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The fluorescence collected from a fluorophore which is near a planar interface and is excited by a laser beam that is totally 
internally reflected at the interface depends on the direction of the absorption and emission transition dipole moments of the 
fluorophore with respect to the interface, on the distance from the Iluorophore to the interface, on the angle of incidence and 
polarization direction of the exciting beam, and on properties of the collection optics. Expressions are derived for the 
excitation and subsequent emission and collection of fluorescence from a population of fluorophores near a planar interface. 
Presented is a general model-independent method of obtaining characteristic parameters of the spatial and orientational 
distribution of the population of fluorophores, from a measure of the fluorescence collected as a function of the polarization 
and the incidence angle of the totally internally reflected laser beam. The method is illustrated with several simulation 

calculations. 

1. Introduction 

Total internal reflection fluorescence (TIRF) is 
a technique for selectively exciting fluorescent 
molecules near a planar dielectric interface [l]. 
When combined with fluorescence microscopy [2], 
this technique is useful for measuring the associa- 
tion/dissociation rates and surface diffusion coef- 
ficient of fluorescent-labelled molecules at surfaces 
[3-61, measuring orientation&l distributions of flu- 
orescent probes at or near surfaces [7,8], observing 
fluorescent molecules in cell-surface contact re- 
gions [9-141, detecting conformation changes of 
proteins at surfaces [l&16], and measuring the 
concentration profiles of fluorescent polymers near 
surfaces [17,18]. In general, the fluorescence col- 
lected from a fluorescent molecule that is excited 
by a totally internally reflected light beam de- 
pends on the direction of the absorption and 

emission transition dipole moments of the fluoro- 
phore with respect to the interface, on the distance 
from the molecule to the interface, on the angle of 
incidence of the exciting beam, on the polarization 
of the exciting light, and 00 properties of the 
collection optics. 

In this paper, we derive general expressions for 
the excitation and subsequent emission and collec- 
tion of fluorescence from molecules in a TIRF 
experiment. Presented is a general, model-inde- 
pendent method of obtaining characteristic 
parameters of the spatial and orientational distri- 
bution of a population of molecules near a dielec- 
tric interface, from a measure of the fluorescence 
collected as a function of the polarization and the 
incidence angle of the totally internally reflected 
light beam. The method is illustrated with several 
simulation calculations. 
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2. Theoretical basis and incidence angle a! is 

A planar interface of glass (refractive index 
ng = 1.5) and water (refractive index n_, = 1.33) is 
defined as the x,u plane, with positive z in the 
glass region. A laser beam of vacuum wavelength 

A0 is incident on the interface in the xz plane, 
with incidence angle 1y and polarization angle p 
(fig. 1). The angle a is greater than the critical 
angle 0, = sin-‘n, where n = nW/ng, so that the 
beam totally internally reflects at the interface. 
This produces an electromagnetic field in the water 
region, called the ‘evanescent field’, that excites 
fluorescent molecules at or near the interface. 

The following assumptions are made: (1) the 
fluorescence lifetime is much shorter than the 
rotational correlation time and than the character- 
istic times of diffusion through the observation 
area and the depth of the evanescent field; and (2) 
the angle between the absorption and emission 
transition dipole moments is zero. Then, the fluo- 
rescence intensity F(a, p) collected from a popu- 
lation of molecules with spatial and orientational 
distribution N(a^, z), where a^ is a unit vector 
pointing in the direction of the transition dipole 
moment and z is the distance from the interface, 
and for an exciting laser beam of polarization j3 

WATER 

(refractive index n,,,) 

L 

Fig 1. Excitation of fluorescent molecules with evanescent 
illumination. A light beam of vacuum wavelength A0 is inci- 
dent on a planar interface of glass (refractive index n8) and 
water (refractive index n, < ti9) at an angle a greater than the 
critical angle for total internal reflection. The interface is 
defined as the xy plane and the light beam is incident in the XI 
plane. The light beam is linearly polarized at an angle p from 
its incidence plane. A transition dipole with a direction de- 
noted by ii is excited by the cvanesccnf field and emits 
fluorescence. 

