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Effect of Receptor-Ligand Affinity on the Strength of Endothelial
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Yao Xiao* and George A. Truskey*#
*Center for Biochemical Engineering and #Department of Biomedical Engineering, Duke University, Durham, North Carolina 27708 USA

ABSTRACT The objective of this study was to determine the effect of receptor-ligand affinity on the strength of endothelial
cell adhesion. Linear and cyclic forms of the fibronectin (Fn) cell-binding domain peptide Arg-Gly-Asp (RGD) were covalently
immobilized to glass, and Fn was adsorbed onto glass slides. Bovine aortic endothelial cells attached to the surfaces for 15
min. The critical wall shear stress at which 50% of the cells detached increased nonlinearly with ligand density and was
greater with immobilized cyclic RGD than with immobilized linear RGD or adsorbed Fn. To directly compare results for the
different ligand densities, the receptor-ligand dissociation constant and force per bond were estimated from data for the
critical shear stress and contact area. Total internal reflection fluorescence microscopy was used to measure the contact area
as a function of separation distance. Contact area increased with increasing ligand density. Contact areas were similar for the
immobilized peptides but were greater on surfaces with adsorbed Fn. The dissociation constant was determined by nonlinear
regression of the net force on the cells to models that assumed that bonds were either uniformly stressed or that only bonds
on the periphery of the contact region were stressed (peeling model). Both models provided equally good fits for cells
attached to immobilized peptides whereas the peeling model produced a better fit of data for cells attached to adsorbed Fn.
Cyclic RGD and linear RGD both bind to the integrin av133, but immobilized cyclic RGD exhibited a greater affinity than did
linear RGD. Receptor affinities of Fn adsorbed to glycophase glass and Fn adsorbed to glass were similar. The number of
bonds was calculated assuming binding equilibrium. The peeling model produced good linear fits between bond force and
number of bonds. Results of this study indicate that 1) bovine aortic endothelial cells are more adherent on immobilized cyclic
RGD peptide than linear RGD or adsorbed Fn, 2) increased adhesion is due to a greater affinity between cyclic RGD and its
receptor, and 3) the affinity of RGD peptides and adsorbed Fn for their receptors is increased after immobilization.

INTRODUCTION

Endothelial cell seeding of synthetic vascular grafts repre-
sents a promising approach to reduce thrombogenicity and
intimal hyperplasia (Williams et al., 1994). To minimize the
likelihood of infection, seeding and implantation must occur
quickly (Williams et al., 1994). Strong adhesion must de-
velop rapidly for cells to resist forces exerted by flowing
blood. Adhesion is enhanced by incubating the graft with
the recipient's plasma (Rupnick et al., 1989), adsorbing
adhesion proteins such as fibronectin (Fn), vitronectin (Vn),
or laminin (Dekker et al., 1993), or covalently immobilizing
peptide sequences containing the cell-binding domains of
Fn (RGD) or laminin (YIGSR) (Massia and Hubbell, 1990,
1991; Nicol et al., 1992). Immobilized peptides create a
uniform and reproducible surface and eliminate possible
immunological reactions.
Due to limited time available for endothelial cells to

attach and spread on graft surfaces in a clinical environ-
ment, factors that promote rapid and strong adhesion need to
be examined. Altering receptor-ligand affinity represents
one approach to increase the strength of adhesion of endo-
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thelial cells to vascular grafts. In solution, the affinity of Fn
for its integrin receptor a5f31 (10-6 M) (Akiyama and
Yamada, 1985) is greater than the affinity of linear (10-3
M) RGD peptides for the Vn integrin receptor av133 (Pier-
schbacher and Ruoslahti, 1987). Cyclization constrains the
RGD conformation, which increases the peptide affinity for
the integrin avf33 (Pierschbacher and Ruoslahti, 1987). The
affinity of RGD peptides for integrins also depends upon
amino acids flanking the RGD sequence and spacer groups
linking the peptide to the surface (Craig et al., 1995).
Interestingly, covalently immobilized linear RGD peptides
promoted cell spreading and focal contact formation at
lower densities than occurred with adsorbed Fn (Massia and
Hubbell, 1991). This observation suggests that the affinities
of immobilized RGD peptides may be greater than when the
peptides are in solution.

Surface properties affect the conformation of adsorbed
adhesion proteins and protein-receptor affinity (Giroux and
Cooper, 1990; Grinnell and Feld, 1982). To evaluate the
significance of these observations upon cell adhesion, we
examined the effect of surface hydrophobicity on endothe-
lial cell adhesion to adsorbed Fn (luliano et al., 1993). The
cell-binding domain of Fn exists in different conformations
when Fn is adsorbed on surfaces with different hydropho-
bicity. Changes in the strength of cell adhesion suggested
that conformation could affect the affinity of Fn for its
receptor. In addition to conformational changes upon ad-
sorption, Fn may adsorb in a variety of orientations, some of
which render the cell-binding domain inaccessible to its
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receptor (Garrison et al., 1992; Iuliano et al., 1993). Con-
sequently, attributing changes in adhesion strength to
changes in conformation are more complicated for adsorbed
proteins than with peptides covalently immobilized in the
same orientation (Massia and Hubbell, 1991).
The objective of the current study was to test the hypoth-

esis that the conformation and accessibility of immobilized
ligand affect the strength of adhesion. Cell adhesion and
control peptides were covalently immobilized on surfaces
via the terminal amine (Massia and Hubbell, 1990, 1991).
Peptides used were linear RGD, cyclic RGD, and a nonad-
hesive control peptide. Fn was adsorbed from solution.
Adhesion strength was determined by exposing adherent
bovine aortic endothelial cells (BAECs) to steady laminar
flow and measuring cell detachment as a function of wall
shear stress. The net hydrodynamic force exerted on a cell
was calculated using a two-dimensional numerical model
(Olivier and Truskey, 1993). The contact area between cell
membrane and substratum was measured by total internal
reflection fluorescence microscopy (TIRFM). These results
were used to compute the receptor-ligand dissociation con-

stant and the force per bond for cells adherent to immobi-
lized RGD peptides and adsorbed Fn.

MATERIALS AND METHODS
Covalent immobilization of RGD

Peptides were immobilized onto glass slides via the terminal amine using
the procedure of Massia and Hubbell (1990). Clean glass slides (Clay
Adams, Becton Dickinson, Franklin Lakes, NJ) were soaked in 0.5 N
NaOH for 2 h, rinsed with deionized water, and immersed in an aqueous

solution of 1% (3-glycidoxypropyl)-trimethoxysilane (Sigma Chemical
Co., St. Louis, MO), pH 5.5. The solution was maintained at 90°C for 2 h
and then washed with deionized water. Slides were baked with 1 mM HCI
at 900C for 1 h to convert the oxirane groups to glycol groups (glycophase
glass). Dried glycophase glass slides were rinsed with acetone dried over

molecular sieve 4A (Fisher Scientific, Pittsburgh, PA). In ml of dry
acetone, 200 ,ul of dry pyridine (Aldrich Chemical Co., Milwaukee, WI)
and 100 ,ul of dry 2,2,2-trifluoroethanesulfonyl chloride (tresyl chloride,
Fluka Chemical Corp., Ronkonkoma, NY) were mixed and added to the
upper surface of each glycophase slide. The reaction proceeded for 15 min
at room temperature. Slides were rinsed with 1 mM HCl and 0.2 M sodium
bicarbonate solution.

