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ABSTRACT We investigated the role of receptor binding affinity in surface adhesion. A sensitive technique was developed
to measure the surface energy of receptor-mediated adhesion. The experimental system involved a functionalized elastic
agarose bead resting on a functionalized glass coverslip. Attractive intersurface forces pulled the two surfaces together,
deforming the bead to produce an enlarged contact area. The Johnson-Kendall-Roberts (JKR) model was used to relate the
surface energy of the interaction to the elasticity of the bead and the area of contact. The surface energies for different
combinations of modified surfaces in solution were obtained from reflection interference contrast microscopy (RICM)
measurements of the contact area formed by the bead and the coverslip. Studies with surfaces functionalized with
ligand-receptor pairs showed that the relationship between surface energy and the association constant of the ligand binding
has two regimes. At low binding affinity, surface energy increased linearly with the association constant, while surface energy
increased logarithmically with the association constant in the high affinity regime.

INTRODUCTION

Cell-cell and cell-substrate interactions play a crucial role inbinding affinity of ligand-receptor interaction and mechan-
regulation and development of the immune system (Springical strength of cell adhesion. Recent studies carried out in
er, 1990, 1994). Cell adhesion appears to be a dynamia cell-free model system have shown that adhesion strength
process (Diamond and Springer, 1994), mediated by th& a linear function of the free energy of receptor binding,
specific interactions of adhesion molecules on apposing celle., the logarithm of the affinity constant (Kuo and Lauffen-
membranes. Among their diverse functions, adhesion molburger, 1993). Although these measurements are consistent
ecules direct the homing of lymphocytes to targeted tissuegith theoretical models (Dembo et al., 1988; Evans, 1985),
and mediate the transient interactions of antigen-infecte¢hey failed to explain some experimental observations. In
cells and T lymphocytes. Apparently, the shear force exparticular, the adhesion of T cells to an ICAM-1-coated
erted by the bloodstream is sufficient to rupture the bondsubstrate increased by 100-fold upon activation of the T
formed at the rear of the cells to drive the lymphocytes tocell, even though only a small fraction of LFA-1 was
roll downstream, but insufficient to dislodge the cells (Law- converted to a higher affinity state (Lollo et al., 1993).
rence and Springer, 1991; Lauffenburger and Howitz, The apility to directly measure the strength of weakly
1996). The dynamic properties of the adhesion moleculegdherent surfaces is necessary for determining the biophys-
also play an important role in stabilizing the interactionc5| mechanisms of cell adhesion. Direct force measure-
between T cells and antigen presenting cells (APC). Heréments of biomolecular adhesion have been obtained by
cell adhesion is regulated by the transient interaction beysjng a number of different techniques. The biotin-avidin
tween lymphocyte function-associated antigen-1 (LFA-1),nteraction has been studied in detail by atomic force mi-
an integrin expressed on the T cell surface, and mtercellula&roscopy (AFM) and the surface force apparatus (Florin et
adhesion molecule 1 (ICAM-1) on the APC (Dustin and ) 1994 | eckband et al., 1994; Moy et al., 1994; Lee et al.,
Springer, 1989). _ _1994; Chilkoti et al., 1995a). Adhesion between individual

