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Abstract. The use of total internal reflection illumination 
in fluorescence microscopy (TIRFM) is reviewed with 
emphasis on application to fluorescent macromolecules 
that specifically and reversibly bind to planar model 
membranes supported on glass or quartz substrates. Sev- 
eral methods for characterizing macromolecular motion 
and organization are discussed: the measurement of equi- 
librium binding curves to obtain values for equilibrium 
binding constants; the measurement of fluorescence pho- 
tobleaching recovery curves to obtain values of kinetic 
rate constants and surface diffusion coefficients; and the 
measurement of fluorescence intensities as a function of 
the evanescent field polarization to characterize orienta- 
tional order. Applications to cell-substrate contact re- 
gions are summarized and future directions of TIRFM 
are outlined. 

Key words: Evanescent field Surface diffusion - Recep- 
tor-ligand interactions Fluorescence photobleaching 
recovery Fluorescence correlation spectroscopy 

Introduction 

Defining the structural and dynamic aspects of biochem- 
ical processes that occur at cell membrane surfaces is 
central to understanding a variety of biological phenom- 
ena. For example, signal transduction across plasma 
membranes involves the interaction of external chemical 
signals from solution, transmembrane receptors, and oth- 
er membrane-associated proteins such as G proteins; 
thrombosis and hemostasis require chemistry involving 
components such as the prothrombinase enzyme com- 
plex and integrins that are found on platelet and endothe- 
lial cell surfaces; oxidative phosphorylation results from 
membrane-associated molecular events that occur on the 
inner mitochondrial membrane; and the synthesis of 
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transmembrane and secretory proteins occurs on endo- 
plasmic reticulum membranes. 

One method for examining molecular motion and or- 
ganization at phospholipid membrane surfaces is to use 
model membranes constructed on planar transparent 
surfaces (McConnell et al. 1986; Thompson and Palmer 
1988; Tamm and Kalb 1993). A variety of methods have 
been used or  developed for forming supported planar 
membranes. For example, single phospholipid monolay- 
ers or bilayers may be deposited on substrates using the 
Langmuir-Blodgett method, phospholipid vesicles may 
be adsorbed to and fused at solid surfaces from adjacent 
solutions, and phospholipids may be deposited on sur- 
faces by detergent dialysis. Substrate-supported planar 
membranes are chemically and physically well-defined and 
are amenable to most surface techniques, such as optical 
microscopy, ellipsometry, atomic force or other probe mi- 
croscopies, neutron reflection, and X-ray scattering. 

A surface technique that has been particularly use- 
ful for probing macromolecular dynamics at supported 
planar membranes is total internal reflection fluores- 
cence microscopy (TIRFM). In this method, a thin layer 
(~ 1 000 •) of surface-associated illumination that pene- 
trates into the liquid adjacent to a substrate-supported 
planar membrane is created by a totally internally reflect- 
ed light source. This layer of surface-associated light, 
called the evanescent field, is used to excite fluorescent 
molecules that are adsorbed to the planar membrane. A 
variety of techniques in fluorescence microscopy may be 
combined with evanescent excitation to probe the behav- 
ior of the membrane-bound fluorescent molecules. As- 
pects of total internal reflection fluorescence have been 
described in a number of recent reviews (Axelrod et al. 
1984; Thompson et al. 1988; HeUen et al. 1988; Axelrod 
1989; Reichert 1989; Axelrod /990; Toriumi and Ma- 
suhara 1991; Axelrod et al./992; Tamm 1993; Thompson 
et al. 1993). Here, we primarily describe measurements 
made using fluorescence microscopy (TIRFM) and em- 
phasize applications to the study of proteins at biological- 
ly-relevant planar model membranes and to quantitative 
characterization of cell-substrate contact regions. 
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Total internal reflection fluorescence at planar interfaces 

The physical aspects of evanescent fields created by total 
internal reflection at a planar dielectric interface have 
been described previously (Mahan and Bitterli 1978; 
Axelrod et al. 1984, 1992). A plane wave travelling 
through a medium of a higher refractive index nl will be 
completely reflected into this medium if it encounters a 
planar interface with a medium of lower refractive index 
n2 at an incidence angle 0 which is greater than the critical 
angle 0c, where 

Oc=sin -1 ~ . (1) 

Although the plane wave is completely reflected at the 
interface, a surface-associated evanescent electromagnet- 
ic field is created in the medium of lower refractive index 
(Fig. 1). This field propagates parallel to the interface in a 
direction (denoted as the x-axis) which is the intersection 
of the incidence and sample planes. The evanescent field 
has an intensity I(z) which decreases exponentially as a 
function of the distance z from the interface. Here, 

I (z) = I o e -z/d (2) 

where 

I0 4 n~ cos 2 0 (2 n~ sin 2 O-  nZ2) (p-polarized) (3) 
I~ = n24 cos a 0 + n 4 sin 2 0 -  n~ nz z 

Io = 4 n 2 cos 2 0 (s-polarized) (4) 
I i n2--n 2 

2 
d = (5) 

4 rc x/n~ sin 2 0 - n 2 

In Eqs. (3-5), 2 is the vacuum wavelength and Ii is the 
intensity of the incident light. Figure 2 shows the values of 
0c, d and Io/1~ for typical experimental conditions. The 
manner in which the evanescent wave depth and intensity 
depend on the incidence angle and on the solution refrac- 
tive index have been (in part) experimentally verified 
(Axelrod 1981; Suci and Reiehert 1988 a,b; Pearce et al. 
1992). 