The linear RGD peptide (Gly-Arg-Gly-Asp-Ser-Pro), cyclic RGD pep-

tide (Gly-Pen-Gly-Arg-Gly-Asp-Ser-Pro-Cys-Ala where Pen is penicilla-
mine and a disulfide bond links penicillamine and cysteine), and the control
peptide GRADSP (Gly-Arg-Ala-Asp-Ser-Pro) (Telios Pharmaceuticals,
San Diego, CA) were added to 0.2 M sodium bicarbonate (pH 10.0;
coupling buffer) at concentrations from 4.3 fmol/ml to 21 pmolml. Tresyl-
chloride-activated slides were rinsed with coupling buffer and a stoichio-
metric amount of the peptide solution was added on the upper surface of
the slides. The reaction proceeded for 20 h at room temperature. Only
primary and secondary amines react with tresyl-chloride-activated glyco-
phase glass (Massia and Hubbell, 1992). Slides were rinsed with deionized
water and coupling buffer. ,3-Mercaptoethanol breaks the disulfide bond in

the cyclic RGD peptide and was not used to block unreacted sites (Massia
and Hubbell, 1990). Instead, the GRADSP-grafted surfaces were used to

correct for nonspecific adhesion.
Surface densities of RGD peptides were estimated using the correlation

between input peptide concentration and immobilized surface concentra-

tion for radiolabeled GRGDSY peptides (Massia and Hubbell, 1990). The

amount immobilized per unit area is stoichiometrically related to the

amount of peptide supplied per unit surface area and limited by the amount
of peptide provided when the peptide in solution is less than or equal to
12.1 pmoL/(cm2 glass) (Massia and Hubbell, 1990). For RGD- or RAD-
containing peptides with input densities of 0.0038 pmollcm2, 0.058 pmol/
cm2, and 3.8 pmol/cm2, the corresponding ligand surface densities were
2.3 X 109 molecules/cm2, 2.3 X 10'0 molecules/cm2, and 2.3 X 1012
molecules/cm2, respectively.

Fibronectin adsorption

Fn was isolated from fresh human plasma by gelatin-agarose affinity
chromatography (Ruoslahti et al., 1988) and equilibrated with 0.1 M NaCl
and 50 mM Tris (pH 7.4) by dialysis. Purity was assessed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. The Fn concentration
was determined from the absorbance at 280 nm with a molar extinction
coefficient of 1.28 cm2/mg. The Fn solution was divided into aliquots and
stored in liquid nitrogen until used.

To adsorb proteins, clean glass or glycophase glass slides were incu-
bated with 0.1, 1, or 10 ,.tg/ml Fn for 1 h at room temperature. The solution
was removed and slides were rinsed twice in sterile deionized water and
used immediately. The surface density of adsorbed '25I-labeled Fn was
measured according to the protocol of Truskey and Pirone (1990) and is
summarized in Table 1.

Surface characterization

Clean glass, glycophase glass, and peptide-derivatized surfaces were ana-
lyzed by x-ray photoelectron spectroscopy (XPS) (Department of Chem-
istry, the University of North Carolina at Chapel Hill, Chapel Hill, NC).
Analysis was conducted with a Physical Electronics PHI 5400 system
using a magnesium x-ray source (1253.6 eV) at a pressure of approxi-
mately 1 X 10-8 torr and a 1-mm spot size. A survey scan was performed
to identify all elements present. Higher resolution scans were then per-
formed to obtain quantitative information. Binding energies were corrected
by referencing to the main carbon Is line at 285.0 eV.

Cell cultivation

BAECs were isolated from fresh calf aortas by mechanical scraping.
BAECs were dipped in cell culture medium consisting of Dulbecco's
modified Eagle's medium (DMEM; Sigma) with 10% fetal calf serum, 2
,tmol/ml glutamine, 100 U/ml penicillin, and 100 ,ug/ml streptomycin and
then centrifuged at 1500 rpm for 10 min at 4°C. Cells were resuspended in
10 ml of cell culture medium in 75-cm2 cell culture flasks. For experi-
ments, cells were used in passages 2 to 12.

For an experiment, endothelial cells were rinsed twice with Hanks'
buffered saline solution (Sigma) without Ca2+ and Mg2+. Cells were
incubated with 1 mM EGTA in phosphate-buffered saline for 15 min at
37C followed by centrifugation at 1500 rpm for 10 min at 4°C. To
investigate the effect of proteolytic cleavage of integrins on the strength of
adhesion, cells were incubated with 0.05% trypsin, 0.53 mM EDTA for 10
min at 370C. Detached cells were resuspended in DMEM containing 1%
(w/v) bovine serum albumin. Cells were incubated with surfaces at 370C in
a humidified 5% C02/95% air atmosphere for 15 min.

TABLE I Adsorbed fibronectin concentrations on glass and
glycophase surfaces

Amount adsorbed (ng/cm2)
Fn concentration

(,ug/ml) Glass Glycophase glass

0.1 2.54 ± 0.05 (n = 5) 3.0 ± 2.0 (n = 5)
1.0 25.4 ± 0.5 (n = 5) 22.0 ± 8.0 (n = 5)
10 148+2.0(n=5) 45±14(n=5)
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Flow experiments

The variable-height flow chamber consists of a narrow gasket of thickness

Ho with the upper surface inclined at an angle a (Fig. 1). Ho) was either
0.0254 cm or 0.0508 cm. In one experiment, a 0.1016-cm-thick gasket was
used. The entrance length was 2.54 cm followed by a working length L
(5.08 cm) and an exit length of 2.54 cm. The channel width w was 1.4 cm.

The inclined surface was milled into a plexiglass plate and h(x) was

measured with a micrometer. Because of the small angle of inclination
(a = 0.3235°), inertial effects in the vertical direction were small and the
velocity profile was parabolic (Denn, 1980).

One-dimensional flow was approximated with width-to-height ratios
between 11.4 and 29.8. Based upon the solution for two-dimensional flow
in a rectangular channel (Batchelor, 1967), these width-to-height ratios
produce average wall shear stresses within 1.5 and 0.5%, respectively, of
the value for one-dimensional flow.

For a rectangular channel, the entrance length equals 0.08hRe (Schlicht-
ing, 1979), where the Reynolds number (Re) for a channel is Re =

2Q/v(w + h); Q is the volumetric flow rate, and v is the kinematic
viscosity. The largest Reynolds number obtained in this study was 250 for
which the entrance length was 0.94 cm. This entrance length was less than
the entrance length for the flow chamber. Thus, flow could be approxi-
mated as one dimensional and fully developed.

Flow rates between 1.5 and 3.5 cm3 s-I were generated by a gravity
feed from a reservoir maintained at 37°C. For unreacted glycophase
surfaces an infusion pump was used to introduce the fluid through a 20-cm3
syringe with a flow rate of 0.129 cm3 s- '. Viscosities were measured with
either a cone and plate viscometer (Brookfield Engineering Laboratories,
Stoughton, MA) or a couette viscometer (Rheometric Scientific, Piscat-
away, NJ). For shear stresses below 100 dyne cm2, the medium consisted
of DMEM that was Newtonian with a viscosity of 0.0085 g cm-' s- ' at

37°C. For a Newtonian fluid, the wall shear stress TW (dyne cm -2) is
(Truskey and Pirone, 1990)

6piQ
Tw=-w(X)2'whu

where j, is the fluid viscosity at 37'C, and Q is the volumetric flow rate.
Wall shear stresses ranged from 0.6 to 150 dyne cm-2.