Several factors contribute to the strength of cell adhesmr&e”S was measured using a micropipette techniqiefen
including binding affinity of the adhesion molecules, r€CeP-gt 51, 1992: Evans et al.. 1991 sung et al., 1992). Another
tor density, receptor-cytoskeleton interaction, cytoskeletag .,y ysed technique measures the critical shear stress
reorganization, and lateral mobility of membrane reCeptorsg, the detachment of bound cells or functionalized beads
In this report we will focus on the relationship betweenfrom a chemically defined substrate (Kuo and Lauffen-
burger, 1993; Lawrence and Springer, 1991). All of these
approaches measure adhesion in terms of the mechanical
Received for publication 17 August 1998 and in final form 8 Decemberfgrce needed to induce surface separation and, hence, de-
1998. pend on the detachment mechanism.
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tested. The technique is based on the JKR model, whichnd crossed polarizers in the illumination and observation paths of light. In
relates the surface energy to the induced deformation of th&e region of contact, corresponding o) = 0 andi(X) = 1, + 1, —
elastic sphere (Johnson et al., 1971). In the initial applicaZ " 2l2: the intensity of the image is at ts minimum (see FigB)L The
. . . . . RICM image was captured with a CCD camera (Hamamatsu C5985),
tion of the teChmque' we examined the interactions betwee@igitized by an Apple PowerMac 8500 computer, and analyzed with NIH
two oppositely charged surfaces in solution. Next, the aviimage 1.60 and Igor Pro software (WaveMetrics, Inc., Lake Oswego, OR)
din-biotin pair was used as a model system for specifigo obtain the area of the contact regian,

molecular adhesion (Green, 1975). Several attributes made

the biotin-avidin system ideal for this research. The avidin-Elasticity measurements of agarose beads

biotin complex has been well-characterized by multiple

. . . Young’s modulus of the agarose beads was determined by AFM (Binnig et
biochemical and physical methods (Weber et al., 19893I., 1986). A tipless cantilever (Digital Instrument, Santa Barbara, CA) was

Livnah et al., 1993; Chilkoti and Stayton, 1995), and thuSyseq in the force scan measurements over the center of the agarose beads.
facilitates the interpretation of the surface energy measurerhe force-indentation curve of elastic beads was obtained from the AFM
ments. Avidin binds to biotin with high affinity and speci- measurement using the glass substrate to calibrate the deflection of the
ficity. In addition to its naturally occurring homolog, cantilever (Radmacher et al., 1996). The relation between fbremd

streptavidin, there exist streptavidin mutants that bind tg"@entaiond is given in the Hertz model as:

biotin analogs over a range of affinity constants (Green, 4E\ﬁ o

1966, 1990; Sano and Cantor, 1995; Chilkoti et al., 1995b). F=3a-w»%" )
whereE, v, andR are Young’s modulus, the Poisson ratio, and the radius

MATERIALS AND METHODS of the bead, respectively. Young's modulus of the biotin and iminobiotin
beads, as determined by nonlinear regression analysis (Igor Prel®f

Measurements of contact surfaces force-indentation curves, were 758 10* N/m? and 9.3 10* N/m?,

respectively. For a given type of bead, Young's modulus of individual
?)gads for all bead sizes did not vary 5Y6%. The Poisson ratio was taken

he principle of RIC . . 35 mi ioned with to be 0.5. The radius of the beads was measured by light microscopy. The
the principle of RICM. A Zeiss Axiovert 135 microscope equipped with a spring constant of the tipless cantilevers used in the force scan measure-

Pleo?}uak?g/Ml.ZS Antiflex object:;/el (Z.elzs’l_‘] (;na, Germanf)ll) Wads ?Od'f'f]dments was obtained from thermal fluctuation analysis of the cantilever
or the measurements. Polarized light waves reflected from t €(Hutter and Bechhoefer, 1994; Florin et al., 1995).

upper glass surfacé,f and the surface of the beald)(interact to create an
interference image. The intensity at a given position in the image depends

RICM was used to measure the contact radius formed by the agarose be
resting on the glass coverslip (Gingell and Todd, 1979). Fillustrates

on the separatioh(x) between the two surfaces: Sample preparation
(X)=1,+1,+ ZN]|1T2 cog2kh(x) + 8], (@) Biotin-linked and iminobiotin-linked agarose beads (4% agarose, non-

