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ABSTRACT An experimental application of total internal reflection with fluorescence correlation spectroscopy
(TIR/FCS) is presented. TIR/FCS is a new technique for measuring the binding and unbinding rates and surface
diffusion coefficient of fluorescent-labeled solute molecules in equilibrium at a surface. A laser beam totally internally
reflects at the solid-liquid interface, selectively exciting surface-adsorbed molecules. Fluorescence collected by a
microscope from a small, well-defined surface area -5 ,gm2 spontaneously fluctuates as solute molecules randomly bind
to, unbind from, and/or diffuse along the surface in chemical equilibrium. The fluorescence is detected by a
photomultiplier and autocorrelated on-line by a minicomputer. The shape of the autocorrelation function depends on the
bulk and surface diffusion coefficients, the binding rate constants, and the shape of the illuminated and observed region.
The normalized amplitude of the autocorrelation function depends on the average number of molecules bound within
the observed area. TIR/FCS requires no spectroscopic or thermodynamic change between dissociated and complexed
states and no extrinsic perturbation from equilibrium. Using TIR/FCS, we determine that rhodamine-labeled
immunoglobulin and insulin each nonspecifically adsorb to serum albumin-coated fused silica with both reversible and
irreversible components. The characteristic time of the most rapidly reversible component measured is -5 ms and is
limited by the rate of bulk diffusion. Rhodamine-labeled bivalent antibodies to dinitrophenyl (DNP) bind to
DNP-coated fused silica virtually irreversibly. Univalent Fab fragments of these same antibodies appear to specifically
bind to DNP-coated fused silica, accompanied by a large amount of nonspecific binding. TIR/FCS is shown to be a
feasible technique for measuring absorption/desorption kinetic rates at equilibrium. In suitable systems where
nonspecific binding is low, TIR/FCS should prove useful for measuring specific solute-surface kinetic rates.

INTRODUCTION
Association/dissociation reactions between biological mol-
ecules in solution and sites on a surface are involved in
many important processes. When blood encounters a for-
eign surface, serum proteins adsorb, affecting subsequent
interactions of biological molecules (Vroman and Adams,
1971; Brash and Lyman, 1971; Macritchie, 1978) and cells
(Horbett and Weathersby, 1981; Grinnell and Feld, 1982;
Neumann et al., 1979; Lahav et al., 1982) with the surface.
For medical applications, substrate-immobilized antigens
can be used to detect specific antibodies in a patient's
serum (Giaver, 1978; Weetal, 1972). In industry, the
manufacture and purification of biochemical products for
medicine and biological research can use immobilized
enzymes acting on substrates in solution (Mosbach, 1976;
Lartigue and Yaverbaum, 1976). In cellular biology, hor-
mones and neurotransmitters stimulate response by bind-
ing to specific receptors embedded in the plasma mem-
brane of their target cells (Cuatrecasas, 1975; Whittaker,
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1975; Kahn, 1976). Similarly, an immune response is
triggered after viruses or antigens attach to immunological
cells (Eisen, 1974; Clark, 1980).

Aside from its prominence in biology, medicine, and
industry, the association/dissociation process itself holds
theoretical interest. Nonspecific adsorption of solute mole-
cules followed by surface diffusion can, under certain
conditions, enhance reaction rates with specific sites on a
surface (Adam and Delbriick, 1968; Berg and Purcell,
1977). Data gathered on model biochemical systems (Rob-
erts and Hess, 1977; Wong et al., 1978) indirectly suggest
that such rate enhancement indeed occurs in living sys-
tems.
We describe the application of a technique for directly

measuring rate parameters critical to the association/
dissociation process at a planar target, called total internal
reflection with fluorescence correlation spectroscopy
(TIR/FCS; Thompson, 1982 a). The theoretical and con-
ceptual basis of TIR/FCS has previously been described
(Thompson et al., 1981; Thompson, 1982 b). In TIR/FCS,
fluorescent-labeled molecules are in chemical and thermo-
dynamic equilibrium between a solution and a surface to
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which they reversibly adsorb. A laser beam totally inter-
nally reflects at the surface-solution interface, forming an
electromagnetic field called the "evanescent wave" in a
very thin layer of solution immediately adjacent to the
surface. Those fluorescent solute molecules that are
adsorbed to the surface are selectively excited by the
evanescent wave. A microscope collects the fluorescence
arising from a small surface area, defined by an image
plane aperture, and a photomultiplier measures the fluo-
rescence intensity in time. As individual molecules bind
and unbind within the observation area, or diffuse along
the surface through it, the measured fluorescence fluc-
tuates. The average rate of decay of the fluctuations,
measured by minicomputer autocorrelation of the phot-
multiplier output, depends on the rates of association,
dissociation, and surface diffusion.
FCS without internal reflection has been proposed for or

applied to the measurement of diffusion coefficients and
chemical reaction rates in solution (Elson and Magde,
1974; Magde et al., 1974; Phillies, 1975; Koppel, et al.,
1976, Rigler et al., 1979; Borejdo, 1979), molecular
weights (Weissman et al., 1976), rotational diffusion coef-
ficients (Aragon and Pecora, 1976; Ehrenberg and Rigler,
1976; Yardley and Specht, 1976), laminar flow rates
(Magde et al., 1978), diffusion in lipid bilayers (Fahey et
al., 1976; Fahey and Webb, 1978; Dragsten and Webb,
1978), specific immunoglobulin concentration (Nicoli et
al., 1980), and the radius of focused laser beams (Sorscher
and Klein, 1980). FCS has also found applications in cell
biology, to study motions of muscle cross-bridges during
contraction (Borejdo et al., 1979), binding of ethidium
bromide to DNA in the cell nucleus (Sorscher et al., 1980),
and microaggregation of surface receptors (Peterson et al.,
1981). Expressions for the statistical accuracy of FCS
autocorrelation functions have been derived (Koppel,
1974). FCS has been combined with internal reflection to
detect viruses in biological fluids (Hirschfeld et al., 1977).