F((Y, B) =kmL J, Na^, z)A(a^, 2, a, P> 
0 &.A 

xf(&, z, j?) dL$ dS2, dz. (1) 

A($, z, a, p) is the absorptivity of a molecule 
which is a distance .z from the interface and has its 
transition dipole moment along unit vector 
a^( 8,, A), and f (a^, I, fi ) is the fluorescence in- 
tensity emitted into the direction of unit vector 
$( 19~’ c/B~) by the molecule. The domain of integra- 
tion over a^, fin,, is over all angular space; the 
domain of integration over b, CJnobs, is over the 
angles observed by a particular experimental ap- 
paratus. 

The absorptivity A is given by [7,19] 

A(a^, 2, a, /1> 

= exp( -z/d)[ I, cos2pa,2 + tY sin2/Iaz 

+ I, cos’bat 

+2cosBsinP(~,,a,a,+IY_~~a~)]~ (2) 

where d, the characteristic depth of the evanescent 
field, is equal to [2] 

d( CX) = XO/[4nnp(si& - ~~)l’~], (3) 

and the factors I are known functions of n and a! 
and have been given earlier [7]. 

The angular profile of the emitted fluorescence 
f(L, z, $) is given by 

f(a^, z, d) = &(a^, z, fi)Q(a^, z)/P(a^, z). 
(4 

R,(a^, z, $) is the rate of radiative (fluorescence) 
emission of an excited fluorophore, and has been 
shown to equal [8] 

where the factors f depend on J? and Z, and not 
on a^, and are given below. Function Q(L, z) is 

the quantum efficiency and is given by 

Qtb, 2) = P(B, z)/(P(a^, z) + R,,), (6) 
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where P(a^, z) is the radiative rate summed over 
all observation angles, or 

and R,r is the rate of radiationless decay, which is 
assumed to be independent of a^, fi and z. The 
function P(a^, z) is explicitly present in eq. 4 as a 
normalization factor because the power emitted 
from equally excited molecules must be indepen- 
dent of a^ and z when Q(&, z) = 1 [20]. Using eq. 
6 evaluated at z = 00, and defining Q. T Q(G, 00) 
as the (known) quantum efficiency in homoge- 
neous space, we can determine R,, in terms of Q. 
and P(a^, oo). Using the resultant expression for 
A,, in eq. 6 evaluated for all z, and using this 
expression in eq. 4, we find that 

_/-(a, z, B) = QoR,(zt z, $I/ 

[Q,W, z) + (I- Q,)P(s> 41. 
(8) 

Different expressions for the factors fX,Y,d exist 
in three different spatial regions. In the water 
(n/2 I t9, I 71), 

1;.,=@:-%+1) cos*B, (COSMIC, sin%& ) 

+ ( R: + hR i + 1) (sin*$,, cos*$,) 

f, = (Rfi + hR,, + 1) sin28, (9) 

where 

R 
(1, nj ~0s BP + {n, I)(1 --n2 sin21?,)“* 

“‘1 = (1; n) COS BP - (n, 1)(1 - n2 sin28P)1’2 

(10) 
h = 2 cos{ (2kn, cose,)z> 

k = 27/A, _ 

In the glass below the critical angle (0 < 0, ( (u,), 
the factors f,,,., are given by 

f,,, = T,1’ ( I n2 - sin*e, 1 /~*)(cos~+~, sin2$P) 

+ T,’ (gin*+,, COS’$,) 

f, = T,,< sin28,/n2 (11) 

where 

T,,; = 4(n2, 1) cos2fiP/ 

[( n2 - sin28,)l’* + (n*, 1) cos tiPI*. (12) 

In the glass above the critical angle ((Ye <BP c 
r/2), the factors f,.,,, are given by eq. 11 where 
r,,:l are replaced b< ‘!7’,,:, , 

7;; = 4 exp[ +d( e,)] n2 c0S2ep/ 

[ (1 - 2) - (1 - d) c0SzeJ 

T,’ = 4 exp[ -z/d(B,)] c0S2ep/(i - n2), 

and d is given in eq. 3. In all regions, 

f XY - sin +P cos +P 

f rz,yi - (cos (Pp, sin $1. 