cross-linked) were purchased from Sigma (St. Louis, MO). The beads were
wherek = 27n/A, andn and\ are the index of refraction of the buffer and washed four times with water or buffer. All solutions were prepared with
the wavelength of the monochromatic light, respectively diRa and water purified by the Nanopure UV filtration system (Barstead, Dubuque,
Sackmann, 1992). Since the refraction index of the bead is higher than thaf). Buffers were prepared from the purest grade reagents available. A
of the buffer, the phase shifi is 7. In order to detect the interference deglycosylated form of avidin (NeutrAvidin) was used in the experiments.
pattern, stray light was reduced by an antiflex technique. This is accomBoth streptavidin and NeutrAvidin were purchased from Pierce (Rockford,
plished with ar/4-plate placed between the sample and the objective lens|L) and used without further purification. Stv38 is a truncated form of
streptavidin (aa. 16—133) with a substitution at residue 120 (Trp to Phe).
Expression and purification of stv38 were described elsewhere (Sano and
Cantor, 1995).

Coverslips were functionalized with avidin as follows: optical round flat
glass coverslips (VWR Micro Cover Glasses, 25 mm diameter, 0.13-0.17
mm thick) were cleaned in boiling 2% RBS-35 detergent (Pierce) solution
for 15 min, sonicated for 30 min, rinsed vigorously with deionized water,
and dried at 40°C. The cleaned coverslips were silanized with 2% v/v
3-aminopropyltriethoxysilane (Sigma Chemical) in acetone under constant
agitation for 10 min. The silanized coverslips were rinsed with deionized
water and subsequently immersed in 0.1% glutaraldehyde (Sigma) for 30
min at room temperature. The coverslips were removed from the glutaral-
dehyde solution, rinsed with deionized water, and incubated in 2 ml avidin
solution (50 ng/ml) for 2 h atroom temperature to generate the avidin
functionalized surface. To block remaining aldehyde groups on the glass
surface, the coverslips were treated with 0.2 M glycine and rinsed with
phosphate buffered saline (PBS, 10 mM 0150 NaCl, pH 7.3). The
coverslips were stored up to 3 days in PBS containing 0.1% azide and 0.5%
BSA at 4°C. The same procedure was used to functionalize coverslips with
the avidin homologs.

A B

agarose bead

Iobjective I
L, oo,
RESULTS

FIGURE 1 (@) Schematics of reflection interference contrast micros- . . . . .
copy. RICM images of iminobiotin derivatized 4% agarose beadsspn (1€ interaction of two elastic spheres is given in the JRK

glass and €) a MgF, modified glass coverslip. model (Israelachvili, 1992; Johnson et al., 1971). In the
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special case of an elastic sphere pressed against a hard flat
surface with a forceF (see Fig. 2), the radiua of the
contact area is given by

R ,
a' = ((F + 37RW+ BrRWF+ 37RWD),  (3)

Contact Radius (um)

whereR is the radius of the spherk, = [4E/3(1 — V)] is
the effective elastic modulus of the sphere, aids the
surface energy. If the external force acting on the sphere is

negligible, the surface energy and contact radius are related 0 20 40 €0 80
by Bead Radius (um)
FIGURE 3 Contact radius versus bead radius of iminobiotin functional-
a®= 6 K R (4) ized 4% agarose beads on a glass coverslip in water.

Hence, the surface energy of adh_e5|on can be derived fro,@&/stem and that the contribution from external forces (i.e.,
measurements of the contact radius, provided that Young ﬁravity) is negligible; otherwiseC, would have deviated

modulus of the sphere is known. from 1.5 predicted by the model. The surface energy ob-
tained by fitting the data (Fig. 3) to Eq. 4 with= 93,000

Surface energy of charged surfaces in solution N/m? was 1.0+ 0.03 mJ/nd.

