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Analytical Chemistry 

Advances in Multifrequency Phase 
and Modulation Fluorescence 
Analysis 

Frank V. Bright, Thomas A. Betts, and Kevin S. titwiler 

1. INTRODUCTION 

The first report of luminescence is credited to the Spanish 
physician, Monardes, who in 1565 noted that water contained 
in a wooden cup made from Ligirium nephiticiem exhibited a 
strange blue shimmer. Today, 325 years later, scientists are 
still using the emissive characteristics (spectral, temporal, and 
polarization) of fluorophores to probe directly and indirectly 
many diverse physical phenomena. Over the years, the utility 
of fluorescence measurements has made a tremendous 
impact in numerous subdisciplines of chemistry. For further 
information into this diverse area, the interested reader is en- 
couraged to consult the many reviews and textbooks in the 
field. 

In th is  review, we focus on the analytical aspects of fi-e- 
quency-domain fluorescence spectroscopy. To th is  end, we 
divide our discussion into the following sections: 

1. 

2. 

3. 

4. 

The recovery of fluorescence decay times and rotational 
diffusion information from frequency-domain data 
Advances in multifrequency phase and modulation in- 
strumentation 
Selected applications of frequency-domain fluorescence 
spectroscopy to chemical analysis 
A prospectus for future advances and applications 

II .  THEORY 

Under standard conditions, virtually all species occupy the 
ground electronic state. When photon energy is coincident with 
the energy of an allowed electronic transition, a small fraction 
of the ground-state population is promoted to excited electronic 
states. The excited states subsequently de-excite back to the 
ground state over numerous pathways. Many of these are non- 
radiative; however, there are two emissive paths back to the 
ground state, fluorescence and phosphorescence. Phospho- 
rescence is the emission from an excited triplet state to the 
ground state, which is a singlet state, Because this is a for- 
bidden transition, the emissive rate is slow, thus the decay 
times are relatively long (milliseconds to seconds). Unlike 
phosphorescence, fluorescence is an allowed singlet-to-singlet 
transition and occurs rapidly (nanoseconds). In this review, 

our focus is fluorescence; however, all of the same approaches 
have been used for phosphorescence as well. 

Fluorescence is characterized by several parameters, most 
notably: 

1. The excitation wavelength (Acx) 
2. The emission wavelength (hem) 
3. 
4. The lifetime (7) 
5. 

The steady-state polarization (P) or anisotropy (r) 

The rotational correlation time (+) 

Of these, the latter two reflect the time-course of the emission 
process. In condensed phase systems, these two processes typ- 
ically occur in 1 p  to lWi3  s. As a result, any process which 
occurs on a similar time scale (as fluorescence) can perturb the 
fluorescence process. For example, processes like collisional 
quenching, energy transfer, solvent relaxation, and rotational 
diffusion all occur on the fluorescence time scale. Thus, an 
excited-state fluorophore can be used to report on its local 
environment and how that environment changes with time. This 
information then provides insight into important processes oc- 
cumng on the nanosecond and sub-nanosecond time scale. 

A. Discrete Lifetimes 
Assume that a given sample contains n noninteracting flu- 

orescent species (components). Following excitation with an 
optically short Dirac delta function, we can describe the time- 
dependent emission intensity (I(t)) by a multiple exponential 
decay of the 

where ai is a pre-exponential factor that represents the fractional 
contribution of component, i, with lifetime T ~ ,  to the total time- 
resolved decay. The fractional contribution to the total intensity 
(fi) of each species is 

(2) 
i =  1 

~~ ~ ~ ~ 
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Of course, nonexponential decays are observed in what are 
often assumed to be simple systems because of competing 
processes (e.g., solvent relaxation). In this review we restrict 
our initial discussion to the simpler exponential or multiex- 
ponential decay processes (Equation 1). 

In the frequency domain, the sample under study is excited 
with sinusoidally, amplitude-modulated light. Typically, 
these frequencies span the mega- to gigahertz regions and have 
been generated using many devices (Table 1). The resulting 
fluorescence emission (Em(t)) is equal in frequency to the ex- 
citation waveform (Ex(t)), but is phase shifted (8) and am- 
plitude demodulated (M) to an extent dependent on the fluo- 
rescence lifetime(s) of the sample (Figure 1). A simple analogy 
can be drawn here between the response of a fluorescent sample 
and the response of a simple resistance-capacitance (RC) circuit 
to a high frequency (noise) signal. In an RC circuit, a high- 
frequency modulated input is phase shifted and demodulated 
to an extent dependent on the circuit RC time constant.13 With 
respect to fluorescence, the time constant is analogous to the 
fluorescence lifetime(s) of the sample. 

Table 1 
Methods Used to Generate Sinusoidally 
Modulated Light 

Device 

Kerr cell 

Debye-Sears 
acousto-optic 

Piezo-optical 

Electro-optic 
(Pockel's cell) 

CW laser 

Mode-locked 
laser 

Synchrotron 

comments 

First device used to modulate light at high 
frequency. The device is unsuitable for UV work 
and is temperature sensitive. The frequency 
bandwidth is broad. 

A large ape- device with fast optics. Operates 
on resonance frequencies. Upper frequency 
l i i t ed  to about 50 MHz.  

A large aperture device with slightly slower optics 
than a Debye-Sears. Can be set up to give 0 or 
20. 

A small apeaure device that is well suited for lasers 
or well collimated arc lamp excitation. 
Modulation to 250 MHz is possible. 

The sinusoidal modulations are produced at cavity 
resonant frequenices given by f(n) = ncRL 
where n is an integrer, L is the cavity length, 
and c is the speed of light. The depth of 
modulation is poor. but continues up to the 
bandwidth of the lasing medium. 

The harmonic content of the mode-locked pulse 
train is used as the sinusoidally modulated 
source. The frequency conditions are the same as 
the CW case. In conjunction with synchronous 
pumping and cavity dumping, one can achieve 
intra-frequency separations of a few MHZ and 
bandwidths near 100 GHz. 

The harmonic content of the synchrotron pulse is 
used as in the previous two cases; the spectral 
output is excellent and covers the. LW and visible 
efficiently; the cost is prohibitive and the upper 
frequency limit is about 500 MHz 

I 
TIME (ns) 

FIGURE 1. Schematic of the excitation (Ex(t)) and emission (Em(t)) of a 
fluorescent sample excited with sinusoidally modulated light. The phase shift 
and demodulation factor are given by 8 and [(AGJX,)/(AC,./Wx)], 
respectively. 

