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ABSTRACT Receptor-mediated cell adhesion phenomena play a vital role in many physiological and biotechnology-related
processes. To investigate the physical and chemical factors that influence the cell/surface interaction, we have used a radial
flow device, a so-called Radial-Flow Detachment Assay (RFDA). The RFDA allows us to make direct observations of the
detachment process under specified experimental conditions. In results reported here, we have studied the detachment of
receptor-coated latex beads (prototype cells) from ligand-coated glass surfaces. The receptors and ligands used in this
work are complementary antibodies. The beads enable us to examine several aspects of the adhesion process with particles
having uniform properties that can be varied systematically. Advantages of the RFDA are many, especially direct observation
of cell detachment over a range of shear stresses with quantitative measurement of the adhesive force. We focus our studies
on the effects of ligand and receptor densities, along with the influence of pH and ionic strength of the medium. These data
are analyzed with a mathematical model based on the theoretical framework of Bell, G. I. (1978. Science [Wash. DCI.
200:618-627) and Hammer, D. A. and D. A. Lauffenburger (1987. Biophys. J. 52:475-487). We demonstrate experimental
validation of a theoretical expression for the critical shear stress for particle detachment, and show that it is consistent with
reasonable estimates for the receptor-ligand bond affinity.

INTRODUCTION

Receptor-mediated cell adhesion to surfaces, including
other cells as well as biomaterials, is an important element
of many physiological and biotechnology-related pro-
cesses. For example, when tissue becomes infected neutro-
phils migrate from the bloodstream into the tissue by first
adhering to the endothelial cells that line the blood vessel
walls through an interaction that is thought to be modu-
lated by receptor and/or ligand expression (3). Also, the
homing of lymphocytes to Peyer's patches and lymph
nodes is mediated by receptor interactions with organ-
specific molecules on the surface of the high endothelial
cells that line the venules (4, 5). Biotechnological exam-
ples that may involve receptor-mediated adhesion include
cell/biomaterial interactions (6, 7) and cell separation
techniques, such as cell affinity chromatography (CAC)
(8, 9). In CAC, ligand that binds to specific receptors on
the target cell population is coupled to a surface (gener-
ally beads or membranes) over which the cell mixture of
interest is passed. The target cells bind preferentially and
the unbound cells are rinsed away. CAC has been used to
purge bone marrow contaminated with 1% tumor cells to
0.0001% (8).
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The adhesive interaction between a cell and a surface,
which may involve both nonspecific interactions (such as

van der Waals, electrostatic, and steric stabilization) and
specific receptor-ligand bonds, depends on the cell and
surface properties, the medium composition, and the
external forces, such as depositional and hydrodynamic
forces. Due to the complexity of this interaction, in vitro
methods have been developed to study cell-to-surface
adhesion. Detachment assays are used to compare the
ability of adherent cells to withstand a given force. An
excellent review on the various detachment assays can be
found in Hubbe (10). In general, the major difference
between the assays is the method used to exert force on

the cells. Typically, the methods fall into one of three
categories: micromanipulation, centrifugation, or hydro-
dynamic shear. In micromanipulation, the cell is held in a

micropipette and brought into contact with an affinity
surface. After a specified amount of time, the cell is
withdrawn from the receiving surface with the micropi-
pette by increasing suction pressure. This assay has been
used to generate useful information on the adhesive force
between a cell and a surface and on the mechanical
properties of the cell membrane (1 1-13). In centrifuga-
tion, cells are allowed to settle onto the surface under the
influence of gravity, and, after a given amount of time, are

centrifuged. The ratio of the number of adherent cells
after centrifugation to the number before provides an
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TABLE 1 Estimated parameter values

Parameter Symbol Range for cells Range for beads

Receptor density NR 108_10I3 Cm-2 (62) 10o0-1012 Cm-2
Ligand density NL 10'0-10'2 Cm-2 (61) 10'0-10'2 Cm-2
Contact area radius a 0.06-1 gm (2) 0.1-0.5 Am
Length of particle to surface bridges hs, H 100-300 A (62) 100 400 A
Affinity constant KO 10- "-10-5cm2 (62) 10- -lo 8cm2
Shear stress S 0-100 dyn/cm2 (44) 0-40 dyn/Cm2
Bond number C 1,000-3,000 (28) 1,000-6,000
Particle radius PB 3.5-7.5 ,um (Leukocyte [79]) 4.6-5.1 j,m
Specific gravity 1.024 (76) 1.05
Particle concentration c 107/ml (CAC [9]) 106/ml

106/ml (Detachment assay [3])

indication of the adhesive force (14, 15). In general,
hydrodynamic shear assays can be divided into four
categories: flow between parallel plates (16, 17, 18), flow
between a rotating and a stationary disc (19, 20), flow
between a stationary disc and a rotating cone (similar to a

cone-and-plate viscometer) (21), and axisymmetric flow
between parallel discs (22-25). The hydrodynamic shear
assays can be distinguished by two significant features.
First, the parallel plate and rotating cone assays produce
only one surface shear stress value per experiment,
whereas the rotating disc and axisymmetric assays pro-
duce a continuous range of shear stress values within a

given experiment. Second, the parallel plate assays are

designed for direct observation during shear, whereas the
axisymmetric, rotating disc, and rotating cone assays are

usually not designed for direct observation. In all three
assays, the percentage of cells that remain attached after
exposure to a given shear stress provides an indication of
the adhesive force.

In vitro detachment studies have enhanced our under-
standing of the factors involved in cell adhesion. However,
the complexity of the interaction and the difficulties
associated with measuring key parameters have left many
fundamental questions unanswered. Our objective is to
combine theoretical models with well-defined experi-
ments to single out the role of certain key parameters on
receptor-mediated adhesion. We have begun by develop-
ing a simple model cell system to characterize and
measure quantitatively important aspects of the adhesive
process. Our model system employs 10 ,im diam receptor-
coated latex beads, using a Radial-Flow Detachment
Assay (RFDA) with a ligand-coated glass surface. The
beads enable us to examine certain basic aspects of
adhesion with particles possessing uniform properties,
such as size, shape, and receptor concentration, that can
be varied in the range typical for receptor-mediated cell
adhesion (Table 1). The RFDA produces an axisymmet-
ric flow field, providing a continuous range of shear

stresses within a given experiment. The assay yields a
critical radius for adhesion from which the adhesive force
can be simply determined. A large shear stress range is
available and direct observations can be made under both
equilibrium and transient conditions, providing both equi-
librium detachment data (reported here) as well as

time-dependent attachment and detachment data (26, 27).
The theoretical framework of Bell (1) and of Hammer

and Lauffenburger (2) for receptor-mediated cell adhe-
sion is used here to analyze our data on particle adhesion
in the RFDA. This framework yields a simple expression
for the critical shear stress for detachment as a function of
key system parameters. This expression provides a useful
basis for the analysis of parameter effects on the adhesive
force. In this work, we demonstrate experimental valida-
tion of this theoretical expression and further show that it
is consistent with reasonable estimates of receptor-ligand
bond affinity.

GLOSSARY
a contact area radius (,im)
AV Avogadro's number (mol- ')
c bead concentration (ml- ')
C number of bonds
d center-to-center bead separation distance (,um)
F force (dyn)
h gap width between discs (mm)
h5 separation distance between bead and plate (,gm or A)
H maximum distance for receptor-ligand binding (,um or )
kb Boltzman constant (J/molecule-°K)
ko forward rate constant (cm2/min)
ko reverse rate constant (min')

K° affinity constant (cm2)
L ligand coating concentration (Ag/ml)
Mw molecular weight
n number
N surface density (cm-2)
P probability
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Q volumetric flow rate (ml/s)
r radial distance from stagnation point (mm)
R correlation coefficient
Re local Reynolds number
RT total receptor number per bead
S shear stress (dyn/cm2)
t time (min)
T temperature (°K)

Subscripts
active
antibody
bond

B bead
c critical
E epitope

glass plate
goat IgG
inlet
ligand
Plexiglass cylinder
receptor
rabbit anti-goat IgG
shear
complementary

Key: * Glass Disc

*0 Flow Field

V- Illumination

DI Inlet Pipe Diameter

h Gap Width

l7 Microscope

9J Adjustable Spacer

0 0-ring

Dp Plexiglass Disc Diameter

* Bead (Diameter DB)

Top View of Flow Field

T total

Greek characters

(K0/33e)(kbT/y)( a/pB)3
ly range of the bond interaction (cm)
X Sc for net nonspecific force (dyn/cm2)
,u viscosity (g/cm-s)

kinematic viscosity (cm2/s)
p radius (,lm or mm)
T torque (dyn-cm)
r no. of adherent beads after shear divided by no. before

shear

MATERIALS AND METHODS

Radial-Flow Detachment Assay
(RFDA)
The RFDA is shown in Fig. 1. The apparatus consists of two discs, a 50
mm diam optical flat glass plate and a 25.4 mm diam Plexiglass
cylinder, separated by a 0.254-mm gap width. The gap width (h) is
maintained with three spacers positioned concentically in the region
between the Plexiglass cylinder and the side wall. This region, which
serves as a reservoir for fluid before exiting through one of three outlets,
was included to dampen potential flow disturbances resulting from the
spacers, the side wall, and the outlets., The chamber is placed on a stage,
a stereo microscope is used to view adhesion to the glass surface, and a
constant head tank is used to maintain a given volumetric flow rate (Q)
to the chamber. The maximum volumetric flow rate is limited by the
criterion that the flow in the inlet pipe be laminar, i.e., the inlet pipe

FIGURE 1 Schematic diagram of the Radial-Flow Detachment Assay
(RFDA) and the flow field.