Fluorescence excitation by total internal reflection
(TIRF) has been used to study solutions of fluorescein
(Hirschfeld, 1965), serum protein adsorption to solid sur-
faces (Watkins and Robertson, 1977; Harrick and Loeb,
1973; Lok et al., 1983 a; Lok et al., 1983 b), antibody
binding to immobilized antigen (Kronick and Little, 1975;
Kronick, 1974), and cell-substrate contact regions (Axel-
rod, 1981; Axelrod et al., 1983; Weis et al., 1982).
Recently, TIRF has been combined with the fluorescence
photobleaching recovery technique (Axelrod et al., 1976)
to measure the adsorption kinetics and surface diffusion of
serum albumin at glass (TIR/FPR; Thompson et al., 1981;
Burghardt and Axelrod, 1981). TIRF has also been com-
bined with singlet-singlet energy transfer methods to
detect conformational changes of serum albumin upon
adsorption to glass (Burghardt and Axelrod, 1983), and
with anisotropy measurements to study the rotational
diffusion of adsorbed fluorophores (Burghardt, 1983).
We apply TIR/FCS to the nonspecific reversible

adsorption of rhodamine-labeled immunoglobulin mole-
cules (R-IgG) to fused silica coated with irreversibly
adsorbed bovine serum albumin (BSA-glass). This system
was chosen as a first test of TIR/FCS both because of its
ease of preparation and because of the importance of
nonspecific binding of serum proteins in the interaction of
molecular and cellular blood components with solid sur-
faces. As a test of the TIR/FCS technique on a different
system, autocorrelation functions are also obtained from
rhodamine-labeled insulin reversibly adsorbing to BSA-
glass. These measurements are preliminary to the mea-
surement of the binding kinetics of fluorescent-labeled
hormones to biological or model cell surfaces and to
surface-immobilized receptors.
A potential application of TIR/FCS is to the measure of

specific binding kinetics between two chemical species, one
of which is immobilized on a surface. We have attempted
to measure binding rates of rhodamine-labeled mouse
myeloma protein MOPC 315 (with known specificity for
dinitrophenyl) or of its univalent hapten-binding frag-
ments at a fused-silica surface coated with dinitrophenyl-
conjugated BSA (DNP-BSA-glass). We find that nonspe-
cific binding dominates specific binding at equilibrium
unless the characteristic desorption time of specific binding
is very long.

THEORY

When a light beam propagating through a transparent solid encounters
an interface with a liquid, it undergoes internal reflection for oblique
incidence angles (Harrick, 1967). An electromagnetic field, called the
evanescent wave, penetrates into the liquid medium, and propagates
parallel to the surface. The evanescent intensity decays exponentially with
perpendicular distance from the surface, and at the surface is of the same
order of magnitude of the incident light intensity for the incidence angles
used in the TIR/FCS experiments. The characteristic I/e depth d of the
exponential intensity decay is

d = ° (n' sin2 0 - n') 1/2,4wr (1)

where AX is the light wavelength in vacuum, n2 and n, are the refractive
indicies of the liquid and the solid, and 0 is the incidence angle measured
from the perpendicular to the interface. Depth d decreases with increas-
ing@.
The derivation of the TIR/ FCS autocorrelation function (Thompson et

al., 1981; Thompson, 1982 a) uses a model in which molecules of bulk
concentration A(r,z,t) freely diffuse in solution and react with surface
sites of concentration B(r,t) to form fluorescent complexes of concentra-
tion C(r,t). The reaction is represented by the chemical equation:

k(
A (r, z, t) + B (r, t) - C (r, t). (2)

Vector r is the position on the surface measured from the center of the
observation area, z is the perpendicular distance from the surface to a
point in solution, and t is the time. Parameters k, and k2 are the on- and
off-rate of the association/dissociation reaction at the surface, respec-
tively, and K is the equilibrium constant, where

(3)
and ( ) denotes thermodynamic ensemble average. Molecules diffuse in
solution with coefficient DA, and may diffuse along the surface with
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coefficient Dc. A parameter ,B is defined as the average fraction of binding
sites that remain free at equilibrium, and equals

A= (B)/((B) + (C)) = (1 + K(A))-I- (4)

The depth d is assumed to be very small compared with other
characteristic distances in the system. Thus, each illuminated molecule is
assumed to be bound to a surface site and not merely diffusing in bulk
near the surface (see below). The measured fluorescence F(t) is

F(t) = Q f If(r) C(r,t) d2r, (5)

where Q is the product of the efficiencies of excitation light absorption
and fluorescence emission and detection, IO is the maximum exciting light
intensity, and the integration is taken over the plane of the liquid-solid
interface. Function f(r) is proportional to the product of the lateral
profile formed by the totally internally reflected, focused laser beam
(Burghardt, 1982) and the transmission function of the microscope's
image plane aperture, and is a unitless function with unity maximum
amplitude. The normalized autocorrelation function of fluorescence
fluctuations, assuming a random, stationary signal, is:

G(r) = (5F(t + r)6F(t) ) / ( F(t) )2

(F(t + T)F(t)) -(F(t))2
(6)(F(t) ) 26

where 6F(t) = F(t) (F(t) ) is the spontaneous fluctuation of fluores-
cence F(t) at time t away from the mean fluorescence ( F(t) ).
When the observation area is very large, the parameters that determine

the shape of G(X) are a reaction rate RR and a bulk diffusion rate RB,
where

RR = k2/O
RB = DA /(f(C) / (A)

The autocorrelation function G(T) is equal to

G(r) = G(0)
V 1/2 _ U1/2

Iv_ 12w [-i (v+RR-T)1/21 _ V+ 1/2 WI[

where

v1 =-/2(RR/RB)"/ [- 1 + (1 -

and

w(in) = el2 erfc(n) (n'

The value at time zero is (Thompson, 1982 b)

co]

G(O)=Z l

where Z is the total number of binding sites wi
and 'y is the fraction of molecules that are fluor
simpler forms in the limiting cases of RB << R
and RR << RB (reaction limit):

G(T) - G(0)w(i - ))
G(T) - G(0) exp (-RRT)

'Eq. 10 is incorrectly printed in Thompson e
G(O)w(- i 4F-E).

FIGURE I Optical apparatus. The laser beam is incident on a sample
mounted on an inverted microscope. The beam either totally internally
reflects at the sample (for TIR/FCS) or is focused with epi-illumination
optics to a small spot in the sample (control experiments). Light collected
by the objective passes through a filter to block scattered excitation light
and (in some control experiments) the component of light polarized in a
given direction. The filtered light is directed to an eyepiece, to a camera,
or through an image plane aperture that defines a small surface observa-
tion area, to the photomultiplier. Fluctuations in the incident laser
intensity are monitored by a photodiode.