The polarization of the evanescent electric field has 
been described in detail elsewhere (Axelrod et al. 1984; 
Thompson et al. 1984; Abney et al. 1992) and is illustrated 
in Fig. 3. When an incident plane wave is s-polarized (i.e., 
is polarized along the y-axis), the direction of the evanes- 
cent electric field is parallel to the plane where internal 
reflection occurs and perpendicular to the evanescent 
propagation direction. When an incident plane wave is 
p-polarized (i.e., is polarized perpendicular to the propa- 
gation direction and within the incidence plane), the di- 
rection of the evanescent electric field rotates in time and 
space through the x-z plane but is polarized primarily 
along the z-axis. In this case, the evanescent field is not 
transverse. 

Equations (1 -5)  hold when the incident light is a plane 
wave. However, experimentally, the incident light is usu- 
ally a Gausian-shaped laser beam that is roughly focused 
at the point of internal reflection. The evanescent electric 
field produced in this experimental case has been exam- 

Fig. 1. Schematic diagram of an optical arrangement for a TIRFM 
apparatus. Shown is the optical configuration used for TIRFM and 
TIR-FPR. Two 10:90 beam splitters (BS) are used to create beams 
of relatively high and low intensities. Two shutters (S) are used to 
control both the bleaching and illumination beams. The laser beam 
is directed by mirrors (M) and a focussing lens (L) to a fixed quartz 
prism (P) where the light is incident at an angle 0 (which is greater 
than the critical angle 0~) on a planar dielectric interface. The totally 
internally reflected laser beam creates a Gaussian shaped evanescent 
field with depth, d, and propagation vector, k. Fluorescence is direct- 
ed through a barrier filter (B) and an aperture (A) to a detector 

ined theoretically (Burghardt and Thompson 1984 a). For  
typical experimental conditions, these calculations pre- 
dict that the spatial dependence of the evanescent intensi- 
ty in the interface plane is approximately of an elliptical 
Gaussian shape, i.e. 

~ -  2x2]  I 2yz7 I(x,y) oc e x p /  (Ts)Zj exp - ~ 5 - j  (6) 

where s is the 1/e 2 radius perpendicular to the direction of 
propagation, y > 1 defines the eccentricity of the ellipse, 
and these two parameters are determined by optical fac- 
tors such as the incident beam radius and the presence of 
auxiliary lenses. Equation (6) has been experimentally 
confirmed (Fig. 4 a). The calculations also predict that the 
evanescent depth is approximately equal to that shown in 
Eq. (5) throughout  the spatial range of the evanescent 
field, and that the evanescent field polarization is approx- 
imately equivalent to the predicted polarization for an 
incident plane wave. 

Materials present on the interface where total internal 
reflection occurs may perturb the characteristics of the 
evanescent field. For  example, if a planar slab of material 
with a refractive index different from n 2 or nl is present at 
the interface, the electromagnetic field at the sample plane 
may be significantly altered (Palik and Holm 1978; Gin- 
gell et al. 1987). If large, nonplanar materials with differ- 
ent refractive indices (such as 10-gm diameter polystyrene 
beads) are present on the interface, significant scattering 
and perturbations in the local evanescent field may occur 
(Lan et al. 1986; Brown et al. 1989; Prieve and Frej 1990). 
However, scattering and other evanescent wave effects are 
negligible for very thin uniform films such as phospho- 
lipid monolayers or bilayers (Reichert 1989). Absorbing 
materials may also significantly alter the evanescent field 
(Toriumi et al. 1992). However, these effects are insignifi- 
cant for typical fluorophore surface densities (Burghardt 
and Axelrod 1981). Because the effective pathlength for 
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calculated using Eqs. ( 1 - 5 )  

absorbance is ~0.1 pm (Gingell et al. 1987; Reichert 
1989), significant absorption (e.g., > 5%) will occur for a 
solute with a molar absorptivity of 104 M -  1 cm-  1 only if 
the concentration is _> 0.5 M. 

In all measurements that use an evanescent field to 
excite fluorescence, the probe molecules are very close to 
a planar dielectric interface. The presence of the discon- 
tinuous refractive index dramatically alters the character- 
istics of the fluorescence emission. The effects of the near- 

by interface on the fluorescence quantum efficiency, life- 
time, and angular emission profile have been considered 
in depth theoretically (Burghardt and Thompson 1984 b; 
Thompson and Burghardt 1986; Hellen and Axelrod 
1987; Axelrod and Hellen 1989; Burghardt 1989). Some of 
these predicted effects have been experimentally con- 
firmed (Lee et al. 1979; Suci and Reichert 1988 a, b). Metal 
films at the interface can also have significant effects on 
the properties of the emitted fluorescence (Weber and 
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Fig. 3. Evanescent field polarization. The polarization of the inci- 
dent laser beam, O, is defined from the incidence (x-z) plane. (top) 
When 0 = 90° (s-polarized), the polarization of the evanescent field 
is parallel to the interface and perpendicular to the direction of 
propagation of the evanescent field, k. (bottom) When O = 0° (p-po- 
larized), the polarization of the evanescent field is primarily perpen- 
dicular to the interface, but also contains a small, nontransverse 
component that is parallel both to the interface and to the evanes- 
cent propagation direction; in this case, the evanescent polarization 
rotates in time and space through the incidence plane 

Fig. 4a, b. Experimental evanescent fields. Evanescent fields were 
created by totally internally reflecting an argon ion laser beam 
through a quartz prism: a single beam; b two interfering beams 

Eagen 1979; Ford and Weber 1984; Axelrod et al. 1986; 
Hellen and Axelrod 1987; Aroca et al. 1988). Finally, if the 
density of fluorescent molecules is too high, self-quench- 
ing may occur; however, previous work has shown that 
the evanescently excited fluorescence is proportional to 

the fluorophore surface density up to at least 14 000 
molecules/lxm 2 (Lok et al. 1983 a,b). 