Reynolds number be <2,000. In our system, this means Q - 2.7 ml/s.
This criterion also insures local Reynolds numbers (see Eq. 2) <2,000
for chamber radii >0.05 mm, so that an axisymmetric laminar flow field
is created between the discs (22, 23). Because the cross-sectional area

for flow between the two discs increases radially, the surface stress
decreases radially with distance from the central stagnation point. Thus,
within a circular zone around the inlet where shear forces are higher
(excluding the stagnation point), particles are swept away; however,
within the outer zone where shear forces are lower, particles are able to
adhere (Fig. 2). The radius that marks the boundary between these two
zones defines the critical radius (rc), the equilibrium position where the
force exerted by the fluid on the particle is exactly balanced by the
particle-surface adhesive force. In general, r; is fairly distinct at low
magnifications; however, at higher magnifications, this fairly distinct
zone is observed to be graduated with respect to the fraction of adherent
beads (i), where r is the number of adherent beads at some time (t 0)
divided by the number of adherent beads before the initiation of flow (at
t = 0). As a result, it is difficult to assign a particular value to r, at these
high magnifications; hence, by convention, we define rc to be the radius
where r is equal to 0.5 (28-31).

Receptors and ligand
In the present experiments, goat IgG and rabbit anti-goat IgG were used
to simulate the ligand/receptor interaction. Rabbit anti-goat IgG is a

polyclonal antibody from rabbit that binds to goat IgG (Appendix 1).
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Photograph A
Stagnation Point

Photograph B
Critical Radius

FIGURE 2 Schematic diagram of the pattern for adhesion with photographs of the regions encompassing the stagnation point and the critical radius.

Both antibodies were purchased from Sigma Immuno Chemicals (St.
Louis, MO) as affinity purified immunoglobulin and were used without
additional purification.

Plate preparation
Optically flat glass discs (50 mm diam, 3 mm thick) were cleaned and
then treated with 3-aminopropyltriethoxysilane in acetone. This proce-

dure covalently couples 3-aminopronyltriethoxysilane to the glass sur-

face, forming an alkylamine carrier (32). The uniformity of the coating
was checked by testing the hydrophobicity of the disc surface. The
criterion for an even coating is when a 20-,ul drop of treated water placed
on the disc surface can move freely and continuously when the tilt angle
of the disc is >40 degrees (33). The water used to test the hydrophobic-
ity of the plates and to make up the protein and flow cell feed solutions
was passed through two deionizers, a carbon tank (to remove dissolved
organic contaminants), and a 0.22-,um filter (to exclude bacteria). In
general, the pH of the treated water was 7.6. After silanization, ligand
(for example, goat IgG or rabbit anti-goat IgG) was coupled to the disc
by means of glutaraldehyde chemistry, which covalently binds the
ligand via an amine group to an aldehyde group on the glass plate.
Incubation steps were carried out in a Petri dish, wash steps were

performed by placing the disc in a large Petri dish of treated water, and

all liquid surfaces were aspirated before the disc was pulled through the
air/liquid interface to remove surface contaminates. Glycine was used to
deactivate any remaining aldehyde groups on the glass surface. The
incubation times with glutaraldehyde, ligand, and glycine were 30 min,
2 h, and 1 h, respectively. Ligand-coated discs were stored at 4-60C in
storage buffer (PBS pH 7.4 with sodium azide [NaN3] as a preservative
and bovine serum albumin [BSA]) and were used within 1-2 d.

Latex microsphere preparation
10 um diam carboxylated latex microspheres were purchased from
Polysciences, Inc. (Warrington, PA). The beads are produced by a

linear polymerization of polystyrene, whose characteristic hydrophobic
interactions contribute to their resistance to both elastic and plastic
deformation, i.e., they do not deform on contact with a surface (D.
Fannon, Polysciences, Inc., personal communication). The beads were

coated with receptors (for example, goat IgG or rabbit anti-goat IgG) by
means of carbodiimide chemistry, which covalently binds the receptor
via an amine group to an activated carboxylate group on the sphere (34).
Wash steps were done with a glass frit (size 4-8 um) and incubation
steps in a 1.5-ml capacity centrifuge tube placed on a rocker to insure
uniform mixing. Ethanolamine was used to block unreacted sites on the
beads and BSA to block nonspecific binding sites. The incubation times
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with carbodiimide, receptor, ethanolamine, and BSA were 2 h, 4 h, 1 h,
and 30 min, respectively. The beads were stored at 4-60C in storage
buffer, which also contained glycerol, and used within one month of
coating. The concentration of the bead solutions was determined by
measuring the absorbance at 292 nm, and determining the correspond-
ing concentration from a standard curve of absorbance vs. concentra-
tion.

Coating density
The total receptor density per bead was determined from a material
balance. This analysis requires values for the receptor concentrations of
the incubation and the wash solutions and the number of beads coated.
The BCA assay (Pierce Chemical Co., Rockford, IL) was used to
determine the protein concentration of the wash. A protein assay such as

BCA or Coomassie Blue was not used to determine the total ligand
density on a plate because the concentration in the wash was too small
for the assay to be reliable; therefore, this density is estimated
(Appendix 1). Amine coupling of IgG to a surface is known to result in a

loss of binding capacity (35, 36); therefore, several assumptions are used
to estimate values for the effective receptor and ligand densities
(Appendix 1). It is important to realize that the assumptions made in
Appendix 1 affect the quantitative values but not the qualitative
behavior of these data because the relative coating densities (coating
density ratios) are not affected by the assumptions. In other words, the
assumptions provide absolute (effective) values for the coating densities,
and, even if they are not precisely correct, the trends for these data will
not change. In addition, the specific binding capacity of 0.063 that we

estimate for immobilized rabbit anti-goat IgG is in excellent agreement
with the measured value of 0.06 obtained by Cress and Ngo (37) for the
specific binding capacity of rabbit anti-human IgG immobilized to a

surface via its amine groups.

measurements taken until the critical radius approached 10.5 mm. In
general, this procedure gave between two and four data points per plate.
The volumetric flow rate vs. critical radius data have an average

y-intercept of 2.2 mm, an artifact caused by the inlet effect (22). It is
customary to subtract the value for the y-intercept from the data for the
critical radius to correct for the entry effect (22, 25); consequently, our

results are corrected in this manner. In addition, data are only taken for
radii between 2.5 and 10.5 mm to avoid artifacts that may be caused by
inlet or outlet effects, respectively. In general, experiments for each
ligand coating concentration with each receptor coating concentration
were run in duplicate to quadruplicate.

Procedure for ionic strength and
pH experiments
The procedure for these experiments was similar to that for the
equilibrium detachment experiments with the following exceptions:
before assembly the chamber was filled with either treated water or the
feed used for the given experiment; sodium chloride (NaCl) solutions
were used for feed in the ionic strength studies; sodium hydroxide
(NaOH) or hydrogen chloride (HCI) solutions were used for feed in the
pH studies; only one flow rate per experiment was examined to maintain
a consistent procedure for all of the conditions studied (at harsh
conditions, experiments were limited to one data point per plate to
reduce the chance of potential artifacts that may be caused by the effect
of the medium on the activity of the protein itself); and the critical
radius was measured after a 30-min exposure to shear. The NaCl,
NaOH, and HCI solutions were made up in treated water (deionized,
pH 7.6). Plates coated with 12.5-ug/ml of goat IgG and two types of
beads with different rabbit anti-goat IgG receptor densities were used in
the present experiments. In general, experiments for each bead type
under each condition were run in duplicate or triplicate.