At the highest cyclic RGD density a solution of 3% dextran (molecular
weight, 2 x 106; Sigma) in DMEM was used to increase the viscosity. This
dextran solution exhibited a slight deviation from a Newtonian fluid and
was well fit to the power law model (r = 0.91, 0.0002 < p < 0.0005):

(1)

where j' is the shear rate. For shear rates between 9 s-' and 750 s-' rq, =
0.046 + 0.005 g cm-' s- and n = 0.979 + 0.003 g cm-' s- '. The value
of n was significantly different than one (p < 0.001). The maximal shear
rate produced in the flow chamber was 3200 s- '. Due to the presence of
secondary flows in the viscometers, viscosity was not determined for shear
rates above 750 s-'. For a power law fluid in the variable-height flow
chamber, the wall shear stress is calculated as

2oq0(2n + 1)Q
W

= wh(x)2

Slides with cells were mounted in the flow chamber and exposed to flow
for 4-7 s. This time period was chosen based upon previous studies
(Truskey and Pirone, 1990; Truskey and Proulx, 1993) that showed that
cell detachment was biphasic with most cell loss occurring immediately
after the onset of flow. For flow in a channel, the time to reach steady state
is approximately h2p/4v (Bird et al., 1960). For conditions used in this
study, the time to reach steady state ranged from 0.019 to 0.45 s, which
amounts to less than 10% of the time cells were exposed to flow.

The number of adherent cells before and after flow was counted at five
equally spaced positions along the flow chamber, and the fraction of
adherent cells was obtained. Cell areas were measured by image analysis
(Truskey and Pirone, 1990). A minimum of 100 cells were analyzed for
each condition.

Because of the heterogeneity of the cell surface receptor density and
contact size among the cell population, cells exhibit a distribution of
adhesive stresses, which is well described by a log-normal distribution
(luliano et al., 1993). The critical shear stress (Tc), which is the shear stress
required to detach 50% of the cells from the surface, was determined by
nonlinear regression (Bates and Watts, 1988) of the log-normal distribution
to cell detachment data.

Total internal reflection fluorescence microscopy

The separation distance of the basal surface of the cell from the substrate
was measured by TIRFM. The total internal reflection of visible light at the
solid/liquid interface produces an exponentially decaying evanescent wave
that excites fluorescence within a few tenths of a micron into the liquid
phase (Reichert, 1989). For the case of a membrane containing a fluor,
fluorescence intensities F(x, v) are related to the separation distance from
cell membrane and substratum A(x, v) as follows (Reichert and Truskey,
1990):

7)app 710 -, (2) A(x, y) = A,0 + dpln[FJF(x, y)],

Xl

X2

FIGURE Schematic diagram of the variable-height laminar flow chamber. Cells attach to a glass slide on the lower surface. Fluid flows though a gap

of height h that varies linearly with position. The angle of inclination (a = 0.3235°) is sufficiently small such that inertial effects in the vertical direction

are small and the velocity profile is parabolic. The local wall shear stress is given by Eq. 1 for a Newtonian fluid and Eq. 3 for a power law fluid.

(4)

y
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where F. is the maximal image brightness corresponding to the minimal
membrane substratum separation AO, and dp (101.5 nm) is the depth of
penetration of the evanescent wave at the laser incident angle of 700.
Electron microscopy studies indicate a focal contact separation distance of
10-15 nm (Chen and Singer, 1982), and variable angle TIRFM yielded a
value of 24 ± 13 nm (Burmeister et al., 1994). RGD peptides grafted on
glycophase glass are approximately 2-3 nm long and the receptors protrude
20-23 nm from the cell membrane (Hynes, 1992). Based upon these
considerations the minimal separation distance AO is assumed to be be-
tween 10 and 25 nm.

Fixed, adherent BAECs were labeled with 3 g/l 1,1'-dioctadecyl-
3,3,3',3'-tetramethyl-indocarbo-cyanineperchlorate (DiIC,8(3); Molecular
Probes, Eugene, OR) (Truskey et al., 1992). A glass slide with adherent
cells was placed in the TIRF flow cell. A truncated hemicylindrical prism
(BK-7 glass, n= 1.522, Harrick Scientific, Ossining, NY) was optically
coupled to the microscope slide using type DF immersion oil (n= 1.518 ±
0.002; Cargille, Cedar Grove, NJ). The evanescent wave was produced
using 514.5-nm light from an Ar+ laser (Ion Laser, Salt Lake City, UT).
The flow cell was centered in the optical axis of the microscope by aligning
the epifluorescence optics and objective of the microscope with the central
axis of the hemicylindrical prism. TIRFM and epifluorescence images were
collected with a IOOX objective and imaged onto a thermoelectrically
cooled Star 1 CCD camera (Photometrics, Tucson, AZ) to produce a
digitized map of image intensities. Calculation of the separation contours
from Eq. 4 was performed on a Silicon Graphics Indigo workstation using
Matlab software (The MathWorks, Natick, MA). The contact area repre-
sented the membrane surface closer than the critical relative separation
distance (A(x, y)- A0).

Estimation of critical separation distance

The contact area represents the region over which bonds form between
adhesion proteins and their receptors. For this analysis, the receptor-ligand
complexes are treated as springs (Dembo et al., 1988; Ward and Hammer,
1993). The unstressed receptor-ligand complex length equals A.. Stressing
the receptor-ligand complex alters the equilibrium dissociation constant KD
as follows (Dembo et al., 1988; Ward and Hammer, 1993):

KD = KD0eXPU [K(A(X,y) A0) ] (5)

where KDO is the dissociation constant for unstressed bonds, K is the spring
constant, k is Boltzmann's constant, and T is the absolute temperature.
Estimates of the spring constant of Fn, Vn, and their integrin receptors
range from 0.1 to 1 dyne cm-' (Dembo et al., 1988; Erickson, 1994). The
bond density NLR is found by solving the following equilibrium relation-
ship:

(NP,-NLR )(NL0-NLR)
KD = (6)

where NRO and NLO are the initial receptor and ligand densities, respec-
tively.

Solutions to Eqs. 5 and 6 for the bond density were examined over the
expected range of ligand and receptor densities, spring constants, and
unstressed equilibrium constants. For increases of less than 3 nm beyond
AO, the bond density decreased slightly (Fig. 2 A). At larger separation
distances, the bond density declined dramatically with small increases in
separation distance. The critical separation distance (Acrit) represents the
relative separation distance at which the bond density declined to 50% of
its maximal value (NLRO 5 max). This quantity was calculated from Eqs. 5
and 6:

/Acrit = K ln(KDo/NLRo5max)

0

e
0
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0

0
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Separation Distance,nm

103 105 107 109 loll 1013
Unstressed Dissociation Constant, KDo, molecules cm-2

FIGURE 2 (A) Effect of unstressed equilibrium constant upon the

change in the bond density with separation distance for NLO = 1 X 109
molecules cm-2, K =1 dyne cm- and NRO = 2 X 10'0 moleculescm-2

--- -), 4.4 X 10'0 moleculescm-2 ( ), and 10 x 10i0 moleculescm-2
(-@-). (B) Critical separation distance (Acrit) as a function of ligand-
receptor KDO and ligand density for spring constants of 0.1 and 1 dyne
cm

where

NLRo)5max = 0.25{(KD. + NLO + NRO)

- V(KDO + NL + NRO) -4NL6NRO} (7b)

In general, the critical separation distance decreased as the spring constant
increased and as the unstressed equilibrium constant increased (Fig. 2 B).