Numerous instrumental methods for creating evanes- 
cent light at a planar interface and for collecting the fluo- 
rescence emitted by nearby molecules have been devel- 
oped for optical microscopes. Comprehensive reviews of 
different optical designs may be found elsewhere (Axelrod 
et al. 1984; Axelrod 1989; Liebmann et al. 1991). One 
common design uses a cubic prism to couple an incident 
laser beam to a quartz microscope slide; fluorescence is 
collected by a microscope objective through the lower 
refractive index medium (Fig. 1; Poglitsch and Thompson 
1990; Pisarchick and Thompson 1990). A newer and par- 
ticularly interesting design, called prismless TIRFM, is 
one in which the off-axis components of a light source 
that broadly illuminates a high aperture microscope ob- 
jective are totally internally reflected back into the objec- 
tive, which is also used for fluorescence collection (Stout 
and Axelrod 1989; Hellen and Axelrod 1991). One may 
also modify a dark-field condenser to generate evanescent 
light on an optical microscope (Murray and Eshel 1992). 

Surface densities 

A primary feature of TIRFM is that it may be used to 
obtain information about molecules that are only weakly 
bound to a surface, while the molecules are in chemical 
equilibrium with an adjacent solution. In general, the 
measured fluorescence arises both from surface-bound 
fluorophores and from fluorophores in solution. Thus, 
the evanescently excited fuorescence is 

F=Q[C + Ad] (7) 

where C is the two-dimensional density of surface-bound 
fluorophores, A is the solution concentration of fluo- 
rophores, d is the evanescent wave depth (Eq. (5)), and Q 
is proportional to the product of the absorptivity, quan- 
tum efficiency, and fluorescence collection efficiency and 
is assumed here to be equivalent for all molecules. 

A variety of methods have been used for determining 
the fraction f of the measured fluorescence that is at- 
tributable to surface-bound molecules rather than 
molecules in solution: (1) the fluorescence intensities on 
surfaces with and without binding sites may be compared 
(Pisarchick and Thompson 1990; Poglitsch et al. 1991; 
Hsieh et al. 1992); (2) the fluorescence intensities in the 
presence and absence of chemical agents that block sur- 
face binding may be compared (Poglitsch and Thompson 
1990; Pearce et al. 1992); (3) the fraction of the measured 
fluorescence that is bleachable (and therefore surface- 
bound) may be measured (Schmidt et al. 1990; Zimmer- 
mann et al. 1990; Pearce et al. 1992; Pisarchick et al. 
1992); (4) the fluorescence may be measured as a function 
of the evanescent depth and extrapolated to zero (Thomp- 
son and Axelrod 1983); or (5) the fluorescence anisotropy 
may be compared with measured anisotropies for freely 
diffusing and surface-bound fluorophores (Thompson and 
Axelrod 1983). With a measured value of f ,  the known 
solution concentration and evanescent field depth provide 
an internal standard that yields an absolute measure of the 
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Fig. 5a-d.  Examples of experimental data obtained with TIRFM, 
a A tetramethylrhodamine-labelled mouse monoclonal IgGt anti- 
body (DHK109.3) specifically associates with supported planar 
membranes that contain a purified and reconstituted mouse anti- 
body receptor (moFcTRI1). TIRFM was used to measure the fluo- 
rescence on membranes with and without receptors. The best fit of 
the difference in fluorescence to Eq. (9) gave Kd=2.6 gM. (Repro- 
duced from Biochem 31:11562 (1992) with copyright permission 
from the American Chemical Society). b A fluorescein-labelled anti- 
dinitrophenyl mouse monoclonal IgG1 Fab (ANO2) weakly and 
reversibly binds to supported phospholipid monolayers composed 
of a mixture of dipalmitoylphosphatidylcholine and dinitrophenyl- 
aminocaproyldipalmitoylphosphatidylethanolamine. TIR-FPR was 
used to obtain intrinsic surface dissociation rates. Shown is a single 
recovery curve with a sample time of 50 ms. The line shows the best 
fit to a biexponential form of Eq. (11) and gave two rates with 
different amplitudes [0.6 s -1 (57%) and 0.05 s -1 (25%)]. (Repro- 
duced from Biophys J 63:215 (1992) with copyright permission from 
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the Biophysical Society). e Nitrobenzoxadiazole-labelled phos- 
phatidylcholine undergoes lateral diffusion in phosphatidylcholine/ 
phosphatidylserine supported phospholipid monolayers. TIR- 
FPPR was used to examine the diffusion of the labelled phospho- 
lipids. Shown are single recovery curves with sample times of 20 ms. 
The data were obtained with evanescent interference patterns of 6 lam 
(o, bottom) and 12 Bm (i,  top). Fluorescence recovery curves were tit 
to Eq. (16) (with kofr=0 ) and are plotted as G(t)=[F(-)-F(t)]/ 
[F( - ) -F(0 ) ]  (Huang et al. 1993). d The fluorescent lipid dioctade- 
cyltetramethylindocarbocyanine is incorporated into supported 
phospholipid monolayers composed of distearoylphosphatidyl- 
choline and dinitrophenyldioleoylphosphatidylethanolamine. The 
fluorescence, measured with P-TIRFM, was maximized when the 
incident laser beam was s-polarized and minimized when the beam 
was p-polarized, indicating that the absorption dipole of the incor- 
porated dye was approximately oriented within the sample plane. 
(Reproduced from Biophys J 58:413 (1990) with copyright permis- 
sion from the Biophysical Society) 

mi 

f luorophore surface density. Here, 

C=dA f 
l - f  (8) 

Abso lu te  surface densities (C) have also been determined 
from the extrapolated t ime-zero value o f  T I R - F C S  auto-  
correlation funct ions  ( T h o m p s o n  and Axe lrod  1983) or 

f rom diffusion-limited T I R - F P R  recovery curves (Pearce 
et al. 1992) (see below). 