We define a new function 

S(a^, z, 01, P) =A(&, z, 01, a) 

so that, from eq. 1, 

(13) 

(14 

(15) 

Functions S(a^, z, (Y, /3) and N(li, z) are ex- 
panded in the spherical harmonics yJa^) and in 
the following functions of 2: 

W,(kz) = exp( -kz/2)L,(kz), (17) 

where L, are Laguerre polynomials and k is the 
vacuum wave number for the excitation light given 
in eqs. 10. In the expansion, we write 

N(a^, z) = ~Nij,W,(Z)yii(ci) 08) 
+?I 
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where the final equality results from the fact that 
S(o*, z, LX, /3) is real. The orthogonalities of the 
functions y1 and W, imply that 

J 00 
q;(&)+(&) dQn, = ai,;,?$i’ (201 

J 
mWm(~)Wms(~) dz=S,,,,., 

0 
(21) 

where S,,j is the Kronecker delta. Substituting eqs. 
18 and 19 into eq. 16 and using eqs. 20 and 21, we 
find that 

Eqs. 18-21 also imply that 

x yj(6) dC& dz. (24) 

Moments NiJ,,, describe the orientational and spa- 
tial distribution of fluorophores N(a^, z), and are 
what we wish to obtain from measurement of 
F(cu, p), Using these moments, the function 
N(&, z) can be reconstructed with eq. 18. As 
shown in eq. 22, the measured function F(cu, p) is 
built up from a linear combination of the func- 

tions s,YI”(~, PI, with coefficients NiJm. These 
functions s$,( (Y, p) can be numerically calculated 
using eq. 24 and the known numerically integrated 
form of S(B, z, (Y, 8) given in eq. 15, obtained 
from eqs. 2-14. The functions s&(a, fi) can be 
thought of as a set of basis functions that spans 
the space occupied by all possible measured func- 
tions F(a, p). Our task is to measure the amount 
of each basis function, i.e., the value of N&,, 
contained in the measured function F(a, @). As 
shown in an earlier paper [19], the values of Nilm 
are given by 

xF(a, P) da dD, (25) 
where c,~,,.~,,,,~, is the (&t,iy’,‘)-th element of 

the inverse of the matrix with elements 
n 

1s 

n/2 
~$,(a, P)s;“,~,~(a, PI da W. (26) 

0 0 

The protocol for data analysis is as follows. 
Using eqs. 2-14, S(l;, z, (1, 8) is calculated; using 
eq. 24, the Scm(a, /I!) are calculated; the matrix in 
eq. 26 is calculated and inverted to give the values 
of C,j,;;!j’m’. The basis function set s&( a, p) and 
the matrix c~~~,~,~,,,,, are stored permanently and 
used in any experiment, simulated or real. For a 
particular F(LY, p), the coefficients flj, are then 
calculated using eq. 25. NC&, z) can be recon- 
structed using eq. 18. 

3. Simulation calculations 

In this section, we have tested the method 
outlined above using numerical simulations. We 
have made several investigations into the forms of 
N(a^, z) that might be readily measured with the 
described technique. To do this, a form for N(a^, z) 
that might exist in an experimental sample is 
postulated, and denoted by Nactua,. Several of the 
lowest order values of N,,, for this distribution 
are calculated using eq. 23 and are denoted by 

(NiJ,),C,IlaP Using N(a^, 2) = NaClual in eq. 1, along 
with eqs. 2-14, we calculate F(a, p) as it would 
be observed in the experiment, and denote this 
function by I;obs(a, fi). Next, we calculate the 
values of Iv.,, from eq. 25, using the permanently 
stored values of ~,$,,(a, /3) and c,~,,, i’jZmP, and with 
F(o, fl) = F&( tx, p). The calculated values of 

Ni/rn’ denoted by ( q,,,,jobs, are compared to the 
values of (hrijrn)aG.ftua. 