L , _Adhesion of the iminobiotin beads to the coverslip can be

To test the applicability of the JKR model in our experi- i ted to electrostatic interactions between the positively

mental system, we investigated the interaction of iminObi'charged guanidino group of iminobiotin and the negatively

otin-functionalized agarose beads resting on the surface Oféharged oxide groups of the glass surface. To test this
glass coverslip in water. The contact radius formed by th

iminobiotin bead and the glass substrate was measured
RICM. Fig. 1 illustrates the principle of RICM and shows
RICM images of an iminobiotin bead on gla®) @énd on a
glass surface modified by MgFvia vapor deposition().
The contact between the iminobiotin bead and the glass

@ssertion, we carried out measurements over a range of
ectrolyte concentrations (see FigA}t The rapid decay in

surface energy with increasing NaCl concentration is con-

sistent with the shielding of surface charges as described in

substrate was detected as a dark disk surrounded by a series 0.7 7 A
of concentric rings (Fig. B). The center disk corresponds & 0.6
to the area of contact and the rings are the interference _§, 0.5
pattern formed by polarized light reflected from the upper ~E; 041
surface of the coverslip and the surface of the bead. The e
contact radii formed by beads of different sizes were mea- 5 08
sured and plotted against the bead radius in Fig. 3. We fitted g 027
the data with a power functioR = C,a%, and the value of g 0.11
C,, as determined by nonlinear regression using GraphPad 0.0+ , . : . .
Prism (San Diego, CA), was 15 0.1. This result demon- 0 20 40 60 80 100
strates that the JKR model is applicable to the experimental Concentration (mM)
&g 067
S5 0.57
agarose € 049
bead R 2 031
& 021
5]
8 0.17
@ 00— — — .
................. 2 4 6 8 10 12
glass:::::ia:iiin pH

FIGURE 4 @) lonic strength-dependence of surface energy of iminobi-
FIGURE 2 Schematic of the JKR model for interaction between anotin beads on glass. Measurements were made at different NaCl concen-
elastic agarose bead of raditsand a rigid flat substrate. The contact trations in 1 mM Tris, pH 8. B) pH dependence of surface energy of
radiusa is a function of the bead radius, surface eneWjyand elastic  iminobiotin beads on glass in 2 mM sodium phosphate. Each data point
modulus of the bead. was derived from nonlinear regression analysis>&0 measurements.
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the DLVO theory. The interaction between the iminobiotin from pH 5 to 12 (Fig. 5A). The surface energy measure-
beads and the glass substrate also exhibited pH dependernoents were complicated by a nonspecific contribution that
(Fig. 4B). The adhesion detected within the pH range of 5presumably stemmed from the positively charged iminobi-
to 12 can be attributed to the ionization of the surfaces. Apbtin bead and residual negative charges on the glass. At pH
pH above the pK of the guanidino group (11.95) adhesion<5, the nonspecific surface energy=80 uJ/n? and sta-
energy decreased due to the neutralization of surface
charges on the bead (Green, 1966), while in the pH range
below 5, the silanol groups on the glass surface are neutral-

ized and hence the adhesion energy decreased. There re- 60 4 A %
mained some adhesion even at the extremes of pH and
electrolyte concentrations that can be attributed to van der N 50-
Waals forces. E @ § g

3 d 58 E
Surface energy of specific interaction 3 4 L s 3 i i g3 E
The surface energy of the specific interaction between avi- $ g L
din and biotin functionalized surfaces in PBS was obtained 8 20 _— .
from the elastic deformation measurements. In these mea- 5 ° 5 5 z
surements, avidin was immobilized on glass coverslips ? 40- . ¢ o
while biotin was covalently attached to agarose beads. The E . | . : : : .
total surface energy includes both the specific interaction of 5 6 7 8 9 10 11 12
the avidin-biotin complex and nonspecific interaction be- pH

tween the substrates. To obtain the fraction of the surface
energy attributable to the specific binding of avidin to

biotin, the nonspecific contribution was determined after . 2 B

introducing 1uM of free d-biotin into the solution. The total ‘g 407

surface energy, obtained from the analysis&0 measure- i 38 7

ments, was 20& 9 pJ/nf. The specific surface energy of = 36

a biotin bead interacting with the avidin-coated coverslip g 34

was 162+ 9 pJ/nf. The surface energies of other ligand- S 32 {

receptor systems are listed in Table 1. The streptavidin- S 30+ { }

biotin pair exhibited surface energy similar to the biotin- e }

avidin pair. The biotin-stv38 and iminobiotin-avidin a 27 E -

interactions both had lower surface energy, following the 26 "Lrreetp— ey

pattern of binding affinity. 10 107 108 109 1010
To study the relationship between surface energy and Association constant (M-1)

binding affinity further, we measured the surface energy
mediated by the interaction between iminobiotin and avidin.