Procedure for equilibrium
detachment experiments
To start an experiment, the bottom portion of the RFDA is filled with
fluid and the coated glass plate is placed on the spacers. The chamber is
assembled insuring constant torque is applied to the screws that hold the
flow cell together to prevent bending or distortion of the glass disc.
Unless otherwise stated, 0.01 M potassium chloride (KCI) was used both
to fill the chamber and for the feed. The 0.01 M KCI solutions were

prepared with treated water and had a pH of 6.6. After assembling the
chamber, the flow cell was inverted and 0.3 ml of receptor-coated bead
solution (beads in storage buffer) was slowly injected into the flow cell
through a three-way valve in the inlet line. The concentration of the bead
solutions was -8 x 105 beads/ml, resulting in bead separation distances
between 5 and 9 bead diameters. This distance, which is predicted to be
7 bead diameters at this bead concentration (Appendix 2), was chosen to
minimize artifacts caused by interactions between particles, such as

shielding of the shear field.
The beads were incubated with the coated surface for 30 min. The

chamber was placed on the stage, requiring inversion of the chamber
with attendant fluid motion. For surfaces coated with the complemen-
tary ligand, the small shear stress placed on the particles by this motion
is insufficient to detach the beads. The beads were exposed to a constant
volumetric flow rate until a stable critical radius developed. In general,
this took between 20 and 30 min. The critical radius was measured from
the average of four different readings of the stage x-y displacement from
the central stagnation point to the critical radius (two Ax readings and
two Ay readings). Pictures were taken with a 35-mm camera to provide
data for the fraction of adherent beads (r) as a function of radial
position. The volumetric flow rate was increased in steps and new

MATHEMATICAL MODEL

In this section, we present the expressions that are used
for interpreting our equilibrium detachment data. First,
we discuss the parameters that characterize the laminar
axisymmetric flow field in the RFDA, in particular, the
critical shear stress (Sc). Next, we use the theoretical
framework of Bell (1) and of Hammer and Lauffenburger
(2) to develop expressions for the total force exerted by
the flowing fluid on an adherent particle and the number
of bonds required for adhesion at the critical radius. In
addition, we develop a simple expression for Sc as a
function of certain key parameters, such as the receptor-
ligand affinity and the receptor and ligand densities. We
then modify this expression to account for the role of a net
attractive nonspecific adhesive force.
The conservation of mass and momentum applied to

laminar axisymmetric flow provides expressions for the
local Reynolds number (Re), surface shear stress (S), and
local linear velocity (u) in the RFDA. These three
quantities are inversely proportional to radial distance
from the central stagnation point (r). For example, the
expressions for S and Re are

S=3Q= lrh' (1)
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and

Re = 2hum/V = Q/lrrp, (2)

respectively, where Q is the volumetric flow rate, A is the
viscosity, h is the gap width between the two discs, is the
kinematic viscosity, and ur is the mean velocity. By
convention, the hydraulic diameter (2 times h) is the
length dimension used in the expression for Re (22, 38).
The critical shear stress (Sc), the shear stress at which
50% of the particles remain attached, is determined by
using the corrected value for the critical radius (re) in Eq.
1.

For a particle to adhere to the surface, the net adhesive
force must balance the force and torque imposed by the
passing fluid (Fig. 3). The force and torque exerted on an

adherent particle in the RFDA are estimated with the
expressions of Goldman et al. (39) for a stationary sphere
in a shear field. Their expressions predict that both the
force and torque are linearly proportional to the surface
shear stress (S). The total force exerted by the fluid on an

adherent particle is estimated with the force and torque
balance developed by Hammer and Lauffenburger (2) for
receptor-mediated cell adhesion. Their model is based on

the following assumptions: the adhesive force acts both
parallel to the direction of flow and normal to the surface
of the particle, the nonspecific forces play a negligible role
in countering the shear force and torque, and the force per

bond and bond density are constant over the contact area.

The result for the total fluid force exerted on an adherent
particle at the critical radius is:

F 1 OSCP3la, (3)

where PB and a are the radius of the bead and contact
area, respectively (Appendix 3).
The rate of bond formation is governed by the following

kinetic equation:

(dNb/dt) = ko(NL-Nb)(NR -Nb) - k°Nb, (4)

SURFACE

where Nb, NL, and NR are the bond, ligand, and receptor
surface densities, respectively, and k' and ko are the
forward and reverse rate constants, respectively. The
hydrodynamic force exerted on an adherent cell stresses
the bonds, decreasing the duration of each interaction as

well as the equilibrium bond density. Bell (1) models the
effect of an external force on the bonds by replacing the
reverse rate constant by kr, where:

kr = ko exp (yFT/CkbT), (5)

where C is the total number of receptor-ligand complexes
(C = 7ra2Nb), kb is the Boltzman constant, T is the
temperature, and 'y is the range of the interaction
(-5 x 10-8 cm for an antigen-antibody bond [1]). This
expression, which is adapted from work by Zhurkov (40)
on the kinetic theory of the strength of solids, is based on

the following assumptions: the bond density is uniform,
the bonds are equally stressed, and the contribution from
the nonspecific forces to the adhesive force is negligible.
These same assumptions are used with the expression
developed by Bell (1) for the force of a bond to estimate
the number of bonds required for adhesion at the critical
radius:

C - (160y/kbT)(SC/1n(KONL))(p'/a), (6)

where K° is the receptor-ligand affinity constant (ko/k')
(Appendix 3). This equation predicts that the number of
bonds required for adhesion at a given critical shear stress
is directly proportional to that shear stress. The total
receptor density required for adhesion is estimated with
the expression developed by Hammer and Lauffenburger
(2) for equilibrium adhesion. The result for the RFDA is
rearranged to (Appendix 3):

SC - #NLNR, (7)

where:

A= (K/33e)(kbT/y)(a/pe)3.

This expression predicts that Sc is linearly proportional to
the receptor density, the ligand density, and the parame-

ter ,B, where d is linearly proportional to the receptor-
ligand affinity and to the cube of the contact area radius
divided by the particle radius. Eq. 7 is applicable to
receptor-mediated adhesion with a negligible contribu-
tion from the nonspecific forces to the adhesive force. For
certain particle-to-surface interactions, however, nonspe-

cific forces do play a role in countering the hydrodynamic
force. We account for the effect of a net attractive
nonspecific adhesive force by modifying Eq. 7 as follows:

SC-NLNR + X, (8)

Biophysical Journal Volume 58 July 1990

FIGURE 3 Illustration of the force and torque imposed by the passing
fluid.
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where X is the critical shear stress that would be measured
in the absence of specific forces. In the present experi-
ments, fA is assumed to be a constant for a given medium;
therefore, we predict that a plot of NR or of NL vs. SC is
linear with a y-intercept of X and a slope of I3NL or INR,
respectively. This is an important test of this theoretical
framework, along with examination of the value of d in
light of reasonable system parameter estimates.

a

lGoatgG

Specific

Rbt tY.
Rabbit Anti-Goat IgG

Goat IgG

Glycine or Rabbit IgG

RESULTS

This section contains our results for the detachment of
receptor-coated beads (prototype cells) from ligand-
coated surfaces under specified experimental conditions.
First, we present data to show the reliability and reproduc-
ibility of the RFDA. Next, we present results for the
effect of various parameters, including intrinsic (receptor
and/or ligand-related) and extrinsic (medium-related)
factors, on the adhesive force.

Proof of assay
Axisymmetric flow field

The adhesion pattern that forms on exposure to shear is
used to verify the symmetry of the radial flow field. The
pattern consists of beads attached at and about the
stagnation point and at and beyond the critical radius
(Fig. 2).