For any decay process the calculated (subscript c) values of 
8 and M are given byI4 

(4) M,(o) = ( S ( O ) ~  + C(W)~)~"  

where, for a single exponential decay: 

and 

For the general decay model shown by Equation 1, the fre- 
quency-dependent sine (S(w)) and cosine (C(o)) Fourier trans- 
forms are given by14 

S(w) = F ( t ) s i n  o t  dt (7) 

C(o) = F ( t ) c o s  o t  dt (8) 

The decay times are recovered by experimentally measuring 
8,(w) and M,(o) values while interrogating the sample at 
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several different angular modulation frequencies (0; = 27rf, 
f is the linear modulation frequency in Hz), followed by anal- 
ysis using nonlinear least squares te~hniques.'~-'' In this ap- 
proach, the sum of the squared difference between the calcu- 
lated (e,(w) and MJw)) and measured (e,(o) and M,(u)) 
values are minimized using the chi-squared (x2) function: 

C 

Here ve and vM are the variances in phase angle and demo- 
dulation, respectively, and D is the number of degrees of free- 
dom. When ve and vM reflect accurately the uncertainty in the 
8 and M experimental measurements, the goodness of fit is 
judged by the closeness of x2 to unity and random distribution 
of the residual phase angle and demodulation factor about zero. 

Figure 2 shows a typical multifrequency phase and modu- 
lation data set collected in our laboratory for a synthetic binary 
mixture of POPOP and anthracene in ethanol. Panel A shows 
the experimental multifrequency phase angle and demodulation 
data (solid points) and the best fits to single (dotted line) and 
double exponential (solid line) decay models. Clearly, the sin- 
gle exponential fit is poor (xz = 116) and is readily dismissed 
as an accurate representation of the sample decay kinetics. In 
contrast, the double exponential fit is quite good (x2 = 1.21). 
Further reduction in x2 is not realized by increasing the com- 
plexity of the model. Panels B and C in Figure 2 show the 
residual errors in phase angle and demodulation factor for these 
two fits, respectively. Again, it is evident from the systematic 
deviation of the residuals that the single exponential decay 
(dotted line) does not describe the experimental data. The dou- 
ble exponential model (solid line) fits the experimental data 
and results in randomly distributed residual error values. The 
recovered lifetimes for this particular mixture are 1.29 and 
4.03 ns, which agree very well with the lifetimes for pure 
POPOP (1.35 ns) and anthracene (4.00 ns). 

B. Distributed Lifetimes 
In the previous section, we considered the case of a few 

discrete emitting species that did not interconvert. Recently, 
the Ware, Gratton,21*22 and LakowiczZ3 groups have cham- 
pioned the idea of distributions of fluorescence lifetimes. In 
this approach, one goes beyond the simplistic view (Equation 
1) of a fluorophore in a few discrete domains to the case where 
single or multiple fluorophores are located simultaneously in 
an ensemble of different microenviroments. The idea here is 
that the lifetime for many fluorophores varies significantly de- 
pending on the local environment. Thus, if a fluorophore were 
simultaneously located in an array or ensemble of environ- 
ments, one would expect a distribution of lifetimes that par- 
alleled the actual environmental distribution. 

- - Single @= 11 6) 80 
- Double @= 1.21) I 

1 10 

1 10 1W 

Frequency (MHz) 

FIGURE 2. Typical multifrequency phase and modulation data for a binary 
mixture of POPOP and anthracene (A). Frequency-dependent residual errors 
in phase angle (B) and demodulation (C). Recovered lifetimes are 1.29 ns 
(47%) and 4.03 ns (53%). 

For a system consisting of n independent fluorescent centers 
the time-course of the fluorescence decay (I(t) is given by 
Equation 1, which can be rewritten by substitution of Equation 
2 as 

1990 39 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
1
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Critical Reviews In 

For the case when the number of emitting centers is large, 
Equation 10 can be expressed as an integral of the form: 

Most approaches to the study of lifetime distributions assume 
that f(T) is given by one of several distribution functions: 

Uniform: f(T) = A from T‘ - W/2 to T‘ + W/2 (12) 

f(T) = 0 at all other values 

or 

Gaussian: f(T) = A{exp[ - (T - T ’ ) ~ / ~ $ ] / I T ~ ~ I T }  
(13) 

or 

Lorentzian: f(T) = A/{1 + [(T - T’)/(W/~)]~} (14) 

where T’ is the central or mean lifetime value, u is the standard 
deviation of the Gaussian distribution, W is the full-width at 
half maximum (FWHM) for the Lorentzian and uniform dis- 
tributions, T is the lifetime, and A is an amplitude constant 
determined from the normalization condition: 

Figure 3 illustrates uniform, Gaussian, and Lorentzian lifetime 
distributions for a hypothetical system with a 5.0 ns central 
lifetime with standard deviation and FWHM of 1.5 ns. Further 
discussion of lifetime distribution analysis will be deferred until 
the Applications section. 

1.200 
- Gaussian 

1 .ooo -- 
P) 0.800- 
73 
3 
- 0.600- 
+ .- 
E“ a 0.400- 

0 2 4 6 8 10 

Lifetime (ns) 

FIGURE 3. Uniform, Lorentzian, and Gaussian lifetime distributions for a 
hypothetical system with a mean lifetime of 5.0 us and halfwidths or SD of 
1.5 ns. 

C. Rotational Diffusion 
In the frequency domain, rotational diffusion information is 

recovered from the measured differential phase angle (A) and 
the polarized modulation amplitude ratio 

where 8, and 811 are the phase angles for the perpendicular 
and parallel components of the fluorescence and q l  and m, 
are the parallel and perpendicular components of the polarized 
modulation amplitudes, respectively. 

In these experiments, vertically polarized, sinusoidally mod- 
ulated light is used to excite the sample. l 4 s Z 4  By analogy to the 
lifetime measurements, the polarized components of the flu- 
orescence emission are phase shifted and amplitude demodu- 
lated, as shown in Figure 1. However, these components are 
each phase shifted and demodulated to different extents that 
depend on the rotational diffusion kinetics of the particular 
solute molecule.14*24 This effect is illustrated in Figure 4. 