Hydrodynamic analysis of forces on cells
exposed to flow

For a given critical shear stress, the net hydrodynamic force exerted on the

(7a) cell, FT, was found using two-dimensional numerical solutions of the
velocity and stress fields (Olivier and Truskey, 1993). Cells were treated as
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rigid bodies with constant volume based upon light microscope observation
at x 200 that the shape and projected area did not change after 20 s of
exposure to shear stresses as high as 53 dyne cm-2 (Truskey and Proulx,
1993). The shapes represented adherent BAECs at different stages of
spreading and adhesion. Force balances in the x and y directions are (Fig. 3)

a

JFx = Fxs + NLRfbx(X)dx=O (8a)
Ja

ra

Fy = Fys + J NLR fby(X)dX = 0, (8b)
J-a

where FXS and Fys are the drag and lift forces per unit length, a is the
radius of the base of the cell, andfbX andfby are the bond forces acting
in the x and y directions, respectively. In general, Fys is not zero and
slightly more than one-half of the bonds are compressed. The force
resultants act at x, y (Fig. 3). A moment balance performed about the
origin yields

ra

MO = T'S + j| NLR fbY(X)XdX = 0, (9)
a

where T,z is the hydrodynamic torque per unit length acting on the cell
(T, = FY,x + Fxsy).

Determination of the force per bond requires solution of the detailed
mechanics of membrane and bond deformation (Evans, 1985; Ward and
Hammer, 1993). Because of the complex shape of the cell and lack of
information regarding the rheological properties of adherent endothelial
cells, two simplified models were used for the bond stress distribution
(Olivier and Truskey, 1993): the uniform stress model (Hammer and
Lauffenburger, 1987) and the peeling model (Ward and Hammer,
1993).

In the uniform stress model, bonds are stressed or compressed to the
same extent and Eqs. 8a, 8b, and 9 reduce to

FXS -2aNLR fbx (l Oa)

Fy - 2LNLRfbY (lOb)

Tzs - L NLRJfby + a NLRfbY (1OC)

where L is where fby switches from compression to tension. Eliminating L
from Eqs. 10b and 10c and solving for the net force exerted on the cells
(FT = NLRAcfb = NbAjfbx) + fy ] 2) yields

FT = [a2F-s + a2FY2 + 2T7, + 2Tzs Va2Fy5 +F jji/ (1 1)

where a is the radius of the cell region in contact with the surface. Eq. 11
converts the forces per length into units of force by multiplying by the
radius of the base of the cell. As cells were in the early stages of spreading,
cell shape 2 (Olivier and Truskey, 1993) was used (Fig. 3). The cell height
is 12 ,tm and the cell radius is 6 ,um. FXS and T, were obtained using
(Olivier and Truskey, 1993)

F,S= 8.61 X 10-3Tc

T's = 7.56 x 10-6TC.

(12a)

(1 2b)

The lift force per unit length Fys was calculated from the following relation
for cell 2:

Fys 4.42 + 0.31 X 10 ½ 4.54±O.410x (12c)

The applicability of two-dimensional models was assessed by comparing
the net hydrodynamic force for low Reynolds number flow over a sphere
touching a surface (Goldman et al., 1967a,b) and a hemisphere in contact
with a surface (Hyman, 1972) with the corresponding two-dimensional
cases (Olivier and Truskey, 1993). For two-dimensional shapes, FIDAP
was used to obtain the stress distribution over the cell surface from which
the drag and lift forces and torque were determined. Eq. 11 was used to
calculate the net force. The net forces differed by less than 5% for the
corresponding two- and three-dimensional shapes.

Determination of the unstressed dissociation
constant and force per bond

The unstressed dissociation constant (KD.) and average force per bond
were calculated using a modification of the procedure of Kuo and Lauffen-
burger (1993). For a range of ligand and receptor densities, equilibrium
thermodynamics (see Appendix) was used to derive a general relation for
the critical tension at which cells begin to detach (Eq. A8). This result is
valid for all ligand densities and reduces to previously reported results at
low and high ligand densities (Dembo et al., 1988; Ward and Hammer,
1993).

Using the analogy with Young's equation, the adhesive energy density
y is

'y = Tcrit(I + cosO),

FIGURE 3 Schematic of forces acting on a cell of height hb expi
a laminar shear flow. The base of the cell has radius a. The flow
force components F, and FYS that are resisted by forcesfbX andfby
by receptor-ligand bonds.

(13)
where 0 is the macroscopic contact angle between the cell membrane and
the surface. The work required to separate the active sites of the receptor
and ligand by the bond interaction distance lb is approximately (Evans,
1985)

1II, NLR fblb
2 (14)

wherefb is the force per bond. The bond interaction distance represents the
distance over which the noncovalent interaction between receptor and
ligand occurs and is much smaller than the separation distance between the
cell and substrate (Alon et al., 1995). A value of I X 10-7 cm was used for
lb (Bell, 1978; Kuo and Lauffenburger, 1993).

osed to In the absence of nonspecific forces, the total bond force equals the net
exerts hydrodynamic force on the cell, FT:

exerted
FT = NLRfbAC, (15)
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where A, is the contact area. Solving for the net hydrodynamic force yields RESULTS

FT= {-NLR+ NR_ln[(N NR)]

+NL1n[ NL.)1} (16)

For the peeling model, only bonds in the periphery of the contact region are

stressed at any time (Evans, 1985; Kuo and Lauffenburger, 1993). The
distance stressed 6 was assumed to equal the distance between bonds,
which was estimated assuming a square array of bonds:

= J/NLR (17)

For the peeling model, the contact area in Eq. 15a and 15b is replaced with
the stressed area As:

As = AC- r(a- )2 (18)

The unstressed equilibrium constant as well as the spring constant and initial
receptor density were determined by nonlinear regression (Bates and Watts,
1988) of data to Eqs. 6, 7, and 16 for net force as a function of ligand density
as follows. To determine the component of adhesion due to receptor-ligand
interactions, the critical shear stress produced by nonspecific adhesion in the
absence of immobilized RGD or adsorbed Fn was subtracted from each data
set. The net force as a function of ligand density was calculated from data for
the critical wall shear stress using Eqs. 11 and 12. For each surface, the contact
area as a function of separation distance was fit to a polynomial. The critical
separation distance was then used to determine the contact area for the uniform
stress model. The net force was calculated from Eq. 16. An iterative Marquardt
method (Bates and Watts, 1988) was used to minimize the sums of squares of
residuals between the theoretical and experimental values of total force and
find the best fit value of K., K, and NRO.

As linear and cyclic RGD bind to the integrin av133 whereas fibronectin
binds to the integrin a541 (Massia and Hubbell, 1991; Pierschbacher and
Ruoslahti, 1987), data for immnobilized RGD peptides and adsorbed Fn were fit
by the method of incremental parameters (Bates and Watts, 1988). For this
approach, the spring constant was the same for immobilized RGD peptides and
adsorbed Fn, different receptor densities were used for immobilized RGD
peptides and adsorbed Fn, and a different affinity constant was used for each
ligand. An analysis of variance of the extra sums of squares due to different
affinity constants or receptor densities was used to evaluate whether the
differences were statistically significant (Bates and Watts, 1988).
A range of values for the spring constant and receptor number are

available. This information was incorporated into the regression by con-

straining the spring constant between 0.1 and 2 dyne cm-' (Dembo et al.,
1988; Erickson, 1994). The receptor number ranges from 500,000 recep-
tors/cell for a5/3 (Akiyama and Yamada, 1985) to 3 X 106 receptors/cell
for av)33 (Conforti et al., 1989; Preissner et al., 1988). The total cell surface
area is 2250 + 60 ,um2 (Olivier and Truskey, 1993) yielding receptor
densities from 2 x 1010 to 13 X 1010 receptors/cm2. Likewise, the receptor
density was constrained between 0.5 x 1010 and 10 x 10'0 molecules/cm2.