Equilibrium binding curves 

A c o m m o n  appl icat ion o f  T I R F M  is to measure the flu- 
orescence arising from bound  molecules  as a funct ion  o f  
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Table 1. Dissociation constants Ka at planar membranes measured by TIRFM 

Fluorescent ligand Planar membrane K a Site density References 
(molecules/gm 2) 

Insulin insulin receptor/PC _< 300 pM - 

Anti-FcTRII Fab (2.4 G2) macrophage 1 nM 50 
Laminan-nidogen PC 5 nM 1 000 
(with Ca 2 +) PG 

PC/sulfatide 
Anti-FcTRII Fab ( 2 . 4 G 2 )  FcyRII/PC/cholesterol 15 nM 1 300 
Fibrinogen platelet 40 nM - 
Fibrinogen MIb/33/PC/PG 50 nM 
Anti-TNP antibody (GK 14-1) PC/TNP-PE 20-100 nM - 
Properidin PC > 100 nM - 

sulfatide 
Anti-DNP antibody (ANO2) PC/DNP-PE 300 nM 6 000 
Bovine prothrombin and PC/PS 1 - 15 I~M 15 000-40 000 
its fragment 1 (with Ca 2+) 
Polyclonal IgG FcTRII/PC/cholesterol 2-3 p,M 600 
Monoclonal IgG1 
Anti-DNP Fab ( A N O 2 )  PC/DNP-PE 2-6 gM 6 000 

RGD-containing peptide MIb/~3/PC/PG 1 I.tM 
Bovine prothrombin and PC/PS > 10 ~tM > 1 200 
prethrombin (without Ca 2 +) 

Sui et al. (1988) 
Poglitsch and Thompson (1990) 
Kalb and Engel (1991) 

Poglitsch et al. (1991) 
Engel et al. (1992) 
Miiller et al. (1993) 
Kalb et al. (1990) 
Stankowski et al. (1991) 

Pisarchick and Thompson (1990) 
Pearce et al. (1992) 
Pearce et al. (1993) 
Poglitsch et al. (1991) 
Hsieh et al. (1992) 
Pisarchick and Thompson (1990) 
Pisarchick et al. (1992) 
Miiller et al. (1993) 
Tendian et al. (1991) 

Abbreviations: cdlb/~3, integrin; DNP, dinitrophenyl; FcyRII, antibody receptor; PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PG, phosphatidylglycerol; PS, phosphatidylserine; TNP, trinitrophenyl 

the solution concentration. These measurements may be 
used to generate an equilibrium binding curve. For  a 
simple bimolecular reaction between monovalent  ligands 
and monovalent  surface sites 

A N  
C - (9) 

K a + A  

where K d is the equilibrium dissociation constant and N 
is the surface site density at saturation. Thus, the binding 
curve can yield a value for Kd and, if the fluorescence is 
calibrated, N (Fig. 5 a). 

T I R F M  has been used to measure the apparent sur- 
face dissociation constants for a variety of proteins (anti- 
bodies, prothrombin and its proteolytic fragments, fi- 
brinogen, laminan-nidogen, properidin, insulin and 
RGD-containing peptides) on planar membranes con- 
taining a variety of binding site types (hapten-conjugated 
phospholipids, negatively charged phospholipids, anti- 
body receptors, insulin receptors, integrins) (Table 1). 
T I R F M  has also been used to characterize the adsorption 
of protein ligands (e.g., bovine serum albumin) to non- 
biological surfaces (e.g., quartz) (Burghardt and Axelrod 
1981; Schmidt et al. 1990; Zimmermann et al. 1990). 

Measured Ka values range over more than four orders 
of magnitude, from 0.3 nM to 15 gM, and have been in 
good agreement with the values of K a measured by other 
methods. The primary limitation of T I R F M  at low Ka 
values is accurately calibrating the solution concentra- 
tion (Poglitsch and Thompson 1990). For  high Ka values, 
the primary limitation is that the fluorescence arising 

from specifically bound fluorophores must be a signifi- 
cant fraction of the total collected fluorescence (Tendian 
et al. 1991). If  one assumes that the density ofevanescent- 
ly illuminated, solution-phase fluorophores cannot be 
greater than the density of surface-bound fluorophores at 
A = 3 Kd and that nonspecific binding is negligible, then 
the upper limit for measurable dissociation constants is 
Ka<N/4d.  For  d = 8 5 0 ~ ,  this expression gives Ke< 
0.5 gM for N = 1 0 0  molecules/gm 2 and Ka<50 ~tM for 
N =  10 000 moleeules/gm 2. 