We have assumed that all of the fluorescence 
emitted into the water half-space z c 0 is collected 
with a high-aperture microscope objective (e.g., 
ref. 7), so that fiobs denotes 0 I +r, 5 271 and rr/2 
G BP _( 71. In addition, we have assumed that the 
quantum efficiency in homogeneous space, Q,, is 
1. In general, however, the methods presented in 
this paper are applicable to any optical collection 
geometry and to fluorophores with any quantum 
efficiency Q,. 

We have also confined the simulation calcula- 
tions to distributions N(6, z) that depend only on 
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z and not a^. A similar but less comprehensive 
method of obtaining the expansion coefficients of 
the orientational distribution of a population of 
fluorophores that is on the interface at z = 0 has 
previously been developed and applied to fluo- 
rescent molecules in planar phospholipid mono- 
layers deposited on hydrophobic surfaces [7]. In 
general, the methods presented in this paper are 
applicable to a distribution N(&, z) that depends 
only on 6, only on z, or on both. 

3. I. Randomly oriented in solution 

In this case, the fluorophores are assumed to be 
randomly distributed in angle and space, and we 
use the normalization Nactual = 1/8n. We find that 
the first six calculated expansion coefficients, 

(SJrnLbs~ m = 0, 5, agree with the values of 

(~oofJaCtUal to within at least 2.0%. 

3.2. Randomly oriented in a plane 

Phospholipid bilayers deposited on planar sub- 
strates have been employed in a number of recent 
biophysical investigations [22-251. However, it is 
not yet known if a layer of water exists between 
the phospholipid bilayer and the glass, and, if so, 
what the thickness of this layer is for different 
deposition procedures. The existence of such a 
Iayer is important for the reconstitution of puri- 
fied transmembrane proteins in supported planar 
bilayers. The proposed technique may be able to 
measure these distances. Thus, we have investi- 
gated a case in which the fluorophores are as- 
sumed to be randomly oriented in a plane a 
distance b from the interface. We have used the 
normalization 

N aCt”b, = (I/47rV(kz - kb). (27) 

We would like to know the range of distances b 
that can be measured with the described technique 
of data analysis. 

The values of the first five expansion coeffi- 
cients (N,, jobs, m = 0, 4, are plotted in fig. 2a 
for values of b ranging from 0 to S/k (- 4000 A). 
For low values of b, the values of ( NOOm)Obs agree 
with the values of ( NOOm)actua to within an average 
of 5 2%. For higher values of b, a few of the 

E O6 
8 

2 

G 2 0 

-z 
% 

- 0.6 

-I 2 
0 I 2 3 4 5 

kb 

b 

0 025 5 

cos a 

Fig. 2. Delta-function distribution. (a) The product of 
exp( kb/2) and the expansion coefficients ( Nwm),,bs; for m = 0, 
4, are shown for the distribution given in eq. 27, for different 
distances b from the interface of the plane that contains the 
lluorophores. Assumed is that the vacuum wavelength of the 
exciting light is 5000 A. (b) The fluorescence intensity F(a) 
defined in eq. 28 that would be obsewcd for different distances 
b=O (..* . .), b = 0.1/k I----), b = 0.2/k (p ), b= 
0.5/k (----) and h=l/k (---). 

values of (NOOm)obS deviate from the values of 

(JLlLlUal by as much as 20%, but only for low 
values ( = 0) of N,,. As shown, for small values 
of 6, exp(kb/2)N,, are linearly dependent on b, 
and distinction between different b values de- 
pends’ primarily on the accuracy with which 
F(a, j3) can be measured. Ausserre et al. [18] 
achieved 0.02 degree resolution. In fig. 2b are 
shown the functions 

F(a) = (2/77)f”F(~, P> dfl (28) 
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that would be measured for different h values. 
Assuming an experimental precision of a few per- 
cent, one can thus distinquish between h = 0, h = 
0.1/k = 80 A and b = 0.2/k = 160 A. 