MATERIALS AND METHODS

Optics
The optical apparatus of TIR/FCS is similar to that previously described

2 (7) for TIR/FPR (Burghardt and Axelrod, 1981). As depicted in Fig. 1, the
beam of an argon ion laser (Lexel 95-3, Lexel Corp., Palo Alto, CA) is
totally internally reflected at the solid-liquid interface of a BSA-coated
fused-silica slide (I in. x 1 in. x 1 mm) with a solution of the fluorescent
protein. To achieve total internal reflection, the laser beam (X. = 514.5
mm) is passed through a convex spherical focusing lens into a (1.5 cm)3
cubic fused-silica prism (Precision Cells, Inc., Hicksville, NY). As shown

-i (v-RRT)"2] }, (8) in Fig. 2, the beam is incident on the vertical edge of the prism at an angle
4. The lower surface of the prism is in optical contact (via a thin layer of
immersion oil) with the upper surface of the sample's fused-silica slide.
Angle 4 is large enough that the angle 0 at which the beam is incident on

- 4RB/RR) 1/21, the horizontal glass-solution interface is greater than the critical angle
for total internal reflection. For fused silica (refractive index 1.46) and
water (refractive index 1.33), the critical angle is sin-' (1.33/1.46) -

mplex). 65.60, corresponding to a minimum 4 of 53.00.
The solution of fluorescent molecules is contained by a 35-mm diam

plastic tissue-culture dish, ground to 1/8-in. height with a 1-in. hole
drilled in the bottom and a No. 1 coverglass glued in with silicone cement.
Two halves of an annular Teflon spacer of 1-in. outer diameter, 314-in.

(9) inner diameter and 0.0022-in. thickness (Nicholson Precision Instru-
ments, Inc., Gaithersburg, MD) separate the slide from the bottom of the
dish. The plastic dish is mounted in a brass plate that adapts to the stagelthin the obervation area

-escent labeled. G(T) has of an inverted microscope (Leitz Diavert, E. Leitz, Inc., Rockleigh, NJ).
R (bulk diffusion limit),' Fluorescence originating from the sample is collected by the micro-

scope objective, passed through a filter to block scattered excitation light,
and detected by a thermoelectrically cooled photomultiplier (RCA
C31034A, RCA Electro-Optics & Devices, Lancaster, PA). The Teflon

(RB << RR) (10) spacer is thin enough to permit use of high numerical aperture, short
(RR << RB). working distance objectives. Fluctuations in incident laser intensity

(-1%) are detected by a photodiode, and corrections for the fluctuations
are made on-line while the data is autocorrelated, as in standard FCS
(Koppel et al., 1976). The laser, microscope, and supporting optics are

:t al., 1981, as G(t) mounted on a vibration-isolated air table.
Fig. 3 shows fluorescence from a slide coated with an irreversibly
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FIGURE 2 Sample holder. The laser beam, focused by a spherical
convex lens, enters a cubic fused silica prism at angle 4. The prism is
optically coupled with immersion oil to a fused-silica slide. The angle 0 is
large enough that the angle 0 at which the beam is incident on the
quartz-solution interface is greater than the critical angle. The beam
totally internally reflects, illuminating fluorescent molecules that adsorb
from the solution to the underside of the fused-silica slide. The solution is
contained by a plastic tissue-culture dish where the bottom has been
replaced by a glass coverslip and a thin spacer was inserted between the
coverslip and slide. The sample is on the stage of an inverted microscope,
and fluorescence arising from the surface is collected by a high numerical
aperture objective.

adsorbed fluorescent dye, 3, 3'-dioctadecylindocarbocyanine (diI),
excited by the evanescent wave, and photographed through the micro-
scope. As shown, the lateral intensity profile of the evanescent wave is
elliptical. The area of the sample observed by the photomultiplier is much
smaller than the area illuminated by the laser beam and is defined by a
square aperture at a microscope image plane. At a magnification of 40,
the aperture can be adjusted continuously to correspond to an area on the
sample of -(0.5 ,rm)2 to -(65 jm)2, with an accuracy in each dimension
of ±0.1 Jim.

Electronics
The output of the photmultiplier is sent through an amplifier/discrimina-
tor (Ortec Model 9302, EG & G Ortec, Oak Ridge, TN) to shape the
photoelectron pulses and to filter low-level noise. A NOVA 3/12 mini-
computer (Data General Corp., Westboro, MA), interfaced to the
photon-detecting electronics, is used to autocorrelate the photon counts.
The minicomputer interface counts the number of photoelectron pulses nj
occurring between consecutive sample times jAT to (j + 1)AT. The
sample time AT can be specified by the user and can range from 1 ,us to
- 16 s. The nj are counted as 16-bit binary words, stored in a first-
in-first-out buffer, and transferred to the central processing unit. The
interface also outputs the autocorrelation function in analog form (for
oscilloscope display), as software increases the statistical accuracy of the
autocorrelation function by using new nj as they are counted. In addition,

FIGURE 3 Lateral intensity profile of the evanescent wave. Pictured
above is a photograph of the totally internally reflected laser beam
exciting a fluorescent dye adhered to glass (courtesy of T. Burghardt).
The intensity profile is of broad elliptical Gaussian shape. Only a small
portion of the illuminated area, defined by the microscope's image plane
aperture, is observed by the photomultiplier.

a separate output of the amplifier/discriminator is counted by a commeri-
cal photon counter (EG & G Ortec model 9315), converted to an analog
signal (EG & G Ortec model 9325), and recorded on a strip chart
(Heath-Schlumberger SR-206, Heath/Zenith, Heath Co., Benton Har-
bor, Ml).

Autocorrelation Software
Using the nj, the user-specified value of AT, and the user-specified total
number of points P (c 128 in our system) in the computed autocorrelation
function, the software estimates G(iAT) as

M

"(jm)n(jm) i - n(jm) njm) - k

G(iAT) = j-' M (i=0 to P). (I11)

E_ n(jm) n(j)-k
j-1

Subscript m is equal to unity for long sample times; it is larger than unity
when AT is too short (<10 ms for a 128 point autocorrelation function)
for the computer's rate of arithmetic calculation to match its rate of data
acquisition. M is the number of terms summed during an experiment,
with which both the estimation accuracy and the statistical accuracy of
the autocorrelation function increase. Index k ranges from 1,152 to 1,279
and is much larger than the number of points P calculated in the
autocorrelation function. It is given by k = j + 1,152 - 128 * J, where J
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is the greatest integer less than (j - 1)/128. In effect, this procedure
substitutes (F(t) ) of Eq. 6 by lim,_ (F(t)F(t + T)), a valid
substitution for random signals. Index k, which varies as a function of j,
averages over any periodic oscillations that may persist into the long time
separation of data points. The products njmnjm and njmnjm k are deter-
mined by an assembly language software add and shift left routine, or, for
sufficiently low nj, by a software multiplication table stored in memory.

Experimental Corrections to G(r)
If the value of fluorescence averaged over several seconds drifts slightly
over the course of the autocorrelation (many minutes), then G(iWT),
calculated according to Eq. 11, is offset from G(T) given in Eq. 6. If the
measured fluorescence F(t) were a line of positive slope increasing from
value F, to F2 during the course of an experiment lasting for a time T >>
AT, then Eq. 11 implies that G(iAT) would be calculated as

G(iAT) = 1,216 (F2 FI)T . (12)

The experimental functions in this paper have been corrected for this
systematic error (always <10%).