For any intensity decay, I(t), it can be s h o ~ n ~ - ’ ~  that the 
time-resolved contribution of the parallel (11) and perpendicular 
(I) components of the polarized emission arez5-” 

f 
----- 

TIME (ns) 

FIGURE 4. Schematic of the polarized modulation ratio (A; = rqiml) and 
the differential phase angle (A). 
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where r(t) is the time-resolved decay of the fluorescence ani- 
sotropy and I(t) is described by Equations 1 or 11. r(t) is a 
direct measure of the rotational dynamics of the systems. Its 
actual form depends on the assumed model, but the most com- 
mon model  predict^^'-^' that r(t) is described accurately by a 
multiexponential decay: 

where ro is the limiting an i~ot ropy ,~~ +i is the rotational cor- 
relation times, and gi is the fractional contribution of each 
rotational correlation time to the total decay of anisotropy. 

The majority of the rotational dynamics observed to date fall 
into four distinct categories: isotropic, anisotropic with two 
rotational correlation times, anisotropic with three rotational 
correlation times, and hindered rotation. Further detail on each 
model can be found in References 25 to 27. Regardless of the 
assumed r(t) model the calculated (c subscript) Ac and h, are 
obtained from the polarized components of the sine and cosine 
Fourier  transform^:'^ 

S i ( o )  = lm Ii(t) sin o t  dt (21) 

Ci(o) = Ii(t)cos o t  dt (22) 

0 

where the subscript i is used to denote either 1) or I. From this 
it can be shown14 that the resulting frequency-dependent values 
of Ac and A, are given by 

The terms describing the decay of anisotropy (i.e., the rota- 
tional diffusion kinetics) are recovered by minimization of the 
x z  function: 

where vA and vA represent the variances in the differential phase 
angle and polarized modulation ratio measurements, respec- 
tively. The remainder of the fitting protocol is identical to the 
description given previously for recovery of fluorescence life- 
times. 

Figure 5 illustrates the experimental differential phase angle 
(panel A) and polarized modulation ratio data (panel B) for 

1 10 100 
3.0 7 

2.5 I 
1.54 w: : :  c*: 

1 10 1 00 

Frequency (MHr )  

FIGURE 5. Multifrequency differential phase angle (A) and polarized mod- 
ulation ratio (B) for perylene in 1,2-propanediol at 20°C. The curves are the 
best fits to isompic (dotted line) and anisotropic rotor (solid line) models. 
The recovered rotational correlation times are 1 1 . 1  ns (87%) and 1.02 ns 
(13%). 

perylene in 1,2-propanediol. Clearly, a simple isotropic decay 
model (dotted line) does not accurately describe the experi- 
mental data. To successfully model the data, an anisotropic 
model with two rotational correlation times (solid line) is re- 
quired. These results simply show that complex rotational dy- 
namics can be recovered using frequency-domain fluorescence 
spectroscopy. 

111. INSTRUMENTATION 

During the last decade, significant advances in instrumen- 
tation for time- and frequency-domain fluorescence spectros- 
copy have occurred. With present time-domain instrumentation 
and optical up-shifting techniques, femtosecond processes are 
now being In the frequency-domain, picosecond 
kinetics are routinely recovered and femtosecond experiments 
are on the immediate horizon. These advances have been made 
possible by the use of (1) excitation sources with large band- 
widths and (2) detectors with high gain and wide bandwidths. 
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Table 2 compiles a listing of the milestones in frequency- 
domain fluorescence. This table traces the key instrumental 
advances from the earliest single frequency instrument of 
Gaviola3’ to the gigahertz multifrequency instrument in Lak- 
owicz’s l a b ~ r a t o r y . ~ ~  Space precludes our discussing all the 

Table 2 
Key Instrumental Advances in Frequency-Domain 
Fluorometry 

Year 

1926 

1953 

1953 
1969 

1975 

1977 

1979 

1980 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

Researcher(s) 

Gaviola 

Bailey/Rollefson 

BirWLittle 
SpencerlWeber 

HaadHauser 

HieftjdHaugedRamse y 

L ytle/Pelletier/Harris 

Gratton/bpez-Delgado 

GrattodLimkeman 

GrattodJamesod 
RosatolWeber 

Alcala/GrattodJameson 

Lakowicz and co- 

Hieftje and co-workers 
workers 

Bright and co-workers 

Gratton and co-workers 

Device 

Development of the first phase 

Electronic detection of the phase 

Phase and modulation used 
Elecmnic cross-cornlation 

frequency down-shifting 
introduced 

Continuously variable phase and 
modulation introduced 

Intrinsic cavity mode noise used 
in frequency-domain 
Ruorometry; only modulation 
information used 

frequenc y-domain 
fluorometry; only phase angle 
information used 

Harmonic content of a pulsed 
source and cross-cornlation 
first proposed 

First continuously variable phase 
and modulation fluorometer 
with cross-cornlation 
detection 

First demonstration of the use of 
the harmonic content of a 
pulsed source for frequency- 
domain phase and modulation 
measurements 

Harmonic content of a mode- 
locked laser used as an 
excitation source for phase 
and modulation fluorescence 
and cross-correlation detection 

Extension of harmonic approach 
to 2 GHz 

Frequency-domain lifetime 
determinations via fiber optic 
light guides; only modulation 
information used 

Fiber optic-based determination 
using phase-modulation and 
cross-cornlation detection; 
rotational diffusion with fiber 

Parallel acquisition of phase and 

fluorometer 

difference 

Pulsed laser excitation used in 

optic probes 

modulation information 

advances since 1926. For this reason we focus on the major 
advances that have occurred in the last 15 or so years leading 
up to the development of true multifrequency phase and mod- 
ulation fluorometers. 

A. Light Sources and Modulation Systems 
The earliest instruments used Kerr cells as modulators and 

visual detection of the phase shift, but they suffered from poor 
UV transmission because the nitrobenzene used in the Kerr 
cell absorbed UV radiation. In addition, these early machines 
operated at relatively low frequencies. The Debye-Sears acousto- 
optic light m~dulato?~ allowed one to excite in the W, but 
the system was usually limited to about three frequencies. A 
Debye-Sears-based system is still commercially available,35 but 
has been superseded by true multifrequency instruments. 
Throughout the last decade, researchers realized the initial lim- 
itations in frequency-domain fluorescence was a lack of broad- 
band multifrequency excitation sources. 