The unstressed dissociation constants were converted from units of mole-
cules cm-2 to a three-dimensional value (K, mol L- 1) as follows:

1000 cm3 liter-
KD= KD 6.02 X 1023 molecules mole-1 - cm (19)

where 1 is the depth at which the soluble ligands are available to the

surface. For 1 equal to 2 x 10-6 cm (Kuo and Lauffenburger, 1993), the

conversion factor was 8.3 X 10- 16 mol-cm2 molecule-' L-l.

Characterization of surfaces containing
immobilized peptides

Derivatization of glycophase glass with linear RGD at an
estimated surface density of 12 pmol/cm2 (7.22 X 1012
molecules/cm2) produced noticeable differences in the XPS
spectra. The nitrogen content increased from 0.78% on
glycophase glass to 1.56% on the RGD-denrvatized glyco-
phase glass. Nitrogen on glycophase glass represents adven-
titious nitrogen. As each RGD peptide contained eight ni-
trogen atoms and the silicon atomic percent of glycophase
glass was 16, the calculated surface coverage (N/Si ratio)
with peptide, after subtracting adventitious nitrogen, was
0.60%. This compares favorably with values (0.60-1.8%)
calculated using the estimated peptide number density and a
silanol density of 4 x 1014 to 12 X 1014 cm-2 (Pleudde-
mann, 1991). Further evidence for the presence of peptide
was an increase in the ratio of carbonyl (288-289 eV) to
total carbon from 0.065 on glycophase glass to 0.138 on
RGD-derivatized glycophase glass.
Much smaller changes in the XPS spectra were observed

at an estimated surface density of 3.8 pmoIlcm2 (2.29 X
1012 molecules/cm2) The nitrogen content was 0.39% on
glycophase glass, 0.51% on RGD-derivatized glycophase
glass, and 0.62% on glycophase glass derivatized with cy-
clic RGD. The peptide surface coverage, based upon the
N/Si ratio, is between 0.10 and 0.16%, which is at the lower
end of values calculated from the estimated peptide density
(0.1-0.57%). The carbonyl to total carbon ratio was 0.038
on glycophase glass, 0.040 on RGD-derivatized glycophase
glass, and 0.046 on glycophase glass derivatized with cyclic
RGD. Sulfur present in the cyclic RGD was not detected.
These results are consistent with the low density of immo-
bilized RGD peptides on glycophase glass.

Further support for the presence of immobilized peptides
is provided by BAEC spreading after 4 h of attachment in
serum-free medium. At an estimated peptide density of
2.45 x 1012 molecules/cm2, projected areas were 1160 ±
719 Am2 and 1070 ± 629 PLm2 for immobilized cyclic RGD
and linear RGD, respectively. The projected area on un-
treated glycophase glass was 221 ± 99 tLm2. For a Fn
density of 2.02 X 1011 on glass, the projected area was
2410 ± 1240 ,um2.

Cell detachment from immobilized RGD and
adsorbed Fn

The strength of adhesion was measured for BAECs attached
for 15 min to surfaces containing immobilized RGD. Fig. 4
shows the relation between applied shear stress and cell
detachment from cyclic and linear RGD surfaces at densi-
ties of 2.3 X 109 molecules/cm2. For each condition, data
from several experiments were pooled and fit to the log-
normal distribution. As shown by the curves in Fig. 4, data
were well fit by a log-normal distribution. The critical shear
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FIGURE 4 Fraction adherent versus wall shear stress (Tw) for BAECs
adherent to surfaces containing immobilized linear and cyclic RGD pep-
tides at a density of 2.3 x 109 molecules/cm2. The critical wall shear
stresses were determined by nonlinear regression of the cumulative log-
normal distribution function to pooled data. Best-fit curves are shown for
BAECs adherent to immobilized linear RGD (--- -) and cyclic RGD ( ).

stresses were 59 + 13 dyne cm-2 (n = 3) for cyclic RGD
and 39 ± 4 dyne cm-2 (n = 2) for linear RGD, respectively
(p < 0.01).

Detachment of endothelial cells with trypsin instead of
EGTA reduced the strength of adhesion to immobilized
RGD. At a cyclic RGD surface density of 2.3 X 109
molecules/cm2, cells removed with trypsin had a critical
shear stress of 37 ± 5 dyne cm-2 whereas cells removed
with EGTA had a critical shear stress of 59 ± 13 dyne
cm- 2. Trypsin did not affect the adhesion strength of cells
attached to adsorbed Fn. As the Vn receptor (a,I33) is more
sensitive to trypsin (Preissner et al., 1988) than the Fn
receptor (a5f31) (Akiyama and Yamada, 1985), these results
are consistent with the specificity of linear and cyclic RGD
peptides for the Vn receptor (Massia and Hubbell, 1991;
Pierschbacher and Ruoslahti, 1987). All subsequent exper-
iments were performed using EGTA to detach cells.

Critical shear stresses increased with increasing ligand
density for BAECs attached to linear and cyclic RGD (Fig.
5 A) and adsorbed Fn (Fig. 5 B). 13-Mercaptoethanol was not
used to block unreacted tresyl chloride on the surface to
prevent inactivation of cyclic RGD. As a result, consider-
able adhesion occurred on activated glycophase glass in the
absence of RGD peptides (Tc = 31 + 6 dyne cm-2). To
account for this nonspecific adhesion, the critical shear
stress was measured with immobilized RAD peptides at the
same densities used with RGD peptides. The critical shear
stresses for immobilized RAD surfaces did not vary with
ligand density (Fig. 5 A).

Fig. 5 B shows critical shear stresses for BAEC detach-
ment from Fn absorbed to glycophase and plain glass.
Glycophase glass, which had not reacted with tresyl chlo-
ride, supported negligible adhesion, with Tc equal to 2.0 ±
0.2 dyne cm-2. The critical shear stress on glass without
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FIGURE 5 Critical shear stress needed to detach BAECs from surfaces
containing immobilized peptides (A) or adsorbed Fn (B). Error bars rep-
resent standard deviations for best-fit values of the critical shear stresses.

adsorbed Fn was 62.5 ± 11.5 dyne cm-2. After subtracting
the nonspecific critical shear stress from the glass surface,
the critical shear stresses for BAECs adherent to Fn ad-
sorbed to the two different surfaces were less than the
values for BAECs attached to immobilized RGD peptides.