Surface binding kinetics 

The selective illumination of surface-bound molecules by 
evanescent illuminaton is advantageous not only for ex- 
amining the equilibrium aspects of surface binding, but 
also for directly investigating surface binding kinetics. If  
the evanescently excited fluorescence is proportional to 
the surface density of  bound, fluorescent molecules (see 
above), the time-dependence of the fluorescence change 
following an extrinsic perturbation between bound and 
unbound states can provide kinetic information about  
the binding event of  interest. Perturbations may be intro- 
duced either by creating a chemical change (e.g., a con- 
centration jump) or by changing the spectroscopic prop- 
erties of the bound state (e.g., irreversible photobleaching). 

By using a flow cell adapted for TIRFM,  the associa- 
tion kinetics for proteins at planar membrane surfaces 
may be monitored by introducing fluorescently-labelled 
ligand, and the dissociation kinetics may be monitored by 
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Fluorescent ligand Planar membrane Notes kof f kon References 
(s -1 ) (M -1 s -1) 
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Anti-TNP antibody (GK14-1) 
Fibrinogen 
Epidermal growth factor 

Polymeric monoclonal IgG1 
Bovine prothrombin fragment I 

PC/TNP-PE b 1 x 10 -4 l x 10 s 
otIIbfl3/PC/PG b,c 2 x 10 -3 4 x 10" 
A431 human a 0.01 2 x 106 
epidermoid cells 
Fc?RII/PC/cholesterol a ~ 0.1 - 
PC/PS a 0.2 2 x 10 4 

Bovine prothrombin PC/PS a 0.3 
Anti-DNP Fab (ANO2) PC/DNP-PE a 0.5 
Monomeric monodonal IgGl FcyRII/PC/cholesterol a ~ 1 
Monomeric polyclonal IgG2a FwRII/PC/cholesterol a ~ 1 
Monomeric monoclonal IgG1 FwRII/PC/cholesterol a ~ 1 

5 x 104 
2 x 10 s 
4 x 105 

Kalb et al. (1990) 
Mfiller et al. (1993) 
Hellen and Axelrod (1991) 

Hsieh and Thompson (1993 b) 
Pearce et al. (1992) 
Pearce et al. (1993) 
Pearce et al. (1993) 
Pisarchick et al. (1992) 
Hsieh and Thompson (1993 b) 
Hsieh and Thompson (1993b) 
Hsieh and Thompson (1993 b) 

Abbreviations: eIIbfl3, integrin; DNP, dinitrophenyl; FcTRII, antibody receptor; PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PG, phosphatidylglycerol; PS, phosphatidylserine; TNP, trinitrophenyl 
Notes: (a) the dissociation rates koe r were measured by TIR-FPR and the association rates ko. were determined using kon = kore/Ke; (b) the 
association and dissociation rates were measured directly with a flow cell; (c) these data are accurate only for early times in that the binding 
slowly becomes irreversible 

subsequently introducing unlabelled ligand. This direct 
method of monitor ing adsorption and desorption has 
been used to examine the kinetics for several proteins at 
supported planar membranes  (Table 2) and to character- 
ize the fusion of  phospholipid vesicles (either containing 
or not containing reconstituted proteins) with substrate- 
supported phospholipid membranes  (Kalb and Tamm 
1992; Kalb et al. 1992). 

A related technique for measuring desorption rate 
constants f rom surfaces (e.g., supported planar mem- 
branes) is total internal reflection - fluorescence photo- 
bleaching recovery (TIR-FPR)  (Thompson et al. 1981; 
Burghardt  and Axelrod 1981). In T IR -F P R ,  surface- 
bound, fluorescent molecules in equilibrium with the sur- 
face are photobleached with a brief pulse of  intense 
evanescent illumination; as time proceeds, bleached 
molecules desorb and are replaced with unbleached 
molecules f rom solution or nonilluminated, surrounding 
surface areas (Fig. 5 b). 

In theory, a number  of  physical processes may  influ- 
ence the shapes of  T I R - F P R  recovery curves (Thompson 
et al. 1981). For  a simple, monovalent  binding mecha- 
nism and in the absence of surface diffusion, there are 
three characteristic rates: the intrinsic dissociation rate, 
k o f f ;  a solution diffusion rate normal  to the surface, RN; 
and a solution diffusion rate parallel to the surface, R L . 
The approximate  rate of  fluorescence recovery is given by 

kob s = min [kofr, max {RL, RN}]. (10) 

I f  one or both of the t ransport  rates, R/, and R N, are 
large enough so that  diffusion in solution does not limit 
the rate of  fluorescence recovery, then T I R - F P R  data are 
"reaction-limited" and provide information about  the 
surface dissociation kinetic rate koff. In this limit, 

F(t) = F ( - - ) [ 1  - -B exp (--kor f t)] (11) 

where F (t) is the fluorescence after the bleaching pulse, 
F (--)  is the prebleach fluorescence, and B is the fractional 

bleach. When fluorescence recovery is limited solely by 
diffusion in solution, 

F(t) = F ( - ) [ 1  - B  e R ' '  erfc (x/~N t)] (12) 

where 

° 
R u = D = ~ -  (Kd + A) 2 (13) 

and D is the solution diffusion coefficient. Although the 
pr imary purpose of this technique is to obtain data under 
reaction-limited conditions and to therefore measure koff, 
the technique may  also be used to find C (Eq. (13)). The- 
oretical expressions for analysis of  T I R - F P R  data for 
surface binding mechanisms that involve more than one 
binding site type and /o r  one or more membrane-bound  
protein conformations have also been developed (Hsieh 
and Thompson  1993 a). 