The earliest attempts to develop true multifrequency instru- 
ments were undertaken by Haar and Ha~ser . ’~  In their design, 
the cw output from a laser was modulated with an extracavity 
Pockel’s cell. The frequency range of their most advanced 
instrument was reported to be 10 to 500 MHz. Very interesting 
rotational diffusion of rhodamine 6G in micelle solutions have 
been studied with this in~trument.~’ 

In 1977, Hieftje and co-workers3’ described an instrument 
that used the harmonic content of either a cw or pulsed laser 
as the excitation source for frequency-domain fluorescence. 
The sinusoidally modulated excitation frequencies (f) were ob- 
tained by using the intrinsic laser cavity resonant frequencies 
given by 

where n is an integer, L is the laser cavity length, and c is the 
speed of light. Fluorescence decay times were recovered using 
only modulation information and a microwave spectrum ana- 
lyzer was employed as the frequency-selective detector. 

Lytle and co-workers3’ described a phase fluorometer that 
used optical heterodyning techniques to cover continuously the 
frequency range from 0.01 Hz to 1.2 GHz. In their design, a 
cavity dumper was used and the heterodyned optical beams 
were up- and down-shifted to cover the frequency range. Only 
phase angles were recorded and nothing more complex than 
single exponential decay times were explored. 

One of the key problems encountered to this point was the 
inability to ampllfy easily the high frequency (mega- to gi- 
gahertz) photocurrents from the photomultiplier tube detector. 
Gratton and Lopez-Delgado““ first discussed the possibility of 
using the harmonic content of a pulsed source for phase and 
modulation measurements with cross-correlation detection. Us- 
ing cross-correlation detection one can electronically frequency 
down-shift the high-frequency fluorescence modulation to a 
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more manageable region (hertz), maintaining the phase and 
modulation info~mation.~~ Thus, a superior instrument would 
result from using the high harmonic content of a pulsed source 
coupled to cross-correlation detection. However, it was not 
until 1984 that the first results appeared that fully demonstrated 
the possibilities of this approach.16 The pulsed light source 
used for the particular experiments was the ADONE synchro- 
tron storage ring in Frascati, Italy. Thus, the principle was 
demonstrated, but the practicality of performing experiments 
with a synchrotron source was quite problematic. 

In 1983, Gratton and Limkeman4’ addressed the problems 
involved with using a synchrotron as a “routine” excitation 
source by developing the first continuously variable multifre- 
quency phase and modulation fluorometer with cross-correla- 
tion detection. Figure 6 shows a block diagram of the instru- 
ment. Like the earlier instrument reported by Haar and co- 
workers ,36*37 the Gratton-Limkeman instrument used an extra- 
cavity Pockel’s cell as the light modulator. A cw laser served 
as the light source and cross-correlation detection similar to 
that used in the synchrotron experiments was employed. The 
instrument operated continuously from 1 to 160 MHz and was 
used to recover accurately the individual decay times in mul- 
ticomponent mixtures. 

Alcala et al.43 first introduced a cross-correlation multifre- 
quency phase and modulation fluorometer that used the har- 
monic content of a mode-locked laser (Figure 7). In this in- 
strument, the concepts first demonstrated by the Hieftje3* and 
Lytle39 groups were used with the improved electronic detec- 
tion offered by cross-correlation. The impetus here was to 
increase the upper frequency limit of the earlier instrument,42 
and demonstrate that a less expensive (compared to a syn- 
chrotron) source could be used in frequency-domain fluores- 
cence. 

POCKEL’S 
CELL 

L A S E R  

B m n  
SPLITTER 

I I 

SAWLE 
W O C W C M T E R  

FIGURE 6. Schematic of the fmt continuously variable rnultifizquency phase 
and modulation fluorometer with cross-correlation detection. The bold lines 
denote optical paths. Abbreviations represent power amplifiers (Al, A2); am- 
plifierdfilters (A3, A4); frequency synthesizers (FS1, FS2); and photomulti- 
plier tube detectors (PMTl, PMT2). 

FREOUENCY 

r 

FIGURE 7. Schematic of the first continuously variable mulhfrrquency CTOSS- 

correlation phase and modulation fluorometer using the harmonic content of 
a mode-locked laser pulse train as the modulated light source. The bold lines 
denote optical paths. Abbreviations represent minors (MO, M1, M2); optical 
filters (Fl, F2); photomultiplier tube detectors (PMTl, PMT2); optical polar- 
izers (Pl, P2); power amplifiers (Al, A2, A3); frequency synthesizers (FS1, 
FS2, FS3); and amplifierdfilters (A4, A5). 

SAMPLE 
DUMPER 

CAVITY 

DRIVER 

FILTER 
PUA RIZER PHOTO- 

DIODE MCP PMT 
LOCKER DUMP 

FIGURE 8. Schematic of the 2 GHz frequency-domain fluorometer con- 
structed by Lakowicz and co-workers. The bold lines denote optical paths. 

In operation, the output from a mode-locked laser is passed 
through an extracavity acousto-optic light modulator, gener- 
ating side bands (sum and difference frequencies) onto the 
intrinsic harmonics that make up the mode-locked pulse train. 
By using this configuration, the upper frequency limit was 
extended to about 400 MHz. At this point, the photomultiplier 
tube detector became limiting. 
In 1986, Lakowicz and co-worker~~~ reported a phase-mod- 

ulation fluorometer that operated to 2 GHz and used cross- 
correlation detection. Figure 8 shows a simplified schematic 
of this instrument which uses a cavity-dumped dye laser as the 
excitation source. With such a system one has an excitation 
source that is intrinsically modulated from about 4 MHZ (i.e., 
the repetition rate of the cavity dumper), at 4 MHz intervals, 
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up to the bandwidth limit of the lasing medium (80 to 100 GHz 
for a dye laser). 

A typical photomultiplier tube (PMT) with a rise time of 2 
ns can only respond out to about 500 MHZ. To circumvent this 
problem, Lakowicz and co-workers used a microchannel plate 
photomultiplier tube (MCP-PMT) as their detector. These de- 
vices have high gain and response times near 300 ps, and thus 
should operate up to several G H z . ~ ~  Unfomately, MCP-PMTs 
do not have discrete dynode chains, making internal cross- 
~orrelat ion~~ impossible. To circumvent this problem, Lak- 
owicz and ~o-workers'~ developed a very clever postdetector 
cross-correlation mixing circuit. Using these two advances, 
Lakowicz's group extended the frequency range to 2 GHz. 