Specific and nonspecific binding

In general, the adhesive force between a particle and
surface is stronger with receptor-ligand bonds (specific
adhesion) than without (nonspecific adhesion) (20, 41),
therefore, specific binding was verified by performing
equilibrium detachment experiments with goat IgG coated
beads and discs coated with either rabbit anti-goat IgG,
glycine, or rabbit IgG (Fig. 4). These disc coatings were
chosen because rabbit anti-goat IgG is the complemen-
tary ligand, glycine is used to deactivate remaining
aldehyde groups on the ligand-coated surface (Materials
and Methods), and rabbit IgG provides a measure of the
net contribution of nonspecific forces to the bond between
rabbit anti-goat IgG and goat IgG (42, 43). The data
presented in Fig. 4b show that the adhesive force is
greatest between the goat IgG coated beads and rabbit
anti-goat IgG coated surfaces, which is consistent with
specific binding, and that the adhesive interaction with
the glycine coated surface, whereas not as strong as that
with the specific surface, is stronger than that with the
rabbit IgG coated surface. The small nonspecific adhesive
force between the goat IgG coated beads and the rabbit
IgG coated surfaces can be interpreted as a small contri-

b
1.0

_

Specific
Nonspecific
Gly and Goat goG

M Nonspecific
Rabbit and Goat lgG

0.0

S- S0o S -~ So = 3 dynes/cm

FIGURE 4 (a) Schematic diagram of specific and nonspecific binding
between goat IgG receptors on the bead surface and rabbit anti-goat
IgG and glycine or rabbit IgG on the plate, respectively. (b) The number
of adherent goat IgG coated beads after exposure to shear divided by the
number before shear (t) for plates coated with either rabbit anti-goat
IgG, glycine, or rabbit IgG. S. is the small shear stress caused by
attendant fluid motion on inverting the flow cell to place it on the stage.

bution from nonspecific forces to the net strength of the
rabbit anti-goat IgG/goat IgG interaction. In addition,
we examined the nonspecific interaction between rabbit
antigoat IgG coated beads and glycine coated surfaces.
Here, the nonspecific adhesive force is weak, with -70%
detachment on inversion of the chamber to place it on the
stage (S - S. = 0 dyn/cm2).

Reproducibility

For laminar axisymmetric flow, the critical shear stress
(S,) is directly proportional to the volumetric flow rate
(Q) divided by the critical radius (rc) (Eq. 1). S, should
remain constant for experiments run under identical
conditions; consequently, the slope of the Q vs. rc data
should also remain constant. Therefore, reproducibility is
demonstrated by plotting on the same graph Q vs. rc data
obtained for experiments run under identical conditions
and determining the resulting correlation coefficient (R).
An example of the reproducibility of the data is seen in
Fig. 5. Fig. 5 is a plot of the data obtained for four plates
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(the increase in SC with L) increases as RT increases. The
Y 7.5x R 0.99 nonzero y-intercept is consistent with the observation that

there is a net attractive nonspecific force between goat
IgG coated beads and a glycine coated plate (a glycine
coated surface is equivalent to coating with a O-,ug/ml
ligand solution).

41 /m l
* 12 11g/ml Receptor concentration

0.0 0.7

(mv/s)

1.4

FIGURE 5 Volumetric flow rate (Q) vs. critical radius (rc) data
obtained for four plates each coated with a 4-Ag/ml solution and four
plates each coated with a 12-,ug/ml solution of rabbit anti-goat IgG.
Beads with the same goat IgG receptor density were used in all eight
experiments.

coated with a 4-Ag/ml solution of rabbit anti-goat IgG
and four plates coated with a 1 2-,ug/ml solution of rabbit
anti-goat IgG. Beads with the same total goat IgG
receptor number were used in all eight experiments. The
correlation coefficients for typical data are between 0.97
and 1.00, with an average value of 0.99.

Intrinsic properties
Ligand concentration

Fig. 6 shows data for the effect of the ligand (rabbit
anti-goat IgG) coating concentration (L) on Sc for three
bead types (CE, CG, and CD, with -9.0 x 106, 7.5 x 106,
and 5.3 x 106 total goat IgG/bead, respectively). These
data indicate that, for a given receptor number, SC
increases linearly as L is increased. In addition, the slope
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The data from Fig. 6 are replotted in Fig. 7 to show that,
for a given L, Sc increases linearly with the total goat IgG
receptor number (RT); and that the slope increases as L
increases. The nonzero y-intercept in Fig. 7 represents the
nonspecific adhesive force between ethanolamine coated
beads and a rabbit anti-goat IgG coated surface.

Receptor/ligand interchange

The receptor/ligand interchange consists of reversing the
coatings, i.e., coupling rabbit anti-goat IgG to the beads
and goat IgG to the plates. Data were obtained with three
bead types: C1 with -7.2 x 106, and CJ and CL, each with
-3.6 x 106 total rabbit anti-goat IgG/bead. The reproduc-
ibility of the Q vs. r, data obtained with this configuration
is identical to that for the reverse configuration, having an
average correlation coefficient of 0.99. Fig. 8 shows the
effect of varying the total rabbit anti-goat IgG receptor
number as well as the goat IgG ligand coating concentra-
tion. The trends for these data are similar to those for the
data in Fig. 7. The y-intercept is, however, significantly
lower, consistent with the nonspecific data on the interac-
tion between rabbit IgG and goat IgG coated surfaces (a
rabbit IgG coated surface is equivalent to a receptor
number of zero because, for these experiments, receptor
number was varied with rabbit IgG [the ratio of rabbit
anti-goat IgG to rabbit IgG on a bead is assumed to be
equal to the ratio in the incubation solution]).
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FIGURE 7 Total goat IgG receptor number (RT) vs. critical shear stress
(Se) for plates coated with either a 4, 8, or 12-,ug/ml rabbit anti-goat
IgG solution; data are taken from Fig. 6.
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FIGURE 8 Total rabbit anti-goat IgG receptor number (RT) vs. critical
shear stress (S,) for plates coated with either a 12 or 21-,ug/ml solution
of goat IgG and three bead types: Cl with -7.2 x 106; and CJ and CL,
each with -3.6 x 106 total rabbit anti-goat IgG/bead. The distinction of
these data from those in Fig. 7 is goat IgG is coupled to the plate vs. the
bead and rabbit anti-goat IgG is coupled to the bead vs. the plate.

The data from Fig. 8 are replotted as L vs. SC (not
shown). The features of these data, which are similar to
those in Fig. 6, include a linear increase in Sc with L for a

given RT and an increase in the slope with an increase in
RT. Here, however, the y-intercept is -0.56, consistent
with our observation that the nonspecific adhesive force
between rabbit anti-goat IgG coated beads and glycine
coated plates is small.
By making several assumptions, total receptor numbers

and ligand coating concentrations are changed to effective
receptor and ligand densities, respectively (Appendix 1).
In Fig. 9, the data from Fig. 6 are replotted as goat IgG
receptor density vs. the slope of the rabbit anti-goat IgG
ligand density vs. SC data (Gt Bd [L vs. Sc]); the data
from Fig. 7 are replotted as rabbit anti-goat IgG ligand
density vs. the slope of the goat IgG receptor density vs. S,
data (Gt Bd [R vs. Sc]); the data from Fig. 8 are replotted
as goat IgG ligand density vs. the slope of the rabbit
anti-goat IgG receptor density vs. S, data (Rb Bd [R vs.

Sc]); and the data for the goat IgG ligand density vs. S,
(not shown but taken from Fig. 8) are replotted as rabbit
anti-goat IgG receptor density vs. the slope of the goat
IgG ligand density vs. SC data (Rb Bd [L vs. Sc]). The
correlation coefficient for these data is essentially unity.
In addition, even if the assumptions made in Appendix 1

were not precisely correct, the slope for these data would
still remain constant due to the internal consistency of the
model.