In addition, for low fluorescent photon count rates, the background
intensity may be a substantial portion of the signal. Background intensity
arises from the photomultiplier dark count (-50 cps), some scattered
room light, glass luminescence, and/or Raman scattering from the water.
If the fluorescence due to molecular number fluctuations is F(t) and the
background is F0(t), then the autocorrelation function G'(r) calculated by
the minicomputer would be

G'(T(t= 2[G(T)], r> 0, (13)

where G(X) is given by Eq. 6. The experimental autocorrelation functions
in this paper have been multiplied by the inverse of the factor preceding
G(r) in Eq. 13 (never greater than 1.4).

Rhodamine-labeled Immunoglobulin for
Nonspecific Binding Studies

Immunoglobulin molecules (IgG) were made optically fluorescent by
reacting the isothiocyanate derivative of tetramethylrhodamine with the
lysine residues of IgG (Amante et al., 1972). To 10 mg of lyophilized
chromatographically purified rabbit IgG (82% protein, 18% phosphate
and NaCl, Cappel Laboratories, Cochranville, PA) dissolved in 5 ml of
0.1 M NaHCO3 pH 9.0 was added 59 ,l of 1 mg/ml tetramethylrhodam-
ine-isothiocyanate (TMR-ITC, BBL Microbiology Systems, Cockeys-
ville, MD) in ethyl alcohol, so that the molar ratio of TMR-ITC to IgG
was .2. After incubating in the dark at room temperature for -30 min,
unreacted TMR-ITC was separated from IgG, and the pH was lowered
by passing through a Sephadex G25-150 column in 0.1 M NaPO4, 0.15 M
NaCl, 0.02% NaN3 pH 7.0 (PBS). The solutions were passed through a
0.22-;tm pore Gelman filter and either used immediately, or stored either
at 40C (<4 d) or at - 50C. Solutions stored for >1 wk were rechromato-
graphed and refiltered before use.

R-IgG Concentration and Degree of
Labeling

The concentration of R-IgG and the average number of rhodamine
groups conjugated to an IgG molecule (R/I) was calculated from the
extinction coefficients of the rhodamine portion of R-IgG at 550 and 275
nm, the IgG portion of R-IgG at 275 nm [E(R,550), E(R,275), E(I,275)],
and the optical densities of the samples at 275 and 550 nm. E(I,275) was
determined by measuring the optical density at 275 nm as a function of
unlabeled IgG concentration (made fresh), and equals 182,000 M-'cm-'.
The value of E(R,550) was assumed to be 16,000 M-'cm-' (Burghardt

and Axelrod, 1981) and the value of E(R,275) to be 13,000 M-'cm-'
(Burghardt, T. P., unpublished results). Using these values, we deter-
mined that the above protocol for rhodamine labeling yields molar values
of R/I from 0.15 to 1.8. The exact degree of labeling varied from sample
to sample.

Rhodamine-labeled Insulin
Bovine insulin (Sigma Chemical Co., St. Louis, MO) has one lysine
residue, which was reacted with TMR-ITC according to the methods of
Schechter et al. (1978). R-insulin in PBS was stored at -50C and then
purified on Sephadex G25-150 and passed through a 0.22 Am filter
immediately before use.

Anti-DNP Preparations
Mineral oil-induced plasmacytoma 315 (MOPC 315; received as a gift
from Anne Maddelena and Latham Claflin of the University of Michigan
Hybridoma Facility, or purchased from Litton Bionetics, Inc., Kensing-
ton, MD) is a mouse myeloma IgA protein specific for the DNP group
(Potter, 1972). MOPC 315, which occurs in several polymeric forms of a
bivalent monomer, was treated for reduction to the pure monomer (Eisen
et al., 1968; Underdown et al., 1971; Goetzl and Metzger, 1970). 1 ml of 1
mg/ml MOPC 315 was transferred to 0.2 M Tris pH 8.6 by chromato-
graphing on a 10 ml Sephadex G25-150 column, and incubated with 0.01
M dithiothreitol (Sigma Chemical Co.) at room temperature for I h. A
volume equal to that of the sample of 0.022 M iodoacetamide (Sigma
Chemical Co.) in 0.2 M Tris pH 7.3 was added, the resultant solution was
incubated at room temperature for 15 min, and the sample was dialyzed
into PBS (for monomer experiments) or 0.1 M Tris 0.02 M CaC12 pH 8.0
(for Fab experiments).

In Fab experiments, the sample was incubated twice with 10 ,l of 2
mg/ml TPCK-trypsin (Worthington Biochemicals Corp., Freehold, NJ)
at 370C for 3 h. The antibody solution was then dialyzed against 2 liters of
0.01 M Tris, 0.02% NaN3 pH 7.3 for 8 h at 40C, and then 2 liters of 0.01
M KPO4, 0.05 M NaCl pH 7.9 overnight. Fab fragments were isolated on
a 10-ml Sephadex DEAE A-25 column packed in 0.01 M KPO4, 0.05 M
NaCl pH 7.9. The fragments were eluted (flow rate < 1 ml/min; fraction
volume 1 ml) by applying I ml each of 0.01 M KPO4 pH 7.9, 0.05 M,
0.075 M,...,0.275 M NaCl after the sample, followed by -50 ml of 0.1 M
KPO4, 0.3 M NaCl, pH 7.9. The Fab and F, emerged as distinct peaks.

Control samples of tetramethylpentadecane-induced plasmacytoma
(TEPC 15; Litton Bionetics) were prepared identically to MOPC 315
samples. TEPC 15 is a mouse myeloma protein that specifically binds to
phosphorylcholine and not to DNP (Potter, 1972; Potter and Lieberman,
1970).
MOPC 315 and TEPC 15 (monomers and Fab) were labeled with

TMR-ITC (R-MOPC, R-TEPC) according to the protocol described
above for IgG. The antibodies were labeled at R/I values of - 1. Antibody
concentration is determined by the 280 nm optical density calibrated
according to the Lowry (Lowry et al., 1951) and microbiuret (Janatova et
al., 1968) methods of protein concentration determination. The calibra-
tion of rhodamine-labeled antibody changed by only 3% from that of
unlabeled antibody. Unlabeled mouse IgG (Miles Laboratories, Inc.,
Elkhardt, IN) or TEPC 15 was added at 0.2-5.0 mg/ml to labeled
antibody solutions.