One of the problems associated with all modem optical in- 
strumentation is that they are not generally portable. Specifi- 
cally, laser tables, lasers, sophisticated optics, and water and 
power requirements precludes the easy relocation of such 
equipment. To eliminate this problem for frequency-domain 
fluorescence instrumentation, Hieftje and co-workers44 dem- 
onstrated the use of optical fibers as a means of transporting 
the excitation and fluorescence to and from remote locations. 
In this way, there is the possibility of performing nanosecond 
and sub-nanosecond kinetic measurements in hostile, remote, 
or inaccessible (in vivo) locations. Like the earlier instrumen- 
tation from the Hieftje group," this fiber optic-based instru- 
ment only acquired modulation information, but the entire fre- 
quency spectrum could be acquired in only 15 ms.44 

Our own group introduced the use of fiber optic sensors in 
concert with multifrequency phase and modulation fluores- 
cence and cross-correlation The motivation for 
this design has been twofold. First, we hoped to increase the 
selectivity of fiber optic-based sensors by introducing time 
resolution. Second, we required instrumentation that would 
allow us to easily study the chemistry, biochemistry, and bio- 
physics of molecules sorbed to surfaces. Figure 9 shows a 

I I 

REMOTE 
SAMPLE 

FIGURE 9. Schematic of the fiber optic-based multifrequency mss-cor- 
relation phase and modulation Ruororneter constructed in the author's labo- 
ratory. The bold lines denote optical paths. Abbreviations represent power 
amplifiers ( A l ,  A2); frequency synthesizers (FSI, FS2); and photomultiplier 
tube detectors (PMTI, PMT2). 

block diagram of the instrument constructed in our laboratory. 
The excitation source is one of several cw lasers that is mod- 
ulated by a Pockel's cell. The modulated radiation is then 
launched into either a single fiber mangemenf' or a bifurcated 
fiber, as shown in Figure 9. Fiber lengths up to 175 m have 
been used and triple exponential decay times can be accurately 
recovered on sub-micromolar samples. In addition, phase 
resolved4' and rotational diffusion49 measurements have been 
performed with the same instrumentation. 

The most recent advance in rnultifrequency phase and mod- 
ulation fluorescence has been the development of instrumen- 
tation for the parallel acquisition of phase and modulation data.m 
In this design (Figure 10). the phase and modulation across 
the entire frequency spectrum (30 to 40 frequencies) can be 
collected simultaneously. Thus, experiments that took about 
1 h can now be completed in <10 s. 

B. Detectors 
Presently, those of us practicing frequency-domain fluores- 

cence spectroscopy are often driven to explore still faster pro- 
cesses. To this end, we are compelled to somehow increase 
the excitation modulation frequency. This point is illustrated 
in Figure 11, where we show the theoretically recovered flu- 
orescence lifetime corresponding to a 1.0" phase shift as a 
function of the modulation frequency (dashed line). Clearly, 
as one would predict, the lifetime associated with a 1.0" phase 
shift decreases with increasing modulation frequency. Thus, 
in concept, femtosecond processes could be resolved by using 
(>lo GHz) modulation frequencies. However, all this as- 
sumes: (1) that the limiting noise sources are simply associated 
with the uncertainty in the phase measurements and (2) that a 
suitable ultrahigh bandwidth detector with suitable gain is 
available. 

Unfortunately, both these assumptions are not met. For ex- 
ample, cw mode-locked, synchronously pumped, and cavity 
dumped laser systems now can provide modulation frequencies 

P O R a ' f  
CELL 

L A S E R  

A P L W R  
,TRIODE 
DRIVER 

PEW 
SPLITTER 
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FIGURE 10. Schematic of the parallel acquisition multifrequency phase and 
modulation fluorometer. The bold lines denote optical paths. Abbreviations 
represent power amplifiers (Al,  A2); photomultiplier tube detectors (PMT1, 
PMT2); and harmonic comb generators (HCG1, HCGZ, HCG3). 
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FIGURE 11. Recovered lifetime associated with a 1.0" phase shift vs. mod- 
ulation frequency (dashed line). The region spanned by the two solid c w e s  
denotes the achievable precision assuming 300-fs pulse-pulse jitter. 

to nearly 100 GHz, but they have a fundamental jitter of (under 
the best conditions) about 300 fs. Therefore, at higher mod- 
ulation frequencies one becomes limited, not by the available 
modulation frequencies, but by the actual pulse-pulse time 
jitter. This effect is best shown by looking at the measurement 
precision or range (region spanned by the solid curves in Figure 
11) of lifetime values that would be recovered at high modu- 
lation frequencies. Specifically, if we assume a 50 GHz mod- 
ulation frequency and a hypothetical phase shift of 1.0" one 
would expect to recover a decay time of about 56 fs, but the 
precision of this measurement could not be any better than 300 
fs (i.e., 56 2 300 fs). To complicate issues further, no high 
gain detector exists that can respond above about 5 to 10 GHz 
and the vast majority operate below 1 GHz. Most common 
PMT detectors operate to about 500 MHz and MCP-PMTs can 
extend this range to at least 2 GHz.33 Thus, the real keys to 
improving the time resolution of present day multifrequency 
fluorometers are twofold: (1) decrease the pulse-pulse jitter in 
the laser sources and simultaneously (2) increase the bandwidth 
of the detectors and maintain adequate gain. 

IV. APPLICATIONS 

A. Lifetimes 
Much of the early multifrequency phase-modulation fluo- 

rescence work centered on the recovery of decay kinetics from 
synthetic multicomponent (multiexponential) samples. 'O*' ' The 
literature is ripe with examples of the power of the technique, 
and the interested reader should consult the earlier reviews in 
this and two joint papers by the Gratton and Lakowicz 

There are two common techniques for measuring time-re- 
solved fluorescence decays. The first is time-correlated single 
photon ~ount ing2*~*~ and the second is phase and modulation 

groups. 51*52 

fluorometry.lO.l' The two techniques are related to one another 
through the Fourier transform; however, it was not until re- 
cently that phase-modulation and time-correlated single photon 
counting were compared in an unbiased fashion. Prendergast 
and co-workerP were the first to construct a hybrid time- and 
frequency-domain instrument (Figure 12). Their results showed 
that the two methods recovered consistent decay times from 
samples that exhibit single or multi-exponential fluorescence 
decays. For example, the decay times for POPOP (p-bis[2-(5- 
phenyloxazolyl)]bne) recovered using photon counting and 
phase-modulation were 1.315 2 0.013 and 1.304 rt 0.003 
ns, respectively. For more complex systems, these authors 
studied tryptophan emission from scorpion neurotoxin variant 
3 (SN3) and ribonuclease Tl (RT1). The SN3 was best de- 
scribed by a triple exponential decay model, and the agreement 
between the sets of recovered parameters was reasonable. In 
contrast, RTl (pH 5.5) was best described by a single expo- 
nential decay, and the agreement was excellent. Figures 13 
and 14 illustrate the actual time- and frequency-domain data, 
respectively, for SN3 (panels a) and RTl (panels b). 