Cell contact area measured by TIRFM

The strength of adhesion increased nonlinearly with the
ligand density (Fig. 5). This nonlinear behavior could be
due, in part, to variations in the contact area with ligand
density. For each treatment, between 5 and 15 cells were
examined by TIRFM and the contact area determined as a
function of separation distance. Fig. 6 shows representative
TIRFM images (Fig. 6, A and C) and separation contours
(Fig. 6, B and D) for BAECs attached to immobilized cyclic
RGD at ligand densities of 2.3 X 109 molecules/cm2 and
2.3 X 1012 molecules/cm2. At the lowest ligand density, the
cell contour was very irregular, with many small projections
(Fig. 6 B). At higher ligand densities (Fig. 6 D), the contour
became smoother. Surfaces containing immobilized RGD
and adsorbed Fn exhibited similar shapes.
From TIRFM images, the cumulative contact area was

determined as a function of separation distance (Fig. 7). The
contact area increased with increasing ligand surface den-
sity. For a given separation distance and ligand density,
contact areas were slightly larger for BAECs attached to

-
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FIGURE 6 TIRFM images (A and C) and separation distance contours (B and D) of cells adherent to immobilized cyclic RGD at densities of 2.3 X 109
molecules/cm2 and 2.3 X 1012 molecules/cm2, respectively. Bar in A equals 10 ,um.

immobilized linear RGD than to cyclic RGD. The contact
areas were significantly larger on surfaces with adsorbed Fn
than on surfaces with immobilized RGD peptides. To use
these data in the calculation of receptor-ligand dissociation
constants, the cumulative contact area for each ligand was
fit to a cubic polynomial. Correlation coefficients were
greater than 0.99.

Determination of receptor-ligand
dissociation constants

Values of KDO, K, and NRO for immobilized RGD peptides or
adsorbed Fn were determined by nonlinear regression of
data to the uniform stress and peeling models as described
in Materials and Methods. Listed in Table 2 are best-fit
values of KDO, K, and NRO as well as sums of squares of the
residuals. Best-fit curves are shown in Fig. 8. For immobi-
lized peptides the uniform stress model provided a slightly
better fit than the peeling model. The difference between the
models was more pronounced with immobilized linear RGD
than cyclic RGD. For Fn on glass and glycophase glass, the
peeling model produced a substantially better fit, although
the uniform stress model provided a better fit of data for cell
adhesion at low densities of Fn adsorbed to glycophase
glass.

Statistically significant differences in the affinity con-
stants for immobilized linear and cyclic RGD were found
with both models (Table 2). The affinity of cyclic RGD for
its receptor was approximately two orders of magnitude
greater than the value for linear RGD. For the peeling
model, the affinity constants of cells attached to Fn ad-
sorbed on glass or glycophase glass were not different than
the affinity constant for linear RGD. With the uniform stress
model, the affinity of Fn adsorbed on glass for its receptor
was greater than the affinity of Fn adsorbed on glycophase
glass and less than the affinity of linear RGD for its recep-
tor. This difference in affinity between immobilized RGD
and adsorbed Fn obtained with the uniform stress model is
consistent with the smaller contact areas (Fig. 7) and greater
net detachment forces (Fig. 8) of cells attached to immobi-
lized RGD peptides.

In solution, linear and cyclic RGD bind to the Vn receptor
(aAf3) with KDO equal to 10-3 M and 10-4 M, respectively
(Pierschbacher and Ruoslahti, 1987). In solution, the affin-
ity of Fn for its receptor (a5131) is approximately 10-6 M
(Akiyama and Yamada, 1985) and the affinity of Vn for its
receptor (av133) is 0.2 x 10-6 M (Preissner et al., 1988).
For the uniform stress model, the affinity constants for
immobilized Fn are not statistically different than values
obtained for Fn in solution (Akiyama and Yamada, 1985)
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FIGURE 7 Cumulative contact area as a function of membrane-substrate separation distance. Error bars represent standard error of the mean.

whereas the affinity constants obtained with the peeling
model are much smaller than values measured in solution.
The affinity constants for immobilized RGD peptides for
the av133 integrin are substantially smaller than the values
for peptides in solution (Pierschbacher and Ruoslahti,
1987). For cells attached to immobilized RGD peptides, the
fitted value for KDO between the receptor and ligand must be
small enough so that a sufficient number of bonds are

present to balance the hydrodynamic force. With or without
the constraints imposed upon K and NRO, no set of initial
guesses for the nonlinear regression produced a larger value
of KDO.
The estimated affinity constant is affected by the accu-

racy of values for the RGD peptide and receptor densities.
Higher receptor or ligand densities than those used in the
calculations would require larger values of KDO. With ad-
sorbed Fn, radiolabeling measures the total density of ligand

on the surface, not the active fraction. Very likely, only a

fraction of adsorbed Fn is active (Massia and Hubbell,
1991). For the RGD densities studied, the amount of soluble
RGD equals the amount of immobilized RGD (Massia and
Hubbell, 1990). Thus, the surface density of RGD peptides
was limited by the amount of peptide supplied for the
immobilization reaction. A higher receptor density and a

lower affinity constant would permit a sufficient number of
bonds to form at low ligand densities but would produce too
many bonds at the higher ligand densities.

Determination of force per bond

Once the receptor-ligand dissociation constants were deter-
mined, the bond density was calculated and the force per

bond determined. For the uniform stress model, the force
per bond was calculated from a modified form of Eq. 15 that
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TABLE 2 Dissociation constants of immobilized RGD peptides and adsorbed fibronectin

Ligand KDO (M) K NR X 1010 Sums of squares

Peeling model
Cyclic RGD 2.8 + 12.4 X 10-13 2.8 + 2.3 3.99 x 10-8
Linear RGD 4.6 ± 20.0 X 10-'°* 1.0 + 1.5 3.16 X 10-8
Fn on glass 1.6 ± 8.7 X 10-9 0.78 ± 0.98 5.01 X 10-8
Fn on glycophase 5.0 + 0.01 x 10-'° 2.99 X 10-8

Uniform stress model
Cyclic RGD 1.5 + 1.3 x 10-12 0.500 ± 0.001 3.54 x 10-8
Linear RGD 2.8 ± 7.0 X 10- "* 1.2 + 0.9 9.03 x 10-9
Fn on glass 5.1 ± 67.7 X 10-69 0.501 ± 0.001 2.42 X 10-7
Fn on glycophase 1.3 + 19.4 x 10-7 8.51 X 10-8

*0.002<p<0.005.
#0.001 <P<O.OO5.
90.025<p<0.05.

accounts for nonspecific adhesion (Kuo and Lauffenburger,
1993):

FT = FNS + NLRfbAC, (20)
where FNS is the nonspecific force of adhesion measured in
the absence of ligand. For the peeling model, Ac was re-
placed with As (Eq. 18). Equation 20 indicates a linear
relation between the total force on the cell and the number
of bonds (bond density times stressed area). The bond
density was found with Eq. 6 using best-fit values of KD0, K,
and NRO for the peeling and uniform stress models. As KDO
from the peeling model did not differ for linear RGD and Fn
adsorbed to glass and glycophase glass, these data were
pooled and fit.

Summarized in Table 3 are the average bond forces for
the uniform stress and peeling models along with values of
r2 and the statistical significance of the calculated bond
force. For the peeling model, all of the data yielded good
linear fits (Fig. 9 A). The force per bond for cyclic RGD-
avf33 binding was greater than the value for linear RGD-
avf33 binding or Fn-a54, binding. For the uniform stress
model (Fig. 9, B and C), good fits were obtained with
immobilized RGD peptides, but the force per bond for
adsorbed Fn was not significantly different from zero. The
order of the bond forces was cyclic RGD > linear RGD >
Fn adsorbed to glycophase glass Fn adsorbed to glass.
The bond forces are positively correlated with the affinity
constants.
The bond forces for the peeling model were 24-93% of

the values obtained with the peeling model. The peeling
model predicted that fewer bonds were stressed, yielding
larger bond forces than the uniform stress model. The lin-
earity between net force and number of bonds and the
nonzero values for the force per bond observed with the
peeling and uniform stress models suggests that both mod-
els adequately represent the detachment process.

DISCUSSION

Previously, the role of receptor-ligand affinity upon the
strength of adhesion had not been examined with cells.