Iminobiotin contains an ionizable guanidino group and thus w c ¢
can exist in a neutral or protonated form. Avidin binds % 257

strictly to the neutral form of iminobiotin. Hence, the bind- = 20

ing affinity of the avidin-iminobiotin complex is pH-depen- § §

dent (Green, 1966). The association constant of the imino- 2 5

biotin-avidin pair increases monotonically with pH of the g §

buffer. We used this pH dependence to study the relation- g 107 ]

ship between the surface energy of the ligand-receptor in- 5

teraction and binding affinity. Surface energy measure- @ 549 | , , | .
ments of the iminobiotin-avidin interface were carried out 02 04 06 08 10

Association constant (x 106 M-1)

TABLE 1 Surface energy of ligand-receptor interactions

FIGURE 5 @) pH dependence of surface energy. Surface energy mea-

Wiot Wion-sp W, Ky surements were carried out with iminobiotin-functionalized beads on an
Ligand-receptor  (uJ/nP) (wd/n?) (ud/m?) (M) avidin-coated substrate over the pH range of 5 to 12. The specific surface
L N N . 15 energy ®) was derived from difference of the total surface)(and
g:g:::-ztvrflrt]avidin 210608; g r?:i ?ble 116628; g i(OTlS nonspecific surface energ®y. Specific surface energy versus equilibrium
Biotin-stv3% 85+ 1.4 529+gl 6 33+ 16 10°8 binding affinity plots in 8) high affinity regime and €) low affinity

regime. Each data point was derived from nonlinear regression analysis of

Iminobiotin-avidin 48+ 1.2 19+ 0.8 29+ 12 44 X107
>50 measurements.
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tistically indistinguishable from the total surface energyof the interaction is given bW = kgTNg In {1 + (N, /Kp)},
(data not shown). To obtain the specific surface energy, thevhereNg andN, are the receptor density and ligand den-
nonspecific surface energy was determined by blocking thsity, respectively, and& is the surface dissociation con-
avidin molecules on the glass surface with excess frestant of the complex (Dembo et al., 1988). We will assume
d-biotin. Fig. 5, B and C show the correlation between that the surface dissociation constant is proportional to the
specific surface energy and equilibrium association constargolution dissociation constant (i.&; = nK,). The depen-

K, of the iminobiotin-avidin interaction. The pH depen- dence ofW on K, falls into one of two regimes. IN,/
dence of the affinity was previously measured by GreemK, >> 1, thenW = kgTNg In{N_ /1K } and W scales with
(1990). In the high affinity regimeK, > 10° M~*; pH >7),  the logarithm ofk, and linearly with the free energyAQ)
surface energy increased linearly with the logarithnKgf  of the complex formation. IfN, /nKy) << 1, thenW = kgT
(Fig. 5 B). In the low affinity regime at pH<7, surface (NgN,/nKy) andW is proportional to the binding affinity
energy increased linearly witk, (Fig. 5C). constantKy.

The surface energy measurements of the iminobiotin-
avidin interaction reveal that the transition from a linear to
a logarithmic dependence on binding affinity occurs at the
DISCUSSION AND CONCLUSIONS K, of 10° M~ (corresponding to pH 7). The position of the
A theoretical upper limit on the surface energy of thetransition [i.e., N /nK,) ~ 1] provides an estimate for the
biotin-avidin interaction can be obtained on the assumptiorproportionality constany, which is related to the gap be-
that every avidin binds to a biotin and contributes 35 KT totween the two surfaces. The surface density of iminobiotin
the surface energy (Green, 1990). If the glass surface isn the agarose beads based on manufacturer information is
densely packed with a receptor density 0k210*® avidin/ 8 X 10 iminobiotin/n?, which estimates) at 8 X 10?*