A stellar example of the time-resolving power of frequency- 
domain fluorescence has been reported by Lakowicz and co- 
w o r k e r ~ . ~ ~  These authors studied the sub-nanosecond kinetics 
of tyrosine emission from peptides and proteins. Figure 15 

FD 
7 NdYAG n 
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j u  

DELAY 

....................... .............. 
: !  

................................. /izJ....m . .  . .  
.....................I 

FIGURE 12. Schematic of the hybrid time-correlated single photon count- 
ing/multifrequency phase-modulation fluorometer constructed by Rendergast 
and co-workers. Abbreviation represent lens (L); optical filter (F); variable 
aperture (VA); photomultiplier tube (PMT); microchannel plate (MCP); power 
splitter (PS); RF amplifier (Al); DC amplifier (A2); AC tuned amplifier (A3); 
frequency synthesizer (FS); 10-MHz quartz oscillator (XTAL); preamplifier 
(PA); constant fraction discriminator (CFD); frequency doubler (FD); mirror 
(M); synchronously pumped dye laser (DL); cavity dumper (CD); dye laser 
fundamental (FND); dye laser second harmonic (SH); beam splitter (BS); real- 
time autocorrelator (AC); photodiode (PD); optical polarizer (P); sample (S). 
Solid lines trace out optic paths and dotted lines denote electrical connections. 
(From Hedstrom, J. et al., Biochemistry, 27. 6203, 1988. With pcrmission.) 
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FIGURE 13. Time-domain fluorescence profiles of (a) SN3 in MOPS buffer 
(pH 7.0) and (b) RT1 in sodium acetate buffer (pH 5.5). Continuous curves 
an the optimized convolutions of triple (a) and double (b) exponential decay 
functions. The data are collected at 20-ps/channel in (a) and 10-pdchannel in 
(b). Lower and upper insets within each panel illustrate the residuals and 
autocorrelations of the residuals. (From Hedstrom, J. et al.;-85cheemistry, 27, 
6203, 1988. With permission.) 

shows experimental data for oxytocin (upper panel) and bovine 
pancreatic trypsin inhibitor (BFTI; lower panel). For oxytocin, 
the data required at least three decay times for a good fit. 
Similarly, a double exponential function was needed to fit the 
BPTI data. In each case, all recovered decay times were less 
than 1 ns; however, no experiments were conducted to dem- 
onstrate the accuracy of the recovered parameters. Moreover, 
as has often been the case in protein studies, there is no clear 
physical meaning given to the two or three decay times from 
a protein system. This issue is addressed later in a discussion 
of results from lifetime distribution analyses. 

Because of their unique organizational powers,sJ normal and 
reversed micelles have been an area of intense investigation. 
One way of studying the dynamics of micelles is to use a 
fluorescent probe. Elegant examples of such studies were re- 

FIGURE 14. Multifnqwncy phase and modulation traces for the same SN3 
(a) and RT1 (b) samples illustrated in Figure 13. The points represent the 
experimental data and the solid curves are the best fits to triple (a) and double 
(b) exponential decay functions. (From Hedstrorn, J. et al., Biochemistry, 27, 
6203, 1988. With permission.) 

ported by Valeur and c~-worke r s .~~-~*  These authors were con- 
cerned with determining the efficiency of proton transfer within 
the water pool of sodium bis(2ethylhexyl) sulfosuccinate ( A m  
reverse micelles using various polar fluorescent probes. In their 
initial studies,56 the probe pyranine (Figure 16) was used. These 
authors found that the rate of reprotonation decreases and the 
rate of deprotonation increases as the water content w = 
[H20]/[AOT] increases. However, at w = 12 the rates are 
comparable to that found in bulk water (Figure 17). These 
results were interpreted in terms of the proton hydration and 
salt effects. 

McGown and Millican5’ have presented a theoretical dis- 
cussion on the use of frequency-domain fluorescence spec- 
troscopy as a selective “lifetime filter”. Specifically, these au- 
thors discuss how phase-resolved fluorescence spec t rosc~py~ .~  
can be used as a long-, short-, or bandpass filter function. 
Thus, if one wishes to selectively monitor a short-lived com- 
ponent, one would use a shortpass lifetime filter scheme, for 
example. Interestingly, these authors show that conventional 
time-domain experiments are restricted to longpass lifetime 
filtering. Therefore, there are significant advantages realized 
with the frequency-domain approach. 

In the last few years, there has been a trend away from 
discrete decay times and toward the use of fluorescence lifetime 
distributions. However, as with any new method, one must 
take care in its application. Lakowicz and co-workers61 have 
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FIGURE 15. Multifrcquency phase and modulation data (solid points) for 
oxytocin (upper) and BPTI (lower). The dashed curves represent the best single 
exponential fits to the data. The solid curves denote the best triple (upper) and 
double (lower) exponential fits to the data. The recovered decay times an 
indicated on the figure. (From Lakowicz, J. R. et al., Biochemistry, 26, 82, 
1987. With permission.) 

* 

FIGURE 16. Acid and base forms of pyranine. (From Bardez, E. et al., J. 
Phys. Chem.. 88, 1909, 1984. With permission.) 

presented a detailed discussion of the practical aspects of ana- 
lyzing complex decay kinetics using lifetime distribution anal- 
ysis. These authors shows that it is always best to analyze 
complex data using a global analysis of multiple data sets. In 
this approach, multiple data sets are used and one searches 
solution space for a self-consistent set of kinetic parameters 
that simultaneously fit to all the data. In many cases, they 
report that ambiguous interpretation is possible if single ex- 
periments are analyzed alone. For example, a simulated uni- 
modal lifetime distribution is often found to be well described 
by a discrete double exponential decay. The authors reported 

FIGURE 17. Variation in the recovered rate constants (y axis; s-I) of de- 
protonation (k,) and reprotonation (kl,) vs. water content w. (From Bardez, 
E. et al., 1. Phys. Chem., 88, 1909, 1984. With permission.) 