Detachment behavior

At the lower range of shear stresses, a percentage of the
beads "roll" radially out along the coated surface, attach-

FIGURE 9 The receptor or ligand density vs. the slope of the ligand
density vs. critical shear stress (Se) data or receptor density vs. critical
shear stress data, respectively. The conversion from total receptor
numbers and ligand coating concentrations to effective receptor and
ligand densities, respectively, is explained in Appendix 1. Rb Bd (R vs.
Sc) data are from Fig. 8 for rabbit anti-goat IgG coated beads, Rb Bd (L
vs. Sc) data are from data taken from Fig. 8 for rabbit anti-goat IgG
coated beads, Gt Bd (R vs. Sc) data are from Fig. 7 for goat IgG coated
beads, and Gt Bd (L vs. Sc) data are from Fig. 6 for goat IgG coated
beads.

ing and detaching several times before either remaining
attached or being swept away. Although this behavior has
not been analyzed quantitatively, there are several notice-
able trends. First, the shear stress range for this behavior
depends on the strength of the interaction between the
beads and the surface: the greater the adhesive strength,
the higher the values of shear stress supporting this
behavior. Second, the actual percentage of beads with this
behavior increases then decreases with shear stress; at the
highest shear stresses, the beads detach and are swept
away from the surface and at the lowest shear stresses,
only a small percentage of beads detach. In addition, a

bead can serve as a nucleation site for attachment. A bead
can detach from a radial position closer to the stagnation
point and "roll" to a new radial position next to an

adherent bead, where it remains attached.
The critical radius provides a quantitative measure of

the adhesive force. In addition, the size of the circular
zone of adhesion centered at the stagnation point (see Fig.
2) and the degree of adhesion within this area are

indicators of the adhesive strength. The detachment
behavior in this region was, however, not analyzed quanti-
tatively because the shear field is not well-characterized.
Nevertheless, there were two noticeable detachment
trends. First, within a given experiment, the radius of the
stagnation zone and the degree of adhesion within this
region decreased as the volumetric flow rate increased.
Second, at a given volumetric flow rate, the radius of the
zone and the degree of adhesion decreased as the value for
the critical shear stress decreased, i.e., as the adhesive
force decreased.
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FIGURE 10 The effect of pH on the critical shear stress (Se) for two
bead types, CR and CS, each coated with rabbit anti-goat IgG. The
receptor density for CR was -1.4 times that for CS. The plates were
coated with a 12.5-Mg/ml solution of goat IgG, and the experiments
were run in duplicate or triplicate. The solutions were made up with
treated water (pH 7.6, deionized).

for the ionic strength and pH experiments is 2 and 5%,
respectively (the maximum percentage error is 4 and 6%,
respectively). The fact that our pH meter is less accurate
(±0.2 pH units) than our scale (±1 x 10-4 g) probably
resulted in small fluctuations in pH between the feed
solutions, causing larger deviations in the pH than in the
NaCl data. The data shown are for the case of the
chamber initially filled with the feed used for the given
experiment, i.e., the ligand-coated surface was exposed to
the feed medium before the bead solution. Several of the
ionic strength conditions were rerun for flow cell assembly
with the chamber filled with treated water, i.e., the
ligand-coated surface was not preexposed to the feed
medium. The values for Sc obtained with the two methods
agree to within 2%.

DISCUSSION

Extrinsic properties
pH and ionic strength

The effects of pH and ionic strength on SC are shown in
Figs. 1O and 11, respectively, for plates coated with 12.5-
,ug/ml goat IgG and two bead types, each coated with
rabbit anti-goat IgG. The two bead types used in the pH
experiments were CR and CS, where CR had - 1.4 times
the receptor density of CS, and the two bead types used in
the ionic strength experiments were CT and CU, where
CT had approximately twice the receptor density of CU.
Figs. 10 and 11 show that treated water (pH 7.6 and ionic
strength approximately zero) yields the maximum value
for SC. Each value for SC is the average for 2-3 experi-
ments. The average value for the percentage error in Sc
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FIGURE i i The effect of NaCl concentration on the critical shear stress
(Se) for two bead types, CT and CU, each coated with rabbit anti-goat
IgG. The receptor density for CT was approximately twice that for CU.
The plates were coated with a 1 2.5-Ag/ml solution of goat IgG, and the
experiments were run in duplicate or triplicate. The solutions were made
up with treated water (pH 7.6, deionized).

We have developed a simple cell adhesion assay, the
RFDA, to study certain fundamental aspects of receptor-
mediated adhesion. The advantages of the RFDA are

many, especially direct observation of cell detachment
over a range of shear stresses with reproducible, quantita-
tive measurement of the adhesive force. In results re-

ported here, we have studied the interaction between 10
,um diam receptor-coated latex beads (prototype cells)
and a ligand-coated glass surface. Rabbit anti-goat IgG
and goat IgG were used to simulate the receptor-ligand
interaction. The advantages of the coated beads are

uniform properties that can be varied in the range typical
for cell-to-surface adhesion (Table 1). The shear stress
range examined was between 0 and 40 dyn/cm2, which is
within the range of physiological and biotechnological
interest. For example, the shear stress in blood vessels is
typically between 0 and 100 dyn/cm2 (0-20 dyn/cm2
basal and 30-100+ dyn/cm2 at sharp curvatures and
bifurcations [441); the shear stress in venules and veins,
where margination of neutrophils usually occurs, is be-
tween 0 and 4 dyn/cm2 (45); and the shear stress in a

typical microcarrier suspension is between 1 and 7 dyn/
cm2 (46).

In this section, we analyze our experimental results
with the mathematical model developed for receptor-
mediated adhesion in the RFDA. We focus on the effect
of the receptor density, ligand density, pH, and ionic
strength on the critical shear stress. We also obtain
estimates for the number of bonds at a given Sc and for the
receptor-ligand (rabbit anti-goat IgG/goat IgG) affinity
constant. In addition, we compare the RFDA data and
analysis with previous observations on receptor-mediated
cell adhesion in other assays (Table 2).
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TABLE 2 Experimental results: effect of parameters
on adhesive force

Adhesive Adhesive
force force

Parameter Value (cell) (bead)

Receptor Increased Increase (61) Linear increase
Density (NR)

Ligand Increased Increase (57, 59, 61) Linear increase
Density (NL) Linear increase

(60)
pH Varied Bell-shaped curve Bell-shaped curve

(24, 65*)
NaCl Increased Decrease Decrease then

Concentration (Attractive constant
[67*])

Increase
(Repulsive
[67*])

*Nonspecific adhesion with an attractive or repulsive electrostatic force.

Analysis of parameter effects
The results for the effect of the ligand (rabbit anti-goat
IgG) coating concentration (L) on the critical shear stress
(Sc) for goat IgG coated beads are shown in Fig. 6. These
data indicate that SC increases linearly with L for a given
receptor number per bead (RT), the slope (the increase in
Sc with L) increases as RT increases, and the y-intercept is
not equal to zero. Similar results are obtained for the
effect of the ligand (goat IgG) coating concentration on Sc
for rabbit anti-goat IgG coated beads (data from Fig. 8).
Here, however, the y-intercept is much smaller than that
for goat IgG coated beads. The analysis of Sc as a function
of NL predicts that these plots should be linear with a
slope of 3NR and a y-intercept of X, where d is a constant
and X is the critical shear stress in the absence of specific
forces (Eq. 8). Therefore, the slope is predicted to
increase as RT (NR) increases, and X is predicted to
increase as the nonspecific adhesive force increases. The
larger value of X for goat IgG coated beads is, in fact,
consistent with the larger nonspecific adhesive force seen
between goat IgG coated beads and glycine coated plates.
The results for the effect of the receptor number on SC

for goat IgG coated beads and for rabbit anti-goat IgG
coated beads are shown in Figs. 7 and 8, respectively.
These data show that SC increases linearly with RT for a
given L, that the slope increases as L increases, and that
the y-intercept corresponds to the value of SC from the
appropriate nonspecific detachment experiment. The anal-
ysis of SC as a function ofNR predicts that these plots have
a slope of fNL and a y-intercept of X (Eq. 8). Therefore,
the slope should increase as L (NL) increases and the
y-intercepts should be consistent with the detachment
data for nonspecific adhesion.

By making a number of plausible assumptions, we

calculate values for the effective receptor (NR) and ligand
(NL) densities from the total receptor numbers and ligand
coating concentrations, respectively (Appendix 1). In Fig.
9, the slope of each plot for receptor density vs. S, in Figs.
7 and 8 is plotted as a function of the appropriate ligand
density, and the slope of each plot for ligand density vs. S,
in Fig. 6 and from Fig. 8 is plotted as a function of the
appropriate receptor density. These data yield a straight
line, with a correlation coefficient (R) of unity. From Eq.
8, the data for the slope as a function of NL and for the
slope as a function of NR are predicted to behave
according to the following expressions:

SC/NR /3NL + X/NR

and

SC/NL f3NR + X/NL,

respectively. Therefore, these data are predicted to have a

slope of ,B and a y-intercept ofX/NR or X/NL, respectively.
If we assume that the y-intercepts for these data are

negligible; the slope is equal to ,B. Here, L 1.4 x 10-22
dyn/cm2. The fact that A is constant indicates that a given
increase in the ligand or receptor density results in a

similar increase in SC, which is consistent with theory (Eq.
7 and 8). Furthermore, regardless of whether the goat
IgG is coupled to the bead or plate and the rabbit
anti-goat IgG to the plate or bead, respectively, a given
increase in either density results in a proportional increase
in SC, demonstrating the symmetry of the system. We
must not forget, however, that the number of bonds
required for adhesion at a given S, is actually less for the
goat IgG coated beads because X is larger; therefore, the
receptor density required for adhesion at a given SC is also
less for these beads. It is important to realize that even if
the assumptions made in Appendix 1 are not precisely
correct, the internal consistency of the model will still
yield a constant slope for these data. In addition, the
specific binding capacity of 0.063 that we estimate for
immobilized rabbit anti-goat IgG is in excellent agree-

ment with the measured value of 0.06 obtained by Cress
and Ngo (37) for the activity of rabbit anti-human IgG
immobilized to a surface via its amine groups. Clearly, the
theoretical expression of Eq. 8 is consistent with our data.
We can estimate values for all of the parameters in the

expression for : except for K°; therefore, we rearrange
this expression to solve for KV. We assume that a , 0.25
JAm (Appendix 4), T 2960K, and y = 5 x 10-8 cm (1),
and obtain K° - 1.4 x 10-1o cm2. Perelson et al. (47)
derive an expression for the affinity constant (K) of
formation of the second bond for singly bound IgG
immunoglobulin. In a certain sense, a singly bound IgG
antibody is similar to a covalently attached antibody
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because there is only one additional bond that can form
and the realm of the active site is restricted. Perelson et al.
obtain a value of 2.9 x 10-10 cm2 for K, which is very
close to the value that we calculate for the affinity
constant of our system. Though less relevant to our
system, we also note that experimentally measured values
for the affinity constant for hapten-antibody interactions
range between 10-12_10-2 cm2 (48). Clearly, our experi-
mental data provide a value for a which yields a reason-

able value for the receptor-ligand bond affinity.
Given this value for K°, we can use it along with the

fixed parameter values from above to determine the total
number of bonds (C) required to resist a given Sc (Eq. 6).
We assume that NL -O1012 cm-2, and obtain the following
expression:

C- 190S,

where Sc is the critical shear stress in dyn/cm2 (Appendix
3). This expression is applicable to a negligible contribu-
tion from the nonspecific forces to the adhesive force. If
the net nonspecific force did play a role in countering the
hydrodynamic force, C would be approximately equal to
the following:

C - 190 (S, - X).

In general, the shear stress range studied with the RFDA
is between 5 and 30 dyn/cm2. If we assume that X - 0, this
shear stress range translates into -1,000-6,000 bonds,
respectively, and a bond density (Nb) of between 5 x 10"
and 3 x 1012cm-2.
The effects of pH and of ionic strength on Sc for rabbit

anti-goat IgG coated beads and goat IgG coated plates
are shown in Figs. 10 and 11, respectively. Fig. 10 shows
that the optimum pH for binding is 7.6 and that S,
decreases sharply as the pH is increased or decreased
from this value. Fig. 11 shows that Sc decreases as the
NaCl concentration is increased until between 0.15 and
0.25 M, where the value levels off at approximately half
that in treated water. For a given NL and NR, we predict
that a decrease in ,B and/or X results in a decrease in Sc
(Eq. 8); therefore, these results can be interpreted in
terms of the specific and nonspecific interactions.

,B is linearly proportional to K°; therefore, : provides a

measure of the strength of a receptor-ligand bond. In
general, the strength of an antibody-antigen bond is the
result of the combination of a variety of weak interactions,
including electrostatic interactions; therefore, K° is ef-
fected by the ionic strength and pH of the liquid medium
(49, 50). The general guidelines given by Tijssen (49) and
by van Oss and Absolom (50) for antibody-antigen bonds
are: electrostatic attraction occurs when the pH is be-
tween the isoelectric points of the antigenic determinant
and the antibody-active site, electrostatic repulsion can be

achieved at low as well as high pH (51, 52), and shielding
of the charges with neutral salt ions can dissociate the
electrostatic part of the bond (51, 53). It has been shown
that the decrease in K0 with an increase in ionic strength
or a change in pH from the optimum value may result
from an increase in the reverse rate constant (51). The
trends for the pH and ionic strength data are consistent
with those expected for an antibody-antigen interaction.
It is, however, important to remember that our proteins
are covalently attached to bead and plate surfaces, and
these surfaces contribute to the nonspecific component of
Sc (X) and, consequently, may also contribute to these
results. The nonspecific adhesive force is also the result of
the combination of a variety of weak forces, including
electrostatic forces (41). As a result, the nonspecific
adhesive force is also effected by the ionic strength and
pH of the liquid medium. Therefore, the pH and ionic
strength data may, in fact, indicate the effect of these
factors on both the nonspecific and specific forces. Finally,
note that if we assume that the value for S, at high salt
concentrations levels off because the electrostatic attrac-
tion is zero (is completely shielded), then the drop in Sc
corresponds to the electrostatic contribution to the adhe-
sive force in treated water.
The pH and ionic data shown are for the flow cell

assembled with the feed used for the given experiment,
i.e., the ligand-coated surface was exposed to the feed
medium before the bead solution. The results obtained
when several of the ionic strength conditions were rerun
for flow cell assembly with the chamber filled with treated
water, i.e., the affinity surface was not exposed to the feed
medium before the incubation step, are identical to the
results obtained with preexposure (percentage error of
2%). In other words, the critical adhesive force for a given
medium is essentially the same regardless of whether the
plate is preexposed to that medium. This result can be
explained by the fact that the adhesive force is deter-
mined after a 30-min exposure to the shear field, which
should provide a measure of the equilibrium adhesive
force for the given medium. In other words, during the
time of shear, the nonspecific and specific interactions are
effected by the medium and reach some new equilibrium
value. It is obvious that this would be true for the
nonspecific interactions; however, it is not unreasonable
that this could be true for the antibody-antigen interac-
tions as well. The hydrodynamic force exerted on a bead
stresses its bonds with the affinity surface, increasing the
value for the reverse rate constant (Eq. 5). In addition, an

increase in ionic strength or a change in pH from the
optimum value may increase the reverse rate constant. If
the adhesive force is greater than or equal to the net fluid
force on the bead, a new equilibrium is established.
Equilibrium is a dynamic state characterized by essen-
tially a constant number of bonds that continually form
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and break. The fact that bond formation is a dynamic
process can account for both receptor and ligand exposure
to the medium during the time of the experiment.

Comparison with data on cell
adhesion
In the experiments reported here, we have examined the
detachment of receptor-coated latex beads (prototype
cells) from ligand-coated glass surfaces. The beads enable
us to examine the effect of various parameters on the
adhesive force with particles possessing uniform proper-
ties that can be varied systematically. Therefore, we are

able to obtain reproducible, quantitative data on adhesion;
and avoid the variability that is typical of cells. Our
ultimate goal is, however, to obtain data on cell detach-
ment in the RFDA and to analyze these data with a model
developed for cell adhesion in the RFDA. We are cer-

tainly aware that the interpretation of cell data will be
more complicated than that of bead data. For example, on

cells, receptors can diffuse into the contact area (54, 55),
rather than being fixed to the surface; cells may modulate
receptor expression in response to the environment (56),
rather than maintaining a fixed receptor number; and
cells can settle onto the surface and flatten, increasing the
contact area between the cells and surface (13, 57, 58),
rather than being resistant to deformation. Nevertheless,
cell adhesion data from different assays have shown
behavior that is quite similar to that observed for beads in
the RFDA (Table 2). Here, we discuss these similarities,
while recognizing that rigorous modeling of cell data must
include these physiological effects beyond our basic model
features.
An increase in the ligand or in the receptor density has

been found to increase the adhesive force between cells
and surfaces. For example, an increase in the ligand
density increases the adhesive force between endothelial
cells and fibrinogen-coated coverslips (57) and between
the B-cell line MOPC 315 and fibronectin-coated surfaces
(59). An approximately linear increase in adhesive force
with ligand concentration is seen for the interaction
between thymocytes or erythrocytes and lectin-coated
fibers (60). For the study on thymocyte adhesion to
lectin-coated fibers, the number of bound cells levels off at
lectin concentrations greater than -2 x 1011/ml. In
addition, an increase in the ligand or in the receptor
density increases the adhesive force between various cell
types and lectin-coated fibers (61).