T I R - F P R  has been used to examine the dissociation 
kinetics of  a variety of  proteins at substrate-supported 
planar membranes  (Table 2). This method has also been 
used to investigate the dissociation rate of  epidermal 
growth factor f rom its receptor on epidermoid cells (Hel- 
len and Axelrod 1991). The original, less biologically sig- 
nificant applications of  T I R - F P R  were to proteins non- 
specifically adsorbed to bare or chemically modified 
quartz (Burghardt and Axelrod 1981; Tilton etal .  
1990 a, b; Schmidt et al. 1990). 

The dissociation rates measured by T I R F M  and TIR-  
FPR for proteins that  interact in a biologically specific 
manner  with supported planar membranes  have been, on 
the average, lower than the dissociation rates measured in 
other systems. For  example, the measured dissociation 
rate for an anti-dinitrophenyl Fab  f rom dinitrophenylat- 
ed planar membranes  was 100-fold slower than that mea- 
sured for the same Fab with dinitrophenyl-glycine in so- 
lution (Pisarchick et al. 1992) and the dissociation rate 
for pro thrombin  f rom planar membranes  was 10-fold 
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slower than that measured by quasielastic light scattering 
using small unilamellar phospholipid vesicles (Pearce 
et al. 1992; Pearce et al. 1993). In that the measured val- 
ues of Ka at planar membranes are in good agreement 
with those measured in similar model systems by different 
techniques, the apparent association kinetic rates, calcu- 
lated from TIR-FPR data as ko, = ko~r/Kd, are consider- 
ably lower than previously measured or inferred on-rates. 

A striking result from the assembly of presently avail- 
able TIR-FPR kinetic data is that, for all systems, the 
reaction-limited TIR-FPR data are not well described by 
a single exponential shape. These results imply that the 
association of the proteins with the planar membranes 
proceeds through a mechanism or mechanisms that are 
more complex than a discrete, reversible, bimolecular re- 
action between monovalent ligands and surface sites 
(Eqs. (9) and (11)) (Thompson et al. 1981). Although the 
specific reasons for the complex binding behavior are not 
known at present, there are at least three possible factors 
that might in general contribute to the underlying rea- 
sons: (1) heterogeneous binding site types; (2) more than 
one membrane-bound protein species; (3) a feature of the 
general mechanism of extrinsic protein binding to planar 
membrane surfaces (e.g., crowding, orientational, re- 
binding, or electrostatic effects). 

A technique closely related to TIR-FPR is total inter- 
nal reflection - fluorescence correlation spectroscopy 
(TIR-FCS) (Thompson et al. 1981). In this method, fluctu- 
ations in the evanescently excited fluorescence that result 
from fluorescent molecules binding and dissociating from 
the surface are autocorrelated, and the fluorescence fluc- 
tuation autocorrelation function is used to obtain in- 
formation about the dissociation kinetic rate. TIR-FCS 
has been experimentally demonstrated only for the non- 
specific, reversible adsorption of blood proteins on 
protein-coated quartz (Thompson and Axelrod 1983). 

Surface diffusion of weakly bound ligands 

The combination of total internal reflection and fluores- 
cence pattern photobleaching recovery (TIR-FPPR) can 
provide information about the lateral motions of proteins 
weakly bound to supported planar membranes. In this 
method, a periodic evanescent interference pattern is cre- 
ated by colliding two laser beams at the point where they 
totally internally reflect (Fig. 4 b). The optical characteris- 
tics of evanescent interference patterns and the use of 
these patterns in TIR-FPPR have been theoretically ex- 
plored in depth (Abney et al. 1992; Huang and Thompson 
1993; Huang et al. 1993; Hsieh and Thompson 1993a). 
These calculations indicate that the properties of the 
evanescent interference patterns and the fluorescence re- 
covery curves depend on the intensities, polarizations, 
and incidence angles of the two incident beams. In the 
simplest case, the evanescent intensity profile is the prod- 
uct of Eq. (2), Eq. (6), and the following factor 

I(y)ocl+Vcos[2~py I (14) 

where 
2 

P = (15) 
2 n 1 sin 0 sin ~b 

is the period of the interference pattern; nl, 2 and 0 are 
defined in Eqs. (1 5); ~b is the semi-angle between the 
lines of intersection of the two incidence planes and the 
sample plane; and V is the visibility (or contrast), which 
depends on both geometrical and optical parameters. For 
combined surface reaction and diffusion and with V equal 
to its maximum value of one (Abney et al. 1992; Huang 
and Thompson 1993) 

F (t) = F ( - ) / 1  - exp ( kofr t) (1 6) 
I - .  

.{l_e-~lo(rl,+e-nli(rl, exp( 4rc2Dt~'~ 
JJJ 

where I o and 11 are modified Bessel functions and t/de- 
scribes the fractional bleach. 