Tau (ns) 

flGURE 18. Lifetime distributions resulting from energy transfer with a 
range of donor-to-acceptor distances. Data are for tryptamine covalently at- 
tached to dansylundecanoic acid (TUD). The data are analyzed using uni- 
(solid line) and bimodal (dotted l i e )  Lorentzian lifetime distributions. The 
solid trace centered at about 6.8 ns is in the absence of the acceptor, nyptamine- 
myristic acid. (From Lakowicz, 1. R. et al., Biophys. Chem., 28, 35 ,  1987. 
With permission.) 

that a continuous lifetime distribution should be expected for 
time-dependent spectral relaxation of probe molecules asso- 
ciated with lipids, collisional quenching, distance-dependent 
energy transfer, and single tryptophan containing proteins. Fig- 
ure 18 illustrates the recovered lifetime distribution resulting 
from energy transfer over a range of donor-to-acceptor dis- 
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tances. Similarly, Figure 19 shows results for the lifetime dis- 
tributions of the single-tryptophan containing proteins monel- 
lin, melittin monomer, and RT1. 

Eftink and Ghiron6' also have studied RT1, globally fitting 
all their data simultaneously as a function of temperature and 
acrylamide quencher concentration. They concluded that they 
could not distinguish (based solely on the fitting statistics) a 
double exponential from a unimodal distribution fit. However, 
they argued quite convincingly that the observed preferential 
quenching of the short decay component of the discrete double 
exponential decay is strong evidence for a double exponential 
decay model. 

Lifetime distribution analysis has also been applied to the 
study of solute decay kinetics in mixed solvent systems.63 In 
these studies, Lakowicz and c o - ~ o r k e r s ~ ~  showed that the de- 
cay kinetics for indole in cyclohexane/ethanol mixtures was 
best described by a bimodal distribution of decay times. Figure 
20 shows typical lifetime distributions recovered for indole in 
various cyclohexane/ethanol mixtures. 

Gratton and co-workers64 have used lifetime distribution 
analysis to study the emission from sperm whale and tuna 
myoglobin. The authors found that the single-tryptophan-con- 
taining tuna myoglobin was described by a relatively narrow 
bimodal Lorentzian lifetime distribution. However, the two- 
tryptophan-containing sperm whale myoglobin was best de- 
scribed by a broad, unimodal lifetime distribution. Their con- 
clusion was that the tuna myoglobin had a higher degree of 
structural flexibility compared to the sperm whale myoglobin. 

Lakowicz and ~o-worke r s~~  have used lifetime distribution 
analysis coupled to resonance energy transfer to examine the 
distribution of distances between two sites on troponin I (TnI). 

FIGURE 19. Lifetime distributions of single tryptophan proteins. (Upper) 
Distribution for the intensity decay of indole in water at various temperatures. 
(Lower) Decay-time distribution for monellin (dotted line), melittin monomer 
(solid Line), and RTl. (From Lakowicz, J. R. et al., Eiophys. Chem., 28, 35, 
1987. With permission). 
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FIGURE 20. Distribution of lifetimes recovered for indole in cyclohex- 
ane/ethanol mixtures. (Upper) Unimodal Lorentzian. (Lower) Unimodal Gaus- 
sian. (From Gryczynski, I. et al., Eiophys. Chem., 32, 173, 1988. With 
permission.) 

The donor was the single tryptophan residue at site 158 and 
the acceptor was cysteine 133 labeled with N-(iododacety1)- 
N-( 1-sulfo-5-naphthyl) ethylene diamine. The recovered dis- 
tance distribution between the donor and acceptor was betewen 
2 a n d 3 n m .  

Recently, our own group has investigated the decay kinetics 
of anilino naphthalene sulfonate (ANS) inclusion complexes 
with P-cyclodextrin.66 In these studies, we used spectral, tem- 
poral, and thermodynamic information to argue that the ob- 
served decay kinetics for the inclusion complex is most ac- 
curately described by a unimodal lifetime distribution. Figure 
21 shows a typical lifetime distribution recovered for 2.6-ANS 
complexed with P-cyclodextrin. The inclusion complexes on 
the figure illustrate proposed degrees of complexation. For 
example, when the complex is not completely formed, the 
decay time is short (quenched by water). When the complex 
is fully formed, the decay time is lengthened because the water 
cannot effectively quench the 2,6-ANS-P-cyclodextrin com- 
plex. At intermediate stages of complexation the lifetime dis- 
tribution reflects the different extents of complex formation. 

6. Rotational Dynamics 
There is great interest in determining the rotational rates of 

species in solution. Much of the motivation for these studies, 
especially in protein systems, is the ability to compare one's 
results with molecular dynamics  calculation^.^' The rotational 
dynamics of proteins can reveal the size, shape, and structural 
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FIGURE 21. Recovered unimodal Gaussian (solid line) and Lorentzian (dot- 
ted line) lifetime distributions for lo-’ M 2,6-ANS in 10 mM p-cyclodextrin 
at 25°C. The inclusion complex structures represent possible conformations 
responsible for the lifetime distribution process. (From Bright, F. V. et al., 
J .  Am. Chem. Soc., 112, 1344, 1990.) 

rigidity. In other cases, rotational diffusion can give us insight 
into the (1) local environment surrounding a fluorescent probe, 
(2) extent of hydrogen bonding between the solute and the 
solvent; and (3) anisotropic rotational dynamics of many sys- 
tems. 

The use of frequency-domain fluorescence for the determi- 
nation of rotational diffusion information was first described 
by Mantulin and Weber24 and the associated theory presented 
by Weber.14 In the earliest studies, these authors measured the 
differential phase angle (Equation 16) using one or two mod- 
ulation frequencies and varied the rotational dynamics by ad- 
justing the solvent viscosity. From these measurements, the 
authors proposed the concept of a tangent defect as a qualitative 
measure of the anisotropic nature of a rotor. A small tangent 
defect was indicative of a nearly isotropic rotor and a large 
defect corresponded to a strongly anisotropic rotor. These au- 
thors found that a probe that could hydrogen bond to the solvent 
inevitably behaved like an isotropic rotor. In contrast, a solute 
that did not hydrogen bond with the solvent (e.g., perylene in 
1 ,2-propanediol) was described as an anisotropic rotor. 

An example of the type of experimental data acquired using 
modem frequency-domain techniques is given in Figure 5 .  
Similarly, Figure 22 shows the differential phase angle vs. 
modulation frequency traces for POPOP in ethanol and hex- 
ane.68*69 The recovery of decay times below 50 ps (hexane, 
40°C) is an indication of the time resolution possible with this 
technique. Inspecting these two examples (Figures 5 and 22) 
shows that anisotropic rotors and rapid rotational dynamics can 
be studied using frequency-domain fluorescence. 