When MOPC 315 binds to a DNP group, its 350 nm protein
fluorescence is quenched (Eisen et al., 1968). To ensure that the
Fab-producing and rhodamine-labeling procedures in these experiments
do not render the antibody inactive, the product of these preparations was
tested for protein fluorescence quenching by DNP. Fig. 4 a shows the
protein fluorescence (SLM Instruments, Inc. model 4000, Urbana-
Champaign, IL) of R-MOPC Fab, R-TEPC Fab, mouse IgG, and PBS as a
function of DNP-BSA concentration. When the molar amount of DNP-
BSA added is approximately equal to that of R-MOPC Fab, the fluores-
cence drops to 41% of its value in the absence of DNP-BSA. Under
similar conditions, R-TEPC Fab fluorescence drops only to 76% and
mouse IgG to 75% of their initial values. In the absence of fluorescence
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FIGURE 4 Fluorescence quenching of R-MOPC Fab by DNP. (a) As
DNP-BSA is added to 2 ml of 0.005 mg/ml solutions of R-MOPC F2b,
R-TEPC Fab, mouse IgG, and PBS, protein fluorescence (excited at 280
nm and detected at 350 nm) is quenched more for R-MOPC Fab than the
other samples, demonstrating that the R-MOPC Fab is active. The
fluorescence of the DNP-BSA is negligible. The top curve shows the
factor by which solutions are diluted with the addition of DNP-BSA
solution. (b) As e-DNP-lysine is added to 2 ml of 0.0035 mg/ml of
R-MOPC Fab, protein fluorescence ( ) is quenched more for R-MOPC
than R-TEPC, indicating that the R-MOPC is active. Rhodamine
fluorescence (---) (excited at 550 nm and detected at 570 nm) is not
quenched for either sample.

quenching, the protein fluorescence would decrease to 87% of the original
value from dilution. Fig. 4 b shows similar results for R-MOPC Fab and
R-TEPC Fab in the presence of e-DNP-lysine (Sigma Chemical Co.). Fig.
4 b also shows the rhodamine fluorescence as a function of e-DNP-lysine
added, demonstrating that specifically bound DNP does not quench the
fluorescence of rhodamine-labeled MOPC 315.

Albumin-coated Glass
Suprasil fused-silica 1 in. x I in. x 1 mm microscope slides (Amersil Inc.,
Hillside, NJ) were cleaned by first washing with soapy water and rinsing
well with water. After a 1-h immersion in chromic acid, the slides were
rinsed with 95% ethyl alcohol, distilled water, and spectrosopic grade
acetone. The dry slides were placed in a Harrick PDC-3XG plasma
cleaner (Harrick Scientific Corp., Ossining, NY) under argon gas on the
high setting for 5-10 min. New and previously used slides were treated
identically.

Lyophilized bovine serum albumin (BSA) or BSA conjugated with
30-40 DNP groups per molecule (DNP-BSA) (both from Calbiochem-

Behring Corp., American Hoechst Corp., San Diego, CA) were dissolved
in PBS at 3 mg/ml and passed through a 0.22 ,um filter. Approximately
0.5 ml of the BSA or DNP-BSA solution was placed on top of a clean dry
slide and the molecules were allowed to adsorb to the glass from the
solution for at least I h. The slide was then rinsed quickly in 50 ml PBS
and again in 50 ml PBS for 5 min to remove reversibly adsorbed BSA.
After the second rinse, the slide was held vertically and touched to a tissue
for a few seconds until most of the solution drained from the slide; it was
immediately coated with fluorescent-labeled protein (IgG, insulin, or
antibody), as described below. Control experiments in which the BSA or
DNP-BSA was labeled with TMR-ITC, adsorbed to the glass, and
observed under TIRF indicated that the albumin does indeed irreversibly
adsorb to the slide.

Sample Preparation
PBS and then rhodamine-labeled protein solution were applied directly to
a face-up albumin-coated slide. In nonspecific binding studies, the applied
volume was always 0.2 ml. After a 15 min incubation, the albumin-coated
slide with fluorescent protein solution on top was held horizontally above
the dish (Fig. 2), tilted, and quickly flipped onto the Teflon spacers. The
dish was mounted on the fluorescence microscope adapted for TIRF.

NONSPECIFIC BINDING RESULTS

Fluorescence vs. Excitation Light Intensity
The fluorescence of R-IgG adsorbed in equilibrium to
BSA-glass does not increase linearly with exciting light
intensity. This probably occurs because a multiplicity of
R-IgG surface residency times are present, so that R-IgG
bound irreversibly and with slow reversibility were photo-
bleached under higher exciting light intensities. Consistent
with this assumption, we observed an initial decay in
fluorescence at the start of sample illumination. For the
intensity used in these experiments (0.02 mW/,um2), the
measured fluorescence decays to 50% of its original value
after several seconds, with a 1/e-time of -0.7 s. The
average fluorescence then remains constant for at least 1 h
of illumination. Autocorrelation is begun only after this
pseudo-steady state is reached.

Fraction of Observed R-IgG Molecules
That Are Surface Bound

To correctly interpret the TIR/FCS autocorrelation func-
tion, it is necessary to measure, under the same excitation
intensity used for autocorrelation, the ratio of R-IgG in the
observation area that are surface bound vs. freely diffusing
in the bulk within the evanescent illumination. However,
neither the R-IgG surface concentration nor bulk concen-
tration (after depletion by adsorption to the surface of the
sample chamber) are known a priori.

In principle, the fraction of illuminated R-IgG that are
surface-bound can be determined from the ordinate inter-
cept of a plot of measured fluorescence vs. evanescent fleld
depth that can be varied with the incidence angle (Eq. 1).
(This procedure assumes no change in the product of the
extinction coefficient and quantum efficiency upon adsorp-
tion.) Another method of determining the surface-bound
fraction of illuminated R-IgG would be to interpolate the
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degree of polarization anisotropy of the sample's fluores-
cence, when excited with polarized light, between that of
R-IgG irreversibly adsorbed and R-IgG in solution
(Thompson, 1982 a). This approach utilizes the fact that
fluorescence from rhodamine conjugated to BSA is less
polarized in freely diffusing BSA than in irreversibly
adsorbed BSA (Burghardt, T. P., 1983).