Typical values of the affinity constant for cell-related
receptor-ligand interactions range between 10-1K-10-5
cm2 (62), which encompasses the value calculated for KV.
We use the value for K° with the expression developed by
Bell (1) for the force of a bond to calculate the number of
bonds between a bead and the surface. Capo et al. (28)

and Sung et al. (13) use this same expression with their
adhesive force data to estimate the number of bonds
between thymocytes cross-linked by lectin and between a

T-cell and its target cell (TC), respectively. Capo et al.
calculate between 1,000 and 3,000 cross-links, and a bond
density range of 101o-1011 cm-2. Sung et al. estimate 300
bonds and a bond density of 4 x 109 cm-2. In general,
estimates for the number of bonds between a T-cell and
TC range between 10 and 20,000 with bond densities
between 107 and l0ll cm-2 (63). These estimates are
based on the contact area and number of receptors per
cell. Our estimates for the number of bonds between a
bead and a surface are similar to those for a cell and
surface. The average bead bond density is feasible be-
cause it is within the range of the ligand and receptor
densities; however, it is at least an order of magnitude
greater than the estimates for the average cell bond
density. One possible explanation for higher estimates of
the bead bond density is that the radius of the contact
area may be larger than the value used in our analysis
(0.25 ,um). Alternatively, the contact area between a cell
and surface may be less than the observed interfacial area
because contact may be limited to localized regions
(1, 64). In addition, it is possible that a higher bead bond
density is, in fact, required because the beads are not
deformable. Finally, the equations used to derive this
result are based on the assumption that nonspecific forces
do not play a role in countering the hydrodynamic force,
and this is not necessarily true for our system.

Similar trends for the effect of pH on the adhesive force
have been observed for both bacteria and mammalian
cells. Fowler (65) studied the effect of pH on the
nonspecific adhesive force between bacteria and Pyrex
glass or stainless steel. For both interactions, he found
that the adhesive force decreases as the pH is either
increased or decreased from a value of 7.0. Crouch et al.
(24) studied the effect of pH on the adhesion of baby
hamster kidney (BHK) cells to glass in the presence of
serum, which contained fibronectin, and found that the
adhesive force decreases as the pH is increased or
decreased from a value of 7.6. In these experiments, it is
likely that the fibronectin in the serum adsorbed to the
glass, providing specific binding sites for the BHK cells
(66).

Gingell and Todd (67) used glutaraldehyde-fixed red
blood cells to study the effect of NaCl concentration on
the cell-to-glass separation distance for untreated glass
surfaces and poly-L-lysine treated glass surfaces. Cells
and untreated glass have a net negative charge whereas
poly-L-lysine treated glass has a net positive charge. They
found that the separation distance between the cells and
untreated glass decreases as the salt concentration in-
creases, reaching a minimum in 0.145 M NaCl (physiolog-
ical saline); however, the separation distance between the
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cells and the poly-L-lysine treated surfaces increases with
salt concentration, having a minimum value in distilled
water. These results indicate that the electrostatic repul-
sive force between the cells and untreated glass surfaces
decreases as the NaCl concentration is increased, and the
electrostatic attractive force between the cells and the
poly-L-lysine surfaces decreases as the salt concentration
is increased. These results are consistent with charge
shielding by the salt ions.
The transport behavior observed for bead detachment

at the lower range of shear stresses is reminiscent of that
seen for neutrophils in blood vessels where they may
attach and detach several times before either remaining
attached or being swept away (68). This type of behavior
can perhaps best be described as saltatory, the result of
the cells coming to sudden stops for variable amounts of
time. A bead can also serve as a nucleation site for
attachment. A bead can detach from a position closer to
the stagnation point and "roll" to a position farther out
and next to another bead, where it can reattach. Particle
aggregation has also been observed in attachment assays
with neutrophils (17, 69).

Finally, the detachment behavior seen in the zone

centered at the stagnation point is similar to that observed
for leukocytes by Nyilas et al. (70). These investigators
used flowing blood as the source to an axisymmetric flow
assay and examined adhesion exclusively at the stagna-
tion region. They saw a circular zone of leukocyte
adhesion, the radius of which decreased on a given surface
as the flow rate increased and decreased at a given flow
rate as the adhesive strength (thrombogenicity of the
surface) decreased.

APPENDIX I

Description of IgG and analysis of
effective coating concentration
The two-dimensional structure of an IgG immunoglobulin molecule is
shown in Fig. Al. The molecule is composed of two identical light chains
and two identical heavy chains linked together by disulfide bonds (71).
The part of the molecule that includes the disulfide bonds between the
heavy chains is referred to as the hinge region. Studies on IgG suggest
that there is considerable flexibility in this region, allowing rotation of
the heavy/light chain "arms" as well as variation in the distance
between the two identical antigen binding sites (72). The tail of the
antibody, where the heavy chains are paired, is called the Fc region. The
affinity constant of an antibody-antigen reaction is a measure of the
strength of the interaction between the antibody active site and the
antigenic determinant. The term avidity is used to describe the net
strength of the interaction between the antibody and a multideterminant
antigen, i.e., the strength when both active sites can bind to determi-
nants on the same antigen. In general, the IgG avidity is - IO2- I04 times
the affinity (47, 73).
When IgG from one animal (for example, goat) is injected into a

suitable second animal (for example, rabbit), the injected antibody
causes the production of host antibodies (rabbit anti-goat IgG antibod-

*

Fc Region

Key: * Active Site; Disulfide Bond; H Heavy Chain; L Light Chain

[] Constant Region; G Variable Region; CEJ Carbohydrate Group

FIGURE Al Schematic diagram of an IgG immunoglobulin molecule.

ies). The host antibodies are directed against different sites (determi-
nants or epitopes) on the injected antibody; therefore, they are called
polyclonal antibodies. In general, the antibodies directed against a given
epitope are identical. The total number of epitopes (nE) on a given
antigen can be estimated with the following expression (50):

nE= (M,/5,000)2/3,

where Mw is the molecular weight of the antigen. For goat IgG, Mw
160,000; therefore, nE t 10.

In our experiments, ligand and receptors are covalently coupled to the
surface of a plate and beads, respectively. Specific binding between a cell
and a surface requires alignment of the receptor binding site with the
ligand site. This involves translational and orientational diffusion of the
receptor to a proper position and orientation required for reaction (74).
Rutishauser and Sachs found glutaraldehyde fixed cells are unable to
bind to either lectin-coated fibers (61) or lectin-treated glutaraldehyde
fixed cells (75, 76). They attribute this effect to the loss of both long and
short-range movement of the receptors. Specific binding can occur

between our model cells and surfaces because the size and structure, in
particular the hinge region, of the IgG immunoglobulins enable orienta-
tion of receptor binding sites with antigenic determinants.

Ligand is covalently coupled to the surface with glutaraldehyde and
receptor with carbodiimide (Materials and Methods). Both techniques
couple the protein via its amine groups, resulting in a loss in protein
activity (see Fig. A2) (36). A general guideline for antibody is no more

than one antibody-active site available and 20-50% of those sites active
(35). To estimate the effective concentration of receptor and ligand on

the surfaces, both the loss in activity caused by the coupling procedure
and the polyclonal nature of the antibody have to be considered. We
assume no more than one binding site per rabbit anti-goat IgG, and a

Goat IgG Coated Bead

10 014R0 b -atGoateat

Rabbit Anti-Goat IgG Coated Plate

FIGURE A2 Schematic diagram of interacting receptors and ligands,
both of which are covalently coupled to the surface via amine groups.
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35% activity. If there were a way to distinguish one binding site of an
IgG molecule from the other, 50% of the active sites would probably be
of one type and 50% of the other; therefore, the probability that a given
site would be active (PA) would be 0.35/2 - 0.18. We assume that the
total probability of active sites for rabbit anti-goat IgG (PAIRbi) is equal
to the number of binding sites per molecule times PA:

PA(Rb) = (2 sites/Rb) * (0.18/site) = 0.36.

A similar analysis is used to determine the total probability of active
determinants for goat IgG (PA[G,]):

PA(Gt) = (10 epitopes/Gt) * (0.18/site) = 1.8.

To determine the probability that the antibody is complementary to the
epitope and vice versa, a couple of simplifying assumptions are made.
First, steric hindrance is negligible, i.e., if the antibody and antigen are
active, complementary, and within reach of each other, they will be able
to bind. Second, the number of epitopes is much greater than the number
of antibody binding sites, i.e., there is a goat IgG molecule across from
each antibody binding site. Therefore, the probability that the antibody
is complementary (PS[Rb]) is equal to the number of active epitopes
available to the antibody divided by the total number of subclasses of
antibody directed against the antigen, which is, in general, equal to the
total number of epitopes:

PS(Rb) = (1.8 epitopes/Gt) * (Gt/10 epitopes) = 0.18.