Theoretical models indicate a logarithmic relationship be-
tween the force per bond and the dissociation constant (Bell,
1978; Dembo et al., 1988; Evans, 1985). These models have
only been tested using a model cell system consisting of
antibodies immobilized to polystyrene microspheres (Kuo
and Lauffenburger, 1993). In the current study, adsorbed Fn
and RGD peptides covalently immobilized to glycophase
glass surfaces were used to assess the effect of ligand
conformation and accessibility on the strength of endothe-
lial cell adhesion. Results of this study indicate that 1)
BAECs are more adherent on immobilized cyclic RGD
peptide than linear RGD or adsorbed Fn, 2) increased ad-
hesion is due to a greater affinity between cyclic RGD and
its receptor, and 3) the affinity of RGD peptides and adsorbed
Fn for their receptors is increased after immobilization.
An indirect approach was used to determine the receptor-

ligand dissociation constant and the bond force for immo-
bilized ligand. The analysis required calculation of the net
force on the cells, the contact area between the cell and the
surface, the receptor density, and the number of bonds
formed between immobilized molecules and their receptors.
The net hydrodynamic force acting on cells is sensitive to
cell shape (Olivier and Truskey, 1993). To account for cell
shape, the net hydrodynamic force on the cells was deter-
mined using two-dimensional models of spreading cells.
The duration of the experiment was limited to 15 min to
minimize cellular synthesis of Fn, remodeling of adsorbed
proteins (Grinnell, 1986), or cell deformation (Truskey and
Proulx, 1993).
The adhesive contact area depended upon the amount of

cell area at a given distance from the surface as well as the
density and rigidity of receptor-ligand bonds. The definition
of the contact area was based upon the distance over which
bonds could form (Bell, 1988; Ward and Hammer, 1993).
Theoretical calculations showed that critical separation dis-
tance was larger for higher affinity interactions, higher
ligand densities, and less rigid bonds (Fig. 2). TIRFM was
used to quantitatively measure cell/substrate separation dis-
tances (Burmeister et al., 1994; Truskey et al., 1992). The
amount of cell area at a given distance from the surface
increased as the ligand density increased and was greater for

2878 Biophysical Journal



Effect of Affinity upon Cell Adhesion

0.0020

r. 0.0015
z

0.0010
V
u
0

o 0.0005

z

0.0000 '
109 1010 1011 1012 1013 109 1010 1011 1012

Ligand Density, molecules cm-2 Ligand Density, molecules cm-2

1013

1010 1011
Ligand Density, molecules cm-2

1012 109 1010 1011

Ligand Density, molecules cm-2

FIGURE 8 Best fit of uniform stress (dashed curves) and peeling (solid curves) models to net hydrodynamic force on cells as a function of ligand density.
Net force represents the difference between total force and force due to nonspecific interactions in the absence of ligand. Best-fit values of KDO, K, and NRO
are listed in Table 2.

cells attached to surfaces with adsorbed Fn than for cells
attached to surfaces with covalently immobilized RGD pep-

tides (Fig. 7). The larger contact area for the lower affinity
Fn-integrin interactions suggests that the initial formation of
contact area is not dependent upon receptor-ligand bond
strength.
As the mechanical properties of endothelial cells are

unknown, two limiting models of the bond stress distribu-
tion were considered: the uniform stress model and the
peeling model. Both models gave very similar fits to the
data for cells attached to immobilized RGD peptides, al-
though the peeling model provided better fits to the data for
cells attached to adsorbed Fn (Fig. 8). Furthermore, the

relation between force on the cell and number of bonds was

linear for both the peeling and uniform stress models. Ver-
ification that cells detached by peeling will require exami-
nation of membrane movement or receptor movement by
TIRFM or other optical techniques. Further support for the
results of the current analysis can be provided by direct
measurement of the bond force using atomic force micros-
copy (Florin et al., 1994) or the newly developed biointer-
face probe (Evans et al., 1995).
A surprising result of this study is the increased affinity of

immobilized RGD peptides and adsorbed Fn for their respec-

tive integrin receptors. Using a large range of initial guesses we
failed to find a best-fit parameter set with values for KDO
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TABLE 3 Average force per bond

Uniform stress model Peeling model

Ligand Fb (,udyne) 2 Fb (,tdyne) r

Cyclic RGD 14.8 + 2.0 0.964 (0.01 < p < 0.02) 15.9 + 2.6 0.950 (0.02 < p < 0.05)
Linear RGD 11.6 ± 1.0 0.987 (0.01 < p < 0.02)
Fn on glass 2.3 + 0.8 0.810 (0.05 < p < 0.10) 9.7 + 0.9 0.933 (p < 0.0002)
Fn on glycophase 4.4 + 1.2 0.867 (0.05 < p < 0.10)

similar to those for cell binding to RGD peptides in solution.
Due to the stoichiometric addition of peptide to the surface for
immobilization, uncertainties in the density of immobilized
RGD could not produce lower values of KDO. The increased
affinity of the peptides may result from further constraints on
the mobility of the peptide. The higher affinity of immobilized
RGD peptides relative to adsorbed Fn is consistent with the
observation that fibroblasts spread with densities of immobi-
lized RGD peptides 30-110 times less than the density of
adsorbed Fn (Massia and Hubbell, 1991).

Based upon results with the peeling model, the affinity
between Fn and the integrin a5(31 increased upon adsorption.
Furthermore, not all of the adsorbed Fn may be functionally
active. Conformational changes to the Fn cell-binding domain
occur upon adsorption (Iuliano et al., 1993; Narasimhan et al.,
1988). Upon adsorption, the RGD domain becomes more
solvent accessible, thereby increasing the likelihood of bind-
ing. The polar environment on the surface appears to affect the
extent to which the RGD binding domain is solvent accessible
(luliano et al., 1993). Furthermore, when Fn adsorbs, a large
fraction of the protein is not in a suitable conformation for
binding to its integrin receptor (Massia and Hubbell, 1991),
and a small fraction of adsorbed Fn exhibits increased affinity
for its receptor.

Short RGD peptides and adsorbed Fn bound to integrins
yielded similar spnng constants of approximately 1 dyne
cm 1, which suggests that the spring may functionally reside
with either the integrin molecule or the cytoskeleton. Erickson
(1994) argues that Fn is quite flexible and can extend as much
as 160 nm. When adsorbed to a surface, however, Fn may
make multiple contacts with the surface and each segment may
extend a shorter distance.

At ligand densities greater than the receptor density,
receptors may accumulate in the contact region as a result of
interactions with the cytoskeleton (Gingell and Owens,
1992; Ward and Hammer, 1993). Receptor accumulation
will further increase the bond density. A model of receptor
accumulation based upon equilibrium binding of receptor-
bound integrin to the cytoskeleton protein talin has recently
been developed (Ward and Hammer, 1993). For the highest
ligand density used in this study, 2.3 X 1012, a focal contact
area of 5.2 X 10-8 cm2, and physiological values for talin
density, this model predicts that receptor density in the
contact area is increased 25-75% above the density in the
absence of clustering. This small increase of receptor den-
sity lies within the error of the data. Receptor accumulation
could be significant for higher ligand densities or longer
incubation times.