m?, the estimated surface energy is 2.8 nfJiwhich is an  #-liter/m?mol. This value is larger than a previously deter-
order of magnitude larger than our measured value. Thisnined value 10°? #-liter/m?-mol) for an experimental
discrepancy can be attributed to an incomplete coverage aystem that involved 1@um polystyrene beads in contact
the surface with receptor, a diminished activity of boundwith a glass substrate (Kuo and Lauffenburger, 1993). This
receptor, and the surface roughness of the agarose bediference reflected the accessibility for receptor binding.
which prevented complete contact of the two surfaces. Th&vidently, the smaller latex beads were able to form better
roughness of agarose bead on the micrometer scale is evientact with the glass substrate than did the agarose beads
dent in high magnification light microscopy images of the due to the surface roughness of the agarose beads.
beads and by graininess in the contact area observed in An important application of the surface energy measure-
interference contrast images of the beads in contact with theent is the analysis of cell adhesion dynamics. A survey of
substrate (Fig. B). ligand-receptor complexes predicted to mediate cell adhe-

While there are incompatibilities between the measuredion revealed that their binding affinities are usually lower
and predicted surface energy values, the elastic deformatidhan 10 M~* (Schneck et al., 1989; Lollo et al., 1993;
measurements do provide an opportunity to examine th&licholson et al., 1998), which is relatively low when com-
surface energy of related systems. Of particular interest ipared to the affinity constants of antibodies for their anti-
the current study is how surface energy varies with thegens, which routinely exceed 4® ~*. High binding affin-
equilibrium binding affinity. This analysis does not require ities in adhesion complexes are generally thought of as
knowledge of the receptor coverage of the substrates nor thennecessary since strong adhesion can be achieved through
fraction of the bead surface accessible to contact formatiommultiple interactions. Our analysis suggests that the relative
To permit direct comparison of surface energy with changesow binding affinity of adhesion complexes might actually
in binding affinity, we designed an experimental system thabe crucial for the regulation of cell adhesion. To support this
permitted us to change binding affinity without having to assertion, we examined the dynamics of the LFA-1/ICAM-1
change the ligand or the receptor. This can be achieved imteraction in mediating cell adhesion. T cells activated by
the avidin-iminobiotin system, which exhibits a 6-order-of- phorbol ester adhered to the ICAM-1 coated substrate via
magnitude increase in affinity between pH 5 and 12 (Greenl.FA-1 significantly tighter than resting T cells (Dustin and
1966). Above pH 7, the surface energy of the system inSpringer, 1989). Resting T cells were dislodged with a
creased linearly with the logarithm of the association con-centrifugal force of 100 pN, while activated cells were able
stant (Fig. 5A) as reported in similar studies (Kuo and to withstand forces of up to 10 nN (Moy, unpublished
Lauffenburger, 1993). However, the surface energy in+esults). The enhanced adhesion was shown to be associated
creases linearly with the association constant in the lowvith a change in the affinity of LFA-1 for ICAM-1 (Lollo et
binding affinity regime (Fig. B) as predicted by Dembo et al., 1993). LFA-1 on resting T cells binds to ICAM-1 with
al. (1988). low affinity (K4 = 6.7 X 10> M). Upon activation, the T

Our measurements have revealed a direct correlation beells expressed two forms of LFA-1 with different affinities
tween the adhesion energy and the equilibrium dissociatiofor ICAM-1. Approximately 80% of the LFA-1 remains
of the ligand-receptor complex that is consistent with theunchanged and only 20% of the molecule showed a higher
Dembo model. According to the model, the surface energyaffinity for ICAM-1 (K4 = 3.6 X 10’ M). Since upregu-
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lation of LFA-1 and redistribution of LFA-1 to the site of This work was supported by National Institutes of Health Grant
contact were ruled out by fluorescence studies and lateraiR29 GM55611-01 (to V.T.M.).
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