The probability that the epitope is complementary (PS[G,]) is equal to the
number of active epitopes divided by the total number of epitopes:

PS(Gt) = (1.8 epitopes/Gt) * (Gt/10 epitopes) = 0.18.

The final result for the effective concentration of rabbit anti-goat IgG
(NRb) and of goat IgG (NG,) is:

NRb = NT(Rb) * PA(Rb) * PS(Rb) = 0.063 NT(Rb)

and

NGt = NT(Gt) * PA(Gt) * PS(Gt) = 0.32 NT(Gt),

respectively, where NT(Rb) and NT(Gt) are the total rabbit anti-goat IgG
and the total goat IgG surface densities (cm-2), respectively. Cress and
Ngo (37) measured the specific binding capacity of rabbit anti-human
IgG immobilized to a surface via its amine groups and obtained a value
of 0.06 mg human IgG per milligram rabbit IgG, in excellent agreement
with our predictions.
The total surface concentrations for beads are determined analytically;

however, this technique cannot be used to determine the surface
concentrations for plates because the concentrations are too low (Mate-
rials and Methods). As a result, the total surface density for plates is
estimated by making a couple of assumptions. First, the surface "sees"
-2 ml of the coating solution (the plates are submerged in a Petri dish
[approximate diameter of 52 mm] with 5 ml of the coating solution, and,
in general, the height of fluid above the coated surface [upper surface]
was mm). Second, 70% of the protein is coupled to the plate (35). The
total surface density (NT[LI) is calculated from:

NT(L) = 0.7 L * (2 ml) * JAv/[rp2(Mjfl,
where L is the concentration of the ligand coating solution (,sg/ml), A, is
Avogadro's number, PG is the radius of the glass disc (25 mm), and Mw is
the molecular weight of IgG (1 60,000).
The site-specific coupling of IgG through the carbohydrate groups

located on the Fc region (Fig. Al), as opposed to random coupling

through amine groups has been found to result in a 30-400% increase in
the IgG antigen binding capacity (increase in PA[Ab]) (77). This increase
is attributed to the fact that the active sites are spacially discrete from
the Fc region. This coupling method is ideally suited for processes such
as affinity chromatography (37, 77); however, it was not chosen for our

experiments to avoid the potential problems caused by avidity. For
example, if only a percentage of the antibodies could form two bonds,
large variations in bond strength would occur. Further, if the net
adhesive force were too strong, turbulent flow would be required to
detach the beads.

APPENDIX 2

Calculation of bead separation
distance
The mean distance between receptors on a cell (b) can be estimated as:

b I[(SA)IRT] I/',
where SA is the surface area of the cell and RT is the number of receptors
per cell. We adapt this expression to obtain an estimate for the number
of beads required for a given separation distance on the affinity surface:

nB]3= 7rppld,
where nB is the total number of beads on the affinity surface at the start
of a given experiment, pp is the flow cell radius for axisymmetric flow
(the radius of the Plexiglass cylinder [12.7 mm]), and d is the average
distance from the center of one bead to the center of the next. The bead
concentration (c) required for a given d is determined by dividing nB by
the volume for axisymmetric flow:

c = nB/(7pph),

where h is the gap width (0.254 mm). For example, if d were to be seven
bead diameters, -70 ,um, then c and n5 would need to be 8 x 105
beads/ml and 1 x I05, respectively.

APPENDIX 3

Detailed derivation of mathematical
model
For a particle to remain attached to a surface, the adhesive force must
balance the force and torque imposed by the passing fluid. The force (Fe)
and torque (T) on an adherent particle at the critical radius are
estimated with the following expressions of Goldman et al. (39) for the
force and torque on a stationary sphere in a shear field:

FS = 67rSC(PB + hS)PBF* (Al)

and

T = 47rSc(pB)3T*, (A2)

respectively, where S, is the critical shear stress (Eq. 2), PB is the bead
radius, h. is the separation distance between the bead and plate (Fig.
A3), and F* and T* are functions of the ratio (PB + hS)/pB. The
dimensions of an IgG molecule are -240 x 57 x 19 A (35). Hence, the
maximum value for hs is -2 x 240 A (0.048 Am), resulting in a

maximum value for (PB + hs)/PB of 1.01. For (PB + hs)/PB between
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Eq. A8 predicts that the number of bonds is directly proportional to the
critical shear stress. Hammer and Lauffenburger (2) develop the
following expression for the total receptor density required for receptor-
mediated adhesion under equilibrium conditions:

NR = (yFTlkbT)(e/lra2KONL), (A9)

Scale: PB- 5 gm
H - 0.01-0.04 gm

where NR is the receptor density. The expression for the total receptor
density required for adhesion at the critical radius is obtained by using
the result for FT (Eq. A5) in Eq. A9:

NR , 33e[Sc/(KONL)]Q(y/kbT)(pB/a)3. (A 10)
FIGURE A3 Illustration of a bead in contact with the surface, where h5
is the separation distance between the bead and plate, H is the maximum
separation distance for receptor-ligand binding, and PB and a are the
radius of the bead and contact area, respectively.

1.00 and 1.01, reasonable values for F* and T* are 1.7 and 0.94,
respectively (39).
The total force exerted on an adherent particle is estimated with the

force and torque balance developed by Hammer and Lauffenburger (2)
for receptor-mediated adhesion. Their model is based on the following
assumptions: the adhesive force acts both parallel to the direction of flow
and normal to the particle surface, the nonspecific forces do not
contribute to the net adhesive force, and the bond densities and force per
bond are constant over the contact area. Their result for the total force
exerted on an adherent particle is:

FT = {F2 + (9r2/16a2)[T2 + 2TFspB + (FsPB)2]1'/ (A3)

where a is the radius of the contact area (Fig. A3). We assume PB x PB +
hs, and obtain the following result for the total force exerted on an
adherent particle at the critical radius:

FT ISp[(1.0 X 103) + (1.1 X 104)(PB/a)2]1'/2. (A4)

Because a is limited to a maximum value of -0.5 um (Appendix 4) and
1.0 x 103 << 1.1 x 104 (5/0.5)2 = 1.1 x 106, weassume:

FT, 11OSCp3/a. (A5)

This equation is rearranged to the following:

S, - #NLNR,

where:

(All)

, = (KO/33e)(kbT/Iy)(a/pB)3.

APPENDIX 4

Calculation of contact area
A schematic diagram of a bead in contact with a surface is shown in Fig.
A3, which is not drawn to scale. The important parameters are: PB. the
radius of the particle (known); hS, the separation distance between the
bead and plate, and H, the maximum separation distance for receptor-
ligand binding (varied in the model); and a, the radius of the contact
area (calculated with the model). The relationship between h, H, and a
is derived for this geometry. We define, as shown in Fig. A3:

h* = H -hs

and

r* = PB -h*

0 and a are given by:

The force of a bond (Fb) is estimated with the following expression
developed by Bell (1):

Fb > (0.7kbT/IY) ln (K0NL), (A6)

where kb is the Boltzman constant, T is the temperature, 'y is the range of
the interaction (-5 x 10-8 cm for an antigen-antibody bond [1]), NL
is the ligand density, and K° is the receptor-ligand affinity constant
(k,/ko). If we assume that the contribution from the nonspecific forces
to the adhesive force is negligible and the bonds are equally distributed
and stressed, then:

FT = FbC, (A7)

where C is the total number of receptor-ligand complexes (bonds). Using
the expressions for FT (Eq. AS) and Fb (Eq. A6) in Eq. A7, we obtain the
following expression for the total number of bonds required for adhesion
at the critical radius:

C = (160y/kbT)[Sc/ ln (KONL)I(p3 /a). (A8)

a = PB sin 6,

respectively. The dimensions of IgG are -19 x 57 x 240 A (35);
therefore, h. and H are limited to values between 100 and 400 A, with
H > hs. From this model, we conclude that a is equal to 0 when H is
equal to hS, the contact area radius (a) increases as H increases and/or
h. decreases, and the maximum value for a (H = 400 A and h. = 100
A) is 0.5 Mm.

This model is similar to that developed by Hubbe (78) to calculate the
characteristic radius of the contact area between a colloidal particle and
a surface, where H is the characteristic height of the surface roughness
of the particle. In our analysis, we assume that the characteristic height
of the surface roughness is negligible with respect to the maximum
length for bond formation. If this were not the case, the analysis could be
adjusted to account for both effects; however, the final result would
probably be close to the same because the loss in contact area from
indentations would be gained by protrusions.
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