The first application of T1R-FPPR was to anti-hapten 
IgE antibodies in the contact region between rat basophil 
leukemia cells, which contain Fce receptors, and sub- 
strate-supported phosphatidylcholine monolayers con- 
taining hapten-conjugated phosphatidylethanolamine 
(Weis et al. 1982). The principal use of the patterned 
evanescent illumination in this work was to control for 
fluorescence caused by scattered evanescent light. Recent- 
ly, TIR-FPPR has been used to measure the surface diffu- 
sion coefficient of bovine serum albumin absorbed to 
poly(methylmethacrylate)-coated glass (Tilton et al. 
1990 a). By measuring the fluorescence recovery rates as a 
function of evanescent pattern period, it was shown that 
tightly-bound proteins underwent translational diffusion 
with a coefficient ~ 10 -9 cm2/s. An accompanying work 
showed that the protein surface diffusion was reduced at 
higher protein surface densities (Tilton et al. 1990 b). TIR- 
FPPR has also been used to monitor the lateral diffusion 
of fluorescent lipid analogs in supported planar mem- 
branes (Fig. 5c) (Huang et al. 1993). In one study, fluores- 
cent lipid diffusion was monitored during the fusion of 
phospholipid vesicles with supported planar membranes 
(Kalb et al. 1992). Recently, TIR-FPPR has been used to 
measure the translational diffusion of prothrombin frag- 
ment 1 weakly and reversibly bound to negatively- 
charged planar membranes. Preliminary results suggest 
that the fragment 1 diffuses at ~ 10-9 cm2/s and that the 
diffusion coefficient decreases with increasing surface 
density (Huang et al. 1993). 

For tightly bound proteins (kof r --* 0), the maximum 
post-bleach fluorescence change relative to the prebleach 
fluorescence, which occurs for t/~ 1.5 (Eq. (16)), is 0.22. 
The low signal-to-noise ratio that results from this small 
change is a major limitation in this method and makes 
extraction of lateral diffusion information difficult. For 
loosely bound proteins where the fluorescence recovery 
also results from association and dissociation kinetics, 
data analysis is even more difficult. However, a recent and 
promising theoretical work has suggested that this limita- 
tion might be lifted by the use of two-photon excitation, 
which gives a sharper bleaching and observation profile 
(Huang and Thompson 1993). 
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Molecular orientations 

Evanescent illumination may also be used to gain infor- 
mation about the orientation distribution of a population 
of fluorophore absorption dipoles at or near an interface 
(P-TIRFM) (Thompson et al. 1984). Here, one measures 
absorption dichroism by examining the dependence of 
the evanescently excited fluorescence on the polarization 
of the evanescent field. As the polarization of the incident 
laser beam is rotated through the plane normal to its 
direction of propagation, the polarization of the evanes- 
cent field rotates (primarily) about the direction of propa- 
gation of the evanescent field (Fig. 3). The polarization of 
the evanescent field therefore probes the polar angle (with 
respect to the normal to the interface) of the absorption 
dipoles. The use of polarized evanescent excitation is thus 
particularly applicable to interracial samples because, in 
most of these samples, the orientational anisotropy is 
found primarily in the polar rather than the azimuthal 
angle relative to the normal to the interface. 

The simplest version of this experimental method is 
one in which the emitted fluorescence is collected with a 
very high aperture microscope objective placed on the 
less dense (aqueous) side of the interface (Thompson et al. 
1984). The high aperture insures that the fluorescence 
collection efficiency is approximately equivalent for fluo- 
rophores with different orientations. Therefore, the polar- 
ization dependence of the measured fluorescence depends 
primarily on the absorption dichroism rather than the 
emission dichroism. Experimental arrangements that re- 
flect emission dichroism are more complicated because 
one must consider differential fluorescence collection effi- 
ciencies. For high aperture collection and for an az- 
imuthally symmetric sample (averaged over the size of the 
illuminated area), the normalized fluorescence F (0) is ap- 
proximately equal to 

F(~b) = 1 + Z  [cos 2 O-cos  2 q/0] (17) 

where ~ is the polarization angle of the incident beam, ~o 
is the angle at which F(0) is a maximum and equals 0 ° or 
90 °, and Z is a constant that contains information about 
the orientation distribution of absorption dipoles (and 
also depends on optical parameters). A measure of F(O) 
yields a value for the constant Z. The constant Z may 
then be related either to an assumed functional form for 
the angular distribution (model-dependent analysis) or to 
the moments of the angular orientation distribution of 
fluorophore absorption dipoles expanded in a series of 
Legendre polynomials, or "order parameters" (model- 
independent analysis). 

The use of P-TIRFM to examine the orientation dis- 
tribution of fluorophores at planar dielectric interfaces 
has a variety of applications: (1) When these measure- 
ments are made on fluorescent molecules in supported 
planar membranes, the results may be used to confirm the 
existence of long-range order in the samples and there- 
fore to provide evidence for membrane integrity. This use 
of P-TIRFM has been experimentally demonstrated on 
several sample types, including fluorescent lipids and 
lipid-peptide conjugates in phospholipid Langmuir- 
Blodgett films (Fig. 5d) (Thompson et al. 1984; Timbs 

and Thompson 1990). (2) This technique may be used to 
monitor changes in fluorophore orientation distributions 
that occur in response to environmental changes. In one 
previous work, changes in the orientation of a fluores- 
cently tagged phospholipid in a phospholipid Langmuir- 
Blodgett film were detected as a function of the lipid 
density (Thompson et al. 1984). In a separate work, 
changes in the orientation of surface-adsorbed cyto- 
chrome c were detected as a function of the surface elec- 
tric potential upon adsorption (Fraaije et al. 1990). (3) 
Orientational information may allow more thorough in- 
terpretation of energy transfer measurements, which can 
provide information about conformational changes that 
occur upon adsorption (Burghardt and Axelrod 1983) or 
other parameters that report molecular structure at inter- 
faces. (4) Orientational measurements give crucial infor- 
mation for interpreting dynamic fluorescence polariza- 
tion data that can provide information about molecular 
rotational mobility and/or segmental flexibility at inter- 
faces (Timbs and Thompson 1990, 1993). 