We have determined the equilibrium fraction of illu-
minated R-IgG that are surface-bound, by considering
both the measured value of G(0) and also the bulk
concentration calibrated from the fluorescence excited in
the bulk by epi-illumination. Following methods analogous
to those of Thompson et al. ( 1981; Eqs. 23, 25, 47) for the
case where fluorescence arises from both surface-adsorbed
and bulk-dissolved fluorophores in an exponentially decay-
ing evanescent field, one can show that

G(O)=- (Nc) + (NA)/2 (14)
G()=((NC) ± (NA ))2

where (NC) = (C)S is the number of surface bound
molecules within an observation area S, and (NA) =
(A )Sd is the number of freely diffusing molecules within
the observation area. In addition, fluorescence calibration
implies that an applied concentration of 0.033 mg/ml

C,)
z

w

C.)
wcr /
0

L.
0.06 0.12 0.18 0.24
R-IgG applied in mg/mi

FIGURE 5 Fluorescence vs. bulk concentration. The surface fluores-
cence from R-IgG adsorbing to BSA-glass increases linearly with applied
R-IgG bulk concentration. This indicates that the surface binding sites
are far from saturated. Concentration values are those of a 0.2 ml R-IgG
solution (R/I = 1.0) applied to the BSA-glass. Depletion due to adsorp-
tion to the bottom of sample holder (area -5 cm2) is not accounted for in
these values. Concentration error bars are estimated from the reproduci-
bility of the pipet. Fluorescence values are averaged over five positions on
three independently prepared slides. Values shown are corrected for
background fluorescence measured from BSA-glass plus PBS but not for
fluorescence arising from bulk-dissolved molecules in the evanescent
illumination. Fluorescence error bars are standard error in the mean for
the 15 point averages. The observation area is 2.45 4m2 and the incident
laser power is 0.02 mW/1m2.

(typical in these experiments) is depleted, due to adsorp-
tion to the sample chamber, to 0.023 ± 0.005 mg/ml.
Thus, for the autocorrelation function in Fig. 6 (R/I =
0.16, observation area 4.4 ,um2 and d = 0.1 ,um), (NA) is
6.5 ± 1.4. Using Eq. 14 with G(0) = 0.019 ± 0.001 and d =
1 (see below), we then calculate that (NC) equals 42.5 ±
3.4. The fraction of observed R-IgG molecules that are
surface bound is thereby 0.87 ± 0.09, and the height of the
autocorrelation function at time zero due to correlations in
surface-bound molecular number fluctuations is 0.0176 ±
0.0021.

Fluorescence vs. Bulk Concentration
To interpret a TIR/FCS autocorrelation function, one
must know the average fraction A of surface binding sites
that remain free (Eq. 4) at equilibrium. Fig. 5 indicates
that R-IgG surface concentration increases linearly with
applied bulk concentration. For a single binding process,
this means that the number of R-IgG molecules on the
surface (neglecting those in the evanescent wave) is much
less than the number of sites for nonspecific binding, such
that fi, 1. If a multiplicity of binding processes occur,
some types of sites might be saturated and others not.
However, the saturated site components would be a minor
contribution to the total fluorescence, as no plateaus are
evident in Fig. 5. Thus, we assume p = 1. The simplest
interpretation of the positive abscissa intercept is that 0.03
mg/ml (i.e., 0.006 mg) of R-IgG adsorbs to the sample
chamber for applied concentrations -0.1 mg/ml.

Immunoglobin Autocorrelation Function
Surface concentration fluctuations in R-IgG on BSA-glass
are seen through the microscope eyepiece as randomly
flashing (spatially and temporally) fluorescence fluctua-
tions. These fluorescence fluctuations, observed by the
photomultiplier over -5 ,um2 through a 40X, 1.3 numerical
aperture, oil-immersion objective, are autocorrelated with
reasonable statistical accuracy in 5-45 min. Fig. 6 displays
the autocorrelation function of 0.023 ± 0.0005 mg/ml
R-IgG adsorbing to BSA-glass and observed over 4.4 /Am2.
Data composited from sample times equal to 0.03, 0.1, 0.5,
and 5 ms are shown. G(r) has been corrected (as described
above) for slow drifts in fluorescence intensity (.<O%) and
for background intensity (measured for BSA-quartz plus
PBS, <10% of the total signal). To substract correlations
from systematic fluctuations (i.e., equipment vibrations,
etc.), a similarly corrected autocorrelation function taken
from the same sample with observation area 300 IAm2
[G(,r)z 0.0005 for all r] has been subtracted. No differ-
ence in G(r) decay time is observed for 0.5 and 5 ms data
over threefold increase in concentration, observation areas
as small as 0.4 ,um2, or a threefold decrease in power.
Autocorrelation of the fluorescence fluctuations from a
slide coated with diI and mounted identically to the R-IgG
samples gives rise to a G(0) values <5% of that shown in
Fig. 6.
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FIGURE 6 Autocorrelation of R-IgG adsorbing to BSA-glass. Data
points are composited from autocorrelation functions accumulated with
sample times 0.03 ms (o), 0.1 ms(-), 0.5 ms (x) and 5 ms (o), and have
been corrected for slow drifts in fluorescence intensity, for background
intensity, and for systematic fluctuations, as described in the text. The
R-IgG bulk concentration is 0.023 + 0.005 mg/ml, and the observation
area is (2.1 IAm)2. The laser power is 0.02 mW/ytm2 for the 5 and 0.5 ms
data, a factor of 3 higher for the 0.1 ms data and another factor of 3
higher for the 0.03 ms data. The line represents a function of the form of
Eq. 8 with RB = (5.3 ms)-'; RR = (0.4 ms)-', and G(0) = 0.0176 as

discussed in the text. The deviation of the theoretical curve from the data
points at very early times represents the correction described in the text
for R-IgG dissolved in the bulk solution within the evanescent wave.

Zero Value vs. Observation Area

The magnitude of G(r) should be inversely proportional to
the number of fluorescent molecules in the observation
area (Eq. 9). For a given concentration of R-IgG in the
bulk, and thus a given concentration on the surface, G(O)
should be inversely proportional to the size of the observa-
tion area. Fig. 7 demonstrates that such a relationship
holds, except for the smallest area. The effective size of the
smallest observation area is probably underestimated
because it is close to the limit of optical resolution. The
value approached by G(O) at infinite observation area (the
ordinate intercept) is the size of fluctuations in the system
due to sources of noise other than molecular number
fluctuations and is -0.001.

R-IgG Data Analysis

As previously described (Thompson et al., 1981), the
surface binding process is reaction limited if 1/2-decay
time (=Te) of G(r) is >> TB = (,B(C)/(A I)/DA; the
process is bulk-diffusion limited ifTe ~zTB. For ( C) = 9.7 +

0.8 fluorophores/,Zm2, (A) = 15.0 ± 3.2 fluorophores/
,im3 (from the value of G(O) and the fluorescence calibra-
tion experiments described above), = 1, and DA = 5 x

10-7 cm2/S, TB equals 8.4 ± 2.7 ms. This means that the
adsorption process giving rise to the function in Fig. 6
(which appears to have a characteristic time in the several

0.1 0.2 0.3 0.4
(OBSERVATION AREA)n(PL 2)

0.5

FIGURE 7 R-IgG zero value vs. observation area. G(0) increases for
smaller observation areas for a given surface concentration. (a) G(r) at
short times for three observation area sizes. The concentration of R-IgG is
0.015 mg/ml (R/I = 0.38), and the laser intensity is 0.02 mW/Mm2 (for
small observation areas) or 0.007 mW/,um2 (for observation area 0.005
Am-2). Each autocorrelation function was accumulated in 5 min, and has
been corrected (as described earlier) for slow drifts in fluorescence
intensity and for background intensity. (b) G(0) (extrapolated from
curves like those in a) vs. the reciprocal of the observation are. Each point
is the average of four values; error bars for G(0) are standard error in the
mean, and error bars for inverse observation area are estimated from the
image plane aperture accuracy.

millisecond range) is probably limited by the rate of R-IgG
diffusion in solution.

