 The simulations indicate that at fixed wall shear
stress values, the cell substrate contact area increases with increasing ratio of cell diameter to channel height. Moreover,
under high shear rate conditions the cell forms an elongated
structure similar to those tethers observed in leukocyte rolling
experiments.113 However, the deterministic kinetics of this
model renders it incapable of simulating the ‘stop and go’
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Figure 14 Numerical simulation of cell adhesion under shear flow. Receptor-mediated cell rolling was simulated using a 3-D computational
model based on the immersed boundary method. Cell material properties such as membrane stiffness influence shear-induced cell deformation
and cell substrate contact area. The representative cell shapes at shear rates of 100 and 400 s1 are shown for membrane stiffness values of
0.3, 1.2 and 3.0 dyn/cm2. Adapted from Jadhav, S.; Eggleton, C. D.; Konstantopoulos, K. A 3-D computational model predicts that cell
deformation affects selectin-mediated leukocyte rolling. Biophys. J., 2005, 88(1), 96–104.

rolling of leukocytes. Also, the high computational cost of the
method limits the simulations to relatively short durations of
leukocyte rolling. Moreover, like previous rheological models
of the cell, the 3-D compound drop model does not account
for the viscoelastic behavior of the microvilli.113
A 3-D computational model of leukocyte rolling was proposed to simulate receptor-mediated rolling of a deformable
cell on a ligand-coated surface in a linear shear field.114 The
model parameters were chosen to represent PSGL-1-mediated
leukocyte rolling on a P-selectin-decorated planar surface. In
this model, the IBM115 was used to simulate motion of an
elastic capsule near a plane in a linear shear field. The IBM was
coupled to the Hookean spring model to simulate the forcedependent kinetics of receptor–ligand interactions,116 while
the stochastic behavior of P-selectin-PSGL-1 bond formation
and breakage was simulated by the Monte Carlo method.86,91
The model successfully predicted that for a given shear rate,
the extent of cell deformation and the cell-substrate contact
area decreases with increasing cell membrane stiffness (Figure 4), and the rolling of more compliant cells is relatively
smoother and slower compared to cells with stiffer membranes114 which is in accord with experimental observations.117,118 Moreover, the average number of bonds for a
cell as well as those for a single microvillus was found to
decrease with increasing values of membrane stiffness.114
Along these lines, bond lifetimes decreased with increasing
shear rate and also with increasing membrane stiffness.114
More recently, Konstantopoulos and colleagues extended the
aforementioned 3-D computational model to incorporate the
three different kinetic models of receptor–ligand binding
(e.g., Bell, Dembo and two-pathway model) and to account
for microvillus deformability.77 These simulations predicted
that the catch–slip bond behavior and to a lesser extent bulk
cell deformation contribute to the shear-threshold

phenomenon. Cells bearing deformable rather than rigid
microvilli roll slower only at high P-selectin site densities and
elevated levels of shear (Z400 s–1). Further development of
the mechanical models of biological cell structure is still required; however, the relative simplicity of these models can be
advantageously employed to determine the influence of individual physical mechanism on cellular adhesion efficiency
(Figure 14).

7.3.6

Conclusion

A detailed understanding of the biophysical nature of selectin–ligand interactions pertinent to the inflammation and
cancer metastasis is essential for developing promising therapies and/or diagnostic tools to combat these disorders. Fluid
(blood) flow influences cell adhesion at the mesoscale by affecting the mechanical response of cell membrane and the
intercellular contact area, and at the nanoscale level by
modulating the kinetics and mechanics of receptor–ligand
interactions. Consequently, elucidating the molecular and
biophysical nature of cell adhesion requires a multidisciplinary approach involving the synthesis of fundamentals
from hydrodynamic flow, molecular kinetics and cell mechanics with biochemistry/molecular cell biology. Progress in
each of the aforementioned research areas is key to the development of mathematical models of cell adhesion that incorporate the appropriate biological, kinetic and mechanical
parameters that would lead to reliable qualitative and quantitative predictions. The ability to accurately predict receptor–ligand binding will be vital to the determination and
optimization of important design parameters such as density,
affinity and tensile strength of targeting receptor–ligand
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interaction, for developing effective drug carriers for delivery
of therapeutic agents to the afflicted sites of the host.
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