Cell-substrate contact regions 

In one of the earliest applications of TIRFM, it was 
demonstrated that evanescent excitation could be used to 
selectively visualize cell-substrate contact regions (Axel- 
rod 1981). Subsequently, evanescent excitation has been 
used to examine the arrangement of a variety of fluores- 
cent probes specific for different membrane components 
in cell-substrate contact regions. Applications have in- 
cluded visualization of fluorescent reporters bound to 
cytoskeletal elements in rat myotube membranes that are 
adjacent to glass substrates (Bloch et al. 1989); fluores- 
cent, hapten-specific IgE antibodies in the regions of con- 
tact between rat basophil leukemia cells containing IgE 
receptors and supported planar membranes containing 
haptenated phospholipids (Weis et al. 1982); fluorescent 
peptide antigens and histocompatibility antigens in the 
regions of contact between antigen-specific helper T cells 
and supported planar membranes (Watts et al. 1986); 
fluorescently labelled angiotensin-converting enzyme on 
endothelial cells that were grown on quartz coated with 
extracellular matrix components (Nakache et al. 1986); 
and fluorescent markers in the membranes of mam- 
malian fibroblasts on glass substrates (Lanni et al. 1985). 
A mathematical basis for mapping the three dimensional 
topography of fluorescent membrane markers in regions 
of cell-substrate contact has subsequently been developed 
(Reichert and Truskey 1990). 

In a related version of TIRFM used to examine cell- 
substrate contact regions, fluorescent molecules reside in 
the aqueous solution between a cell membrane and a 
surface to which the cell is attached. If the cell-to-sub- 
strate distance is large, the fluorescence is intense; if the 
distance is small, the fluorescence is weak. Quantitatively 
measuring the spatial distribution of fluorescence intensi- 
ties then provides a two-dimensional map of cell-to-sub- 
strate contact distances. An extensive theory describing 
data analysis has been presented (Gingell et al. 1987; 
Heavens 1990; Reichert and Truskey 1990) and the meth- 



376 

od has been applied to chick heart explants (Gingell et al. 
1985), Dictyostelium amoebae  (Todd et al. 1988), and 
bovine aortic endothelial cells (Truskey et al. 1992) on 
glass substrates. 

There are a few examples of  the use of  evanescent 
illumination to probe the dynamics (as opposed to the 
organization) of  fluorescent molecules in cell-substrate 
contact regions. In the earliest demonstrat ion of this ap- 
proach, T I R - F P P R  was used to probe the lateral mobili- 
ty of  fluorescent antibodies which specifically linked rat  
basophil leukemia cells to supported planar membranes  
(Weis et al. 1982). Recently, T I R - F P R  has been used to 
characterize the kinetics of  epidermal growth factor bind- 
ing to its receptor on mildly fixed A431 human epider- 
moid cells (Hellen and Axelrod 1991). Fluorescent epi- 
dermal growth factor in the cell-substrate contact area 
was illuminated with an evanescent field, and experimen- 
tal conditions were adjusted so that, after photobleach- 
ing, fluorescence recovery gave information about  the 
intrinsic ligand-receptor binding kinetics. 

Related developments and future applications 

The experimental uses of  evanescent illumination are 
broad, including applications in surface science, analyti- 
cal chemistry, biochemistry, biophysics, cell biology, 
biosensors and bioengineering. In this review, we have 
discussed the use of  evanescent illumination with fluores- 
cence microscopy to moni tor  the mot ion and organiza- 
tion of proteins reversibly bound to planar membranes  
deposited on glass or quartz or of  macromolecules in the 
regions of  contact between cells and planar substrates. 

There are several areas in which one might expect 
increased further development in T I R F M  methodology: 
(1) Imaging methods that  use low-light video detectors or 
charge-coupled devices will be particularly useful for ex- 
amining cell-substrate contact regions and spatially het- 
erogeneous surfaces (Hlady et al. 1990; Hlady 1991; 
Truskey et al. 1992). (2) Materials other than silicon diox- 
ide may be used to alter the interfacial characteristics and 
thus optimize or emphasize chosen spectroscopic proper-  
ties. For  example, thin metal  or semiconducting films 
may be used to quench fluorescent molecules that are 
very close to the membrane-solut ion interface and to thus 
enhance the signal f rom molecules close to but not bound 
to the interface (Nakache et al. 1986; Axelrod et al. 1986). 
Transparent media with very high refractive indices, such 
as sapphire or diamond, may be used to generate ex- 
tremely thin evanescent fields and to specifically observe 
only those molecules on or very near the surface (Gigola 
and Hailer 1990; Masuhara  1992). (3) Evanescent illumi- 
nation may be used to examine fluorescence energy trans- 
fer between donors and acceptors that are conjugated to 
molecules weakly bound to surfaces. This method has 
previously been used to characterize conformational  
changes that occur in bovine serum albumin upon ad- 
sorption to fused silica (Burghardt and Axelrod 1983), to 
provide evidence for the format ion of  a monolayer  of  
fluorophores at a decalin/water interface (Morrison and 
Weber 1987), and to investigate the effects of bound T 

cells on the distance between antigenic peptides and his- 
tocompatibil i ty proteins (Watts et al. 1986). (4) The use of  
evanescent illumination with pulsed lasers for probing 
fluorescence lifetimes and time-resolved anisotropies of  
f luorophores close to or bound to planar surfaces has 
recently been used to probe nonbiological systems (Rain- 
bow et al. 1987; I taya et al. 1990; Fukumara  and Hayashi  
1990; Rumbles et al. 1991; Toriumi and Masuhara  1991) 
and is likely to find future application in biophysics. 
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