The time course of G(T) does not change from that in
Fig. 6 for observation areas as small as 0.4 /iM2, thereby
indicating that surface diffusion does not appreciably
affect G(r). For surface diffusion to be apparent, a typical
R-IgG molecule must diffuse across the observation area in
the time it remains bound. For a bulk-diffusion limited
G(r), the average time a molecule remains bound to the
surface is less than -10 ms. Thus, for the smallest observa-
tion area, surface diffusion would not be observed unless it
had a coefficient Dc of at least 4 x 10-7 cm2/s (which is,
coincidentally, approximately equal to the bulk diffusion
coefficient).

Given that G(X) is either at or near the bulk-diffusion
limit, and that it does not depend on the size of the
observation area, G(T) should be of the form of Eq. 8. We
have compared the values of Eq. 8 for several combinations
of RR and RB to the experimental values of G(r). Only
times >1 ms are included in the analysis, in that experi-
mental values at earlier times might be determined par-

tially by bulk diffusion through the evanescent illumina-
tion. For the same reason, G(O) is not taken equal to the
experimental value (0.019), but to the calculated value
(0.0176), as discussed earlier. For each pair of RR and RB,
we calculate the chi-squared deviation summed over all the
points in G(T); the relative weight assigned to each point in
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the sum is taken to be proportional to the slope of the
theoretical function at that point. The minimum chi-
squared is for RB = (5.3 ms) -', and RR much larger,
beyond the range of the data. This means that G(r)
represents an adsorption/desorption process that is nearly
bulk-diffusion limited. Nevertheless, lower and upper lim-
its can be established for RR (the chemical desorption rate,
Eq. 7). Curve fitting of the data indicates a lower limit of
-(0.5 ms)-1. Consideration of the adsorption residency
time on the surface relative to the bulk-diffusion time for
traversing the evanescent wave that is necessary to yield
the known fraction (0.87 ± 0.09) of surface-bound illu-
minated molecules indicates an upper limit of -(0.1Ims)
for RR.

The equilibrium constant is determined by (C), (A),
and (B), and is equal to 0.65 ,um/(B). For (B) = 104
sites/,gm2 (an estimate), K would equal 3.9 x 104 M-l,
corresponding to an adsorption binding energy at room
temperature of -6 kcal/mol. Given the equilibrium con-
stant and the allowable range for RR (=k2 for f3> 1; see Eq.
7), we can calculate that k, is between 0.8 x 108 and 4 x
108 M-'s-1.

Comparison of R-IgG and R-insulin on
BSA-glass

Fig. 8 shows autocorrelation functions obtained under
similar conditions on BSA-glass for an applied R-IgG
concentration of 0.033 mg/ml and an applied R-insulin
concentration of <0.002 mg/ml. The incident laser power
is a factor of 3 or more dimmer than for the data in Fig. 6.
In that the insulin concentration in solution is not precisely
calibrated, no analysis in terms of the previously developed
theory is applied to the curves in Fig. 8. Instead, we
compare the average times for which R-IgG and R-insulin
autocorrelation functions have decayed to the midpoint
value between that at 5 and 300 ms. We find this time to be
30 ± 1 ms for R-IgG and 40 ± 1 ms for R-insulin.

SPECIFIC BINDING RESULTS

We have measured the fluorescence of bivalent monomer
and univalent Fab fragment R-MOPC and RTEPC adsorb-
ing at equilibrium to DNP-BSA-glass and BSA-glass. The
sample preparation is identical to that described for R-IgG
plus BSA-glass, except that fluorescence is excited with
laser intensity 0.01 ,uW/,4m2 and collected from a large
observation area (-500 ALm2) with a 50X, 1.00 numerical
aperture objective (E. Leitz Inc.). Fluorescence measure-
ments are taken at several positions on several indepen-
dently prepared slides and averaged. Thus, for the slide
containing R-MOPC on DNP-BSA-glass, the fraction of
measured fluorescence a arising from R-MOPC specifi-
cally bound to immobilized DNP groups is

a-1

F[BSA + R-MOPC] . F(DNP-BSA + R-TEPC]
F[DNP-BSA + R-MOPC] * F[BSA + R-TEPC]'
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FIGURE 8 Typical autocorrelation functions of R-IgG and R-insulin
on BSA-glass. G(r) is normalized so that the value at 5 ms is 1 and the
average value at 300 ms is 0. The time for half decay between 5 and 300
ms is somewhat longer for R-insulin than for R-lgG.

where F[] denotes fluorescence intensity measured on a
particular combination of antibody and surface.

For an applied bivalent R-MOPC concentration of 0.05
± 0.005 mg/ml, we find a = 0.78 ± 0.04. The specific
binding fraction a decreases with increasing bulk concen-
tration; at 0.2 mg/ml, a , 0.3. The fraction of fluorescence
arising from reversibly bound antibody is measured by
flashing the excitation light to photobleach surface-bound
fluorescent-labeled antibodies, and monitoring subsequent
fluorescence recovery as reversibly bound photobleached
molecules exchange with unbleached ones from the solu-
tion. (This technique is called TIR/FPR; see Burghardt
and Axelrod, 1981; Thompson et al., 1981.) The fraction of
the fluorescence that is reversible after 5 min, determined
by TIR/FPR, for bivalent R-MOPC on DNP-BSA-glass,
is 0.07 ± 0.03. The fraction that is reversibly bound for the
other combinations of rhodamine-labeled bivalent mye-
loma proteins on BSA surfaces is R-MOPC on BSA-glass,
0.44 ± 0.08; R-TEPC on DNP-BSA-glass, 0.20 ± 0.04;
R-TEPC on BSA-glass, 0.52 ± 0.08. Although these
fractional recoveries may reflect a small amount of sur-
face-bound cross-linked protein induced by the light flash
(Sheetz and Koppel, 1979; Dubbelman et al., 1978; Lanni
et al., 1981), the reversible fraction for bivalent R-MOPC
on DNP-BSA-glass is observed to be consistently lower
than for other samples, over many preparations of antibody
and hapten-coated surface. In light of these reversibility
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results, the 22% of the fluorescence arising from nonspecif-
ically bound bivalent R-MOPC accounts for (0.22 ± 0.04)
(0.44 ± 0.08) (0.20 ± 0.04)/(0.52 ± 0.08) = 0.04 ± 0.01
of the 0.07 + 0.03 fractional recovery. This leaves 0.03 ±
0.03 reversibily and specifically bound bivalent R-MOPC.
Thus, the kinetic binding rates of the the bivalent antibody
are not easily measured by TIR/FCS.