3.3. Other distributions 

time for diffusion through the observation area 
and through the depth of the evanescent field. For 
a high diffusion coefficient (10m6 cm’/s), the aver- 
age time for diffusion through a small observation 
area (1 rm2) is 2.5 ms and the average time for 
diffusion through the evanescent field is 0.1 ms 

WI. 
Ausserre et al. [18] have used TIRF to study the 

concentration profile of fluorescent-labelled poly- 
mers in solution near a planar surface. In this 
case, the fluorophores are assumed to be ran- 
domly oriented with a concentration profile iVaCtnal 
proportional to tanh2(z/b), where b is a length 
characteristic of the depletion layer of polymers 
near the interface. We have tested this distribution 
with the described method and with b = 800 A, 
and have found that the values of (N&,,)ObS agree 
with the values of (N,,,),,,,,, for m = 0, 5, to 
within 6%. 

Implicit in the described procedure is the as- 
sumption of a planar interface between media 
with different refractive indices. Although dilute 
solutions or thin molecular layers should not alter 
the reflective and refractive behavior of light near 
the interface, large perturbations due to the sam- 
ple refractive index away from the refractive index 
of water could alter this behavior. The described 
technique would not be applicable in these situa- 
tions. 

For the model distributions that we have tested, 
the described procedure can determine expansion 
coefficients in the spatial distribution of randomly 
oriented fluorophores, N,,,, through m I 5. 

4. Discussion 

We have presented a general, model-indepen- 
dent procedure for measuring the expansion coef- 
ficients (or order parameters) of the spatial and 
orientational distribution of a population of fluo- 
rescent or fluorescent-labelled molecules near a 
planar dielectric interface. In the procedure, the 
fluorescence that is excited by a totally internally 
reflected laser beam is collected as a function of 
the polarization of the incident beam and as a 
function of its incidence angle. In simulation 
calculations, it has been demonstrated that the 
procedure can determine the values of the expan- 
sion coefficients with high accuracy, and that the 
main limitation in experimental application will 
depend on the accuracy with which the fluores- 
cence intensity can be measured. 

Previous experiments that have aimed at mea- 
suring the expansion coefficients of the angular 
distribution, h&, have been more limited than 
the technique described in this paper. Because of 
inherent limitations in a standard fluorescence 
polarization experiment, the highest order expan- 
sion coefficient that can be measured is i = 4 [27]. 
With the technique described in this paper, the 
limitation is removed and one can in theory mea- 
sure the infinite set of expansion coefficients with 
i z+= 4. This means that more expansion coefficients 
can be measured simply by placing a sample on a 
glass slide. However, we have found in simulation 
calculations that for i > 8, the basis functions 
begin to overlap, the matrix in eq. 26 becomes 
singular, and the determination of the correspond- 
ing order parameters becomes inaccurate. Thus, in 
practice, we have extended the limit to i -C 8. 

In the simulation calculations, it was assumed It is possible to reconstruct the function 
that all of the fluorescence emitted into the half- N(&, z) entirely independent of an assumed 
space z < 0 was collected and that the quantum model, using the measured values of N,;, and eq. 
efficiency in homogeneous space Q, was 1. How- 1X. In practice, however, the accuracy of the re- 
ever, the methods presented in this paper are in constructed function will be limited by how many 
general applicable to any collection geometry and terms are included in the sum and by how fast the 
to fluorophores with any quantum efficiency Q,. sum converges. 

We have also assumed that the fluorescence 
lifetime is much shorter than the characteristic 

Measurement of the angular distribution func- 
tion of ordered fluorophores has been the objec- 



tive of a number of previous experiments em- 
ploying fluorescence polarization [7,28,29]. In the 
past, analysis of fluorescence polarization was 
model-dependent in that data were fitted to a 
plausible guess for the functional form of the 
orientation distribution. Here, as in related papers 
[7,21,27,30], an approach to this problem in which 
a model is not required has been presented. The 
model-independent approach is a good starting 
point for data analysis before a model is chosen 
since the expansion coefficients can be related to 
the free parameters of any model. By this feature 
the validity of many models can be easily tested. 
Most importantly, this method removes the bias 
accompanying a chosen model and allows experi- 
mental results to be reported in an unambiguous 
manner. 
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