Evans and colleagues (1991) measured forces between 1
and 2 ,udyne to break individual attachments between red cells
produced by either antibodies to the integral membrane pro-
teins glycophorin and blood type A antigens or a lectin that
binds to glycolipids. The bond forces were explained by ex-
traction of the receptor through the cell membrane. Except for
the analysis of adsorbed Fn with the uniform stress model,
bond forces were considerably larger than those measured for
ligand interactions with the red cell membrane receptors. This
different behavior could be due to integrin interaction with the
endothelial cell cytoskeleton. Integrins form interactions with
the cytoskeleton within 15 min of binding to their ligand (Lotz
et al., 1989; Plopper and Ingber, 1993; Wang et al., 1993).
Further support for integrin engagement with the cytoskeleton
is provided by recent studies using the biointerface probe
(Evans et al., 1995) and laser tweezers (Schmidt et al., 1993).
Binding of cell membrane receptors to ligand triggers cytoskel-
eton retraction. As a result, forces between 10 and 15 ,udyne
are required to separate the receptor and ligand (Evans et al.,
1995).
The range of bond forces observed in this study is similar

to that measured for several different receptor-ligand sys-
tems. Kuo and Lauffenburger (1993) studied the strength of
adhesion between antibodies immobilized to beads and ad-
sorbed antigens. They found bond forces between 1.1 ,udyne
for KD equal to 10-5 M and 7.4 ,udyne for KDO equal to
10-9 M. The force to break an avidin interaction with biotin
measured by atomic force microscopy is 16 ± 2 ,dyne/bond
(Florin et al., 1994). The bond force was reduced for desthio-
biotin, which exhibits a lower affinity for avidin. Chu et al.
(1994) examined the strength of adhesion of rat basophilic
cells to immobilized dinitrophenol via IgE and measured bond
force between 2 and 4 ,udyne, although the effect of affinity
was not studied.

Results of this study suggest that strong endothelial cell
adhesion can be obtained using immobilized cyclic RGD.
For the same surface and bond density, the force per bond
is approximately two times greater for immobilized cyclic
RGD than adsorbed Fn. Consequently, adherent endothelial
cells should resist a proportionately larger shear stress when
attached to cyclic RGD than Fn. Although the effect of
affinity is modest, we speculate that this difference in ad-
hesion strength should be sufficient to promote stronger
endothelial cell adhesion on vascular grafts under physio-
logical conditions.

Helpful discussions with D. Needham and W. M. Reichert at Duke Uni-
versity are gratefully appreciated. We thank K. Barber for the analysis of
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FIGURE 9 Net hydrodynamic force versus number of ligand-receptor bonds in contact area for the peeling model (A) and uniform stress (B and C)
models. As KDO from the peeling model was not different for linear RGD and adsorbed Fn, these data were fit together to obtain a single bond force (A).
The bond density was calculated from the best-fit values of K., K, and NRO listed in Table 2. The number of bonds equals the product of the bond density
times the contact area. Error bars are due to variations in contact area. The force per bond was calculated from the slope of the line and values are listed
in Table 3.
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APPENDIX

Calculation of critical tension

Limiting expressions for the critical tension exist for the limit of low
(Dembo et al., 1988) and high ligand density (Ward et al., 1995). For
intermediate cases, the critical tension was obtained by numerical solution

of the equations of membrane mechanics (Ward et al., 1995). In this
appendix, we use an equilibrium thermodynamics approach to derive an

analytical expression for the critical tension valid for all ligand densities
(Dembo, 1994; Tomey et al., 1986). Consider a cell in contact with a

surface over a region A,. Equilibrium is assumed between receptors on the
cell and ligand on the surface. Bonds are under stress resulting from the
application of an external force on the cell. The total Gibbs free energy for
the system is a function of the contact area Ar, separation distance A(x.y),
ligand NL, receptor NR, and bond NLR, densities, and membrane tension
Tm:

G(AC, A(X, Y), NLR) = GO + GNL + GNR + GNLR + GTmS
(Al)
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FIGURE Al Membrane tension as a function of ligand density and
unstressed equilibrium constant (KDO) for a critical angle (0) of 900 and a
receptor density of 2 x 1010 molecules cm2. Solid curves represent Eq.
A8 and the dashed curves represent limiting expressions valid when
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where G. is the Gibbs free energy in the reference state, GNL is the Gibbs
free energy of the ligand, GNR is the Gibbs free energy of the receptor,
GNLR is the Gibbs free energy of the receptor-ligand complex, and GTm is
the Gibbs free energy arising from deforming the membrane. Nonspecific
interactions between the cell and substrate have been neglected. Expres-
sions for the individual Gibbs free energies are (Dembo, 1994)

GNL = /L(ASUb - AC)NLO + kT(ASub - Ac)NL1n(NLO)

+ LAC(NNL- NLR) + kTAc(NLo- NLR)ln

* (NLO -NLR)

where the equilibrium constant for unstressed bonds KDO equals

ex[A LR -I-L .AL

At equilibrium, the separation distance Y is found by setting

aG(AC, A(X, Y), NLR)
/ aA(x, y)

/

equal to zero. This yields the result that A(x,y) = A0. The third equilibrium
relation is found by setting

aG(AC, A(x, y), NLR)
aAC

1012 1013 equal to zero. After rearrangement and setting A(x,y) = A0, we have

Cm"2 (1 + COSO)TCft = (R.R + AO - IUR)NLR

kTN1n[(NR" -NLR)(NLO -NLR)1 +

RokTN[(N'DN)l

LoJ[(N - NLR)1
(A7)

Using Eq. A6, this result can be simplified to the following expression for
the critical tension:

kT rNpE O
(1 + -NLR + NRInTcot =I+ cosO) LR (NR, - NLR)J

(A2)

GNR = i4(Amem - Aj)Np + kT(Amem - AC)NROln(NRO)
+ 4RAC(NOR -NLR) + kTAc(NRo- NLR)ln
* (NRO -NLR) (A3

GNLR = j.LRACNLR + ACNLRkTIn(NLR)
+ ACNLRO.5K(A(X, Y) - A0)2 (A4)

+ NLn[(N, )]I (A8)

Solution of Eq. A6 yields a quadratic expression for NLR, which can be
substituted into Eq. A8.

Limiting cases of Eq. A8 can be derived. For NRO << NI,,

(N4 -NLR)]
InL N I

NLR__
NL. s

GT. = [AC(1 + cosO) -Amem]Tm, (A5)
where .'S, UR, and I4LR are the chemical potential of the ligand, receptor,
and receptor-ligand complex in the reference state, Amem is the surface area

of the cell membrane, and ASub is the substrate surface area. The equilib-
rium state is found by taking the derivative of the Gibbs free energy with
respect to each of the three system variables (A(x,y), NLR, and Ac) and
setting the derivatives to zero. For

aG(AC, A(X, Y), NLR)
dNLR ~= 0,aNLR

equilibrium of stressed bonds requires that

(NR - NLR)(NL, -NLR) [0.5K(A(X, y) - A0)2]
NLR = KDOeXP kT

(A6)

and Eq. A8 reduces to

(1 + CoSO)Tm= -kTNR0In[I -

As NRO << NL, and Y = L, the bond density simplifies to

NRoN+ o

NLO + KDO

Substituting for NLR in Eq. A9 with Eq. AIO and rearranging yields

(1 + cOSO)Tm = kTNRIln[1 + K ]

which is identical to the result derived by Dembo et al. (1988). In a similar

(A9)

(AlO)

(All)
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fashion, if N, << NRO., the following results:

(1 + cosO)Tm = kTNL1jnEl + KNO] (A12)

Eqs. A8, All, and A12 are compared in Fig. A1. Results are similar to
those presented by Ward et al. (1995).
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