One would expect that R-MOPC univalent hapten-
binding fragments would bind overall less strongly to a
hapten-coated surface. We have measured a for R-MOPC
Fab on DNP-BSA-glass to be 0.2 + 0.3. Thus, for this
surface, the equilibrium constant and/or the number of
binding sites is greater for nonspecific than for specific
binding. The protein fluorescence quenching experiments
(Fig. 4) demonstrate that the Fab are active for DNP in
solution. In addition, the bivalent monomer experiments
demonstrate that the DNP groups on the surface are
accessible to the antibody. Thus, a reasonable conclusion is
that the Fab in fact reversibly bind to the DNP-BSA, but in
the company of many nonspecifically bound Fab.

DISCUSSION

The experiments on the nonspecific adsorption of R-IgG
and R-insulin to BSA-glass demonstrate the capability of
TIR/FCS to measure, in equilibrium, reversible binding of
a fluorescent-labeled protein to a surface. They also dem-
onstrate the control experiments necessary to interpret a
TIR/FCS autocorrelation function. In contrast to the
techniques of stopped flow and temperature, pressure, and
concentration jump, TIR/FCS is performed with no
extrinsic perturbation from chemical equilibrium and
requires no spectroscopic or thermodynamic change
between the dissociated and complexed states of the reac-
tion. In addition, TIR/FCS can determine the absolute
number of illuminated fluorescent molecules independent
of the efficiencies of fluorescence emission and detection.
As a surface chemistry technique, TIR/FCS should be
particularly useful where both surface adsorption and
surface diffusion occur.

The kinetics measured for nonspecific adsorption of
R-IgG and R-insulin on BSA-glass are more rapid than
those usually observed in protein adsorption experiments.
The nonspecific binding of serum albumin to bare fused
silica exhibits a multiplicity of binding rates (Burghardt
and Axelrod, 1981). One might also expect to observe a
multiplicity of rates in these R-IgG adsorption experimen-
ts. Thus, the RB and RR values generated by the data
analysis of the autocorrelation function in Fig. 6 would
reflect average values. In reality, multiple binding types
each have separate RB values (determined by the equilib-
rium constants) and RR values (determined by the off-rate
k2 and the degree of surface site saturation). If each
process acts on independent surface binding sites, G(r) is
the sum of curves in the form of Eq. 8, weighted according

to the fraction of the surface-bound molecules that are
binding with each type of process. If the binding processes
compete for the same surface binding sites, G(r) is even
more complicated.

Most light-induced artifacts would cause a change in
the decay rate G(r) with a change in incident laser
intensity. This is not observed for R-IgG on BSA-glass.
Still, some consideration must be given to the potential
existence of such phenomena. One possibility is that fluo-
rescence fluctuations arise from R-IgG molecules that
bind either irreversibly or with slowly reversible binding to
sites on the surface and subsequently become photo-
bleached by the incident light. This is unlikely, in that the
characteristic time of photobleaching for protein-conju-
gated rhodamine at the intensities used in the experiments
is considerably longer than the characteristic decay time of
G(Tr).

Another artifact that might occur is light-induced
cross-linking of the rhodamine-labeled immunoglobulin.
Cross-linking of membrane proteins upon illumination has
been observed with fluorescein-concanavalin A-labeled
erythrocytes (Sheetz and Koppel, 1979), fluorescein-
labeled erythrocyte ghosts, and baby-hamster kidney cells
in the presence of protoporphyrin (Dubbelman et al.,
1978). In addition, an increase with illumination in poly-
merization of 5-iodoacetamide fluorescein-labeled actin
has been observed (Lanni et al., 1981). For these R-IgG
TIR/FCS experiments, a slow increase in measured fluo-
rescence is occasionally observed, which might correspond
to light-induced aggregation of protein on the surface. The
effect is present only for R/I values or illumination intensi-
ties that are higher than those of the presented data.

Another possible artifact is local heating of the solution
near the interface by excited rhodamine molecules and
resultant altered reaction kinetics. For a typical experi-
ment illuminating fluorescent-labeled cell surface compo-
nents, the local temperature rise during illumination has
been calculated to be <0.030C (Axelrod, 1977). The laser
intensity in this calculation was a factor of 50 larger than
that of our evanescent wave, and the fluorophore concen-
tration was a factor of 500 greater than our rhodamine
density. It is therefore unlikely that local heating alters the
measured R-IgG binding kinetics.

Specific binding of univalent anti-DNP to DNP-BSA-
glass is accompanied under equilibrium conditions by a
large amount of nonspecific binding to the surface. Specific
binding of bivalent anti-DNP to the surface is also accom-
panied by nonspecific binding, but the nonspecifically
bound antibody represents a smaller fraction of the total
bound antibody (at least for low concentrations). Although
TIR/FCS is clearly successful in measuring rapid adsorp-
tion/desorption reaction rates at equilibrium, measure-
ment of specific rates requires a surface to which the
solubilized molecules do not indiscriminately adsorb.

Our anti-DNP experiments are quite different from
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those in which particular cell-surface components are
identified by incubating with fluorescent-labeled antibod-
ies or other fluorescent-labeled molecular markers (Taylor
and Wang, 1980). In cell-surface labeling techniques, the
cell is incubated for a short while with a high concentration
of antibody and then washed several times, so that only
irreversibly bound antibody remains. The experiments
described in this paper suggest that during labeling the cell
surface may be coated with an appreciable amount of
nonspecifically adsorbed antibody. This may also occur for
biological cells in vivo, since antibody concentration in the
blood can be as high as 50 mg/ml (Eisen, 1974). Thus,
rapidly reversible nonspecific binding between soluble pro-
teins (e.g., antibodies or hormones) and cell surfaces
(containing, for example, antigens or hormone receptors),
or between two soluble proteins, may accompany or pre-
cede specific binding. Adam and Delbriick (1968) and
Berg and Purcell ( 1977) have postulated that such nonspe-
cifilc binding accompanied by surface diffusion might even
perform a biological function by enhancing the overall
reaction rate with specific receptor molecules.
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