Chou and Wirth70 have used multifrequency phase and mod- 
ulation fluorescence to investigate the local environment around 
a fluorescent probe. The motivation for this work is to improve 
the understanding of small molecule solvation in bonded-phase 

/ ‘1 

FIGURE 22. Differential polarized phase angle for POPOP in various sol- 
vents. (From Lakowicz, J .  R. et d.,  AM^. Inswwn.. 14, 193, 1985. With 
permission.) 

liquid chromatography materials. To this end, these authors 
studied the rotational dynamics of acridine orange incorporated 
in sodium dodecyl sulfate (SDS) micelles. Because acridine 
orange is symmetric, the observed results could be interpreted 
quantitatively. The study showed that SDS-associated acridine 
orange rotates through an angle of only 45”. Complete rotation 
is hindered by the SDS association. Interestingly, results on 
premicellar aggregates indicated that these species “held” ac- 
ridine orange more rigidly than an intact micelle. 

One of the most difficult tasks in fluorescence spectroscopy 
is the recovery of accurate rotational diffusion kinetics from 
anisotropic systems. Lakowicz and co-workers” showed that 
by progressively quenching a sample they could selectively 
enhance the contribution of the shorter-lived rotational corre- 
lation time. For complex anisotropic decays, such as global 
and local motion of tryptophan residues within protein, these 
authors report significant increases in resolution by globally 
analyzing successively quenched samples. From these studies 
(Figures 23 and 24) the authors showed a substantial improve- 
ment in the resolution of 160 and 60 ps components in the 
monomeric and tetrameric forms of melittin, respectively. 

Using the same global analysis scheme, Gryczynski et al.72 
were able to recover three rotational correlation times for the 
Y,-base. In these experiments, both variable wavelength and 
quenching were used to recover rotational correlation times of 
0.8, 3.0, and 5.6 ns. Typical multifrequency results are shown 
in Figure 25 and represent one of the few examples of a rigid 
rotor described clearly by three unique rotational correlation 
times. 

we used global analysis and multi-wave- 
length selectivity to develop fluorescence-anisotropy selective 
technique (FAST). Using this approach, we have shown how 
one can easily recover the emission spectra for the individual 
components in a binary mixture (Figure 26) when lifetime 
selectivity alone cannot effect a separation of the individual 
components. 

In our 
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FIGURE 23. Frequency-domain anisotropy data for melittin tetrameter. Data 
are shown for acrylamide concentrations of 0, 0.2, 0.5, and 2.0 M. Solid 
curves are best global fits to anisotropic rotor models with two correlation 
times. The dotted and dashed curves are fits to inosotropic rotor models. (From 
Lakowicz, J.  R. et al., Biophys. J . ,  51, 755, 1987. With permission.) 

V. PROSPECTUS FOR THE FUTURE 

In the 7 years since the introduction of the 6rst true multi- 
frequency fluorometer ," there have been steady improvements 
in the initial design, but we are far from reaching the limits of 
the technique. Today's multifrequency fluorometers have been 
used extensively in the biochemical community for studying 
protein dynamics, etc., and only recently have practicing an- 
alytical chemists used the technique. The future of frequency- 
domain fluorescence is truly wide open and here we offer our 
ideas on areas where continued advances will be made. 

First, there will be a steady increase in the time resolution 
of these instruments as faster, high gain detectors and more 
stable laser sources become available. The advances in micro- 
channel plate photomultiplier tube technology will continue to 
improve and the practical limits of phase-modulation fluores- 
cence should be approachable. In addition, it seems that the 
high gain avalanche photodicdes used by Berndt and co- 
w o r k e r ~ ~ ~ . ~ '  may also be applicable to GHz frequency-domain 
fluorescence. 

Second, the data analysis algorithms will continue to pro- 
liferate. We have seen global analysis (for frequency-domain 
fluorescence) evolve during the last 5 years. In addition, the 
concepts of lifetime distribution analysis are finding widespread 
application in biochemistry and chemistry. Our own group has 

12 - 
9 -  

6 -  

3 -  

FIGURE 24. Frequency-domain anisotropy data for melittin monomer. Data 
are shown for acrylamide concentrations of 0, 0.2, 0.5, and 2.0 M. Solid 
curves are best global fits to anisotropic rotor models with two correlation 
times. (From Lakowicz, J.  R.  et al., Biophys. J . ,  51, 755, 1987. With per- 
mission.) 

been using lifetime distribution analysis to study cyclodextrin 
and micelle systems and are now extending this approach to 
investigate the chemistry and biochemistry of species adsorbed 
or covalently attached at solid-liquid interfaces. 

Third, with the advent of the true parallel fluorometers one 
will see more rapid (millisecond time scale) acquisition of 
experimental data. As a result, applications should appear in 
areas as diverse as the separation sciences and the kinetics of 
antigen-antibody formation at interfaces (e.g., a fiber optic 
sensor) .76 

Fourth, multidimensional data formats (Figure 27, for ex- 
ample) will continue to increase. Today, we find that three 
dimensions are used routinely, but the future will show that 
all possible fluorescence-based selectivity parameters (see In- 
troduction) will be used in concert to increase selectivity. 

Finally, by coupling parallel fluorescence5' with fiber optic- 
based sensing we should soon be able to perform near real- 
time analysis on remotely located samples. Presently, much of 
the research is conducted at the laboratory site; however, with 
fiber optic probes we can begin to interrogate small, remote 
locations, with picosecond time resolution, in near real time. 
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FIGURE 25. Frequency-domain differential phase and polarized modulation 
ratio data for Yt-base in propylene glycol. In the upper panel, at each wave- 
length, the decreasing phase angles are for 0, 0.5, and 1.0 M CCL. In the 
lower panel, at each excitation wavelength, the increasing modulated aniso- 
tropy is for 0, 0.5, and 1.0 M CCL. (From Gryczynski, I. et al., Eiophys. 
Chrm., 30, 271, 1988. With permission.) 

FIGURE 26. Steady-state emission spectra (solid curves) for dansylamiddp- 
cyclodextrin, dansylamidehuman serum albumin, and 1:l mixture. Points 
represent the FAST-resolved emission spectra for dansylamiddp-cyclodextrin 
and dansylamide/human serum albumin recovered from the 1: 1 mixture. (From 
Bright, F. V., Appl. Spectrosc., 42, 1245, 1988. With permission.) 
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