ANALYSIS OF TIME-RESOLVED FLUORESCENCE

ANISOTROPY DECAYS

ALBERT J. CROsS AND GRAHAM R. FLEMING

Department of Chemistry and The James Franck Institute, The University of Chicago, Chicago, Illinois

60637

ABSTRACT We discuss the analysis of time-correlated single photon counting measurements of fluorescence
anisotropy. Particular attention was paid to the statistical properties of the data. The methods used previously to analyze
these experiments were examined and a new method was proposed in which parallel- and perpendicular-polarized
fluorescence curves were fit simultaneously. The new method takes full advantage of the statistical properties of the
measured curves; and, in some cases, it is shown to be more sensitive than other methods to systematic errors present in
the data. Examples were presented using experimental and simulated data. The influence of fitting range on extracted
parameters and statistical criteria for evaluating the quality of fits are also discussed.

INTRODUCTION

Time-resolved fluorescence depolarization on the nano-
second and sub-nanosecond time scales is a powerful
technique for the study of rapid motions of molecules in
liquids (1-5). Information about the microscopic motions
is contained in the time-dependent emission anisotropy,
r(t), which can be related to a correlation function of the
transition moment in the laboratory frame (6-9). If the
transition dipoles for absorption of the excitation and
emission of fluorescence are y, and g., respectively, the
emission anisotropy is given by

r(t) = % (P [#(0) - p(D]), 1)

where Py(x) is the second legendre polynomial and the
angle brackets denote ensemble average. Thus the time-
resolved anisotropy provides a direct probe of molecular
motion and other relaxation processes.

Over the past decade, the method of time-correlated
single photon counting has been used to obtain time-
resolved polarized fluorescence data in several laboratories
(10-29). Other methods were used to obtain these data,
including up-conversion (30) and recording intensity pro-
files with a streak camera (31), but the photon-counting
technique has the advantages of the large dynamic range,
which can be attained (typically four or five decades or
more), and the well-understood statistical properties,
which apply to the data (32).

There are two features of fluorescence anisotropy exper-
iments that cause complications in their analysis. First, the
anisotropy cannot be directly measured; it must be
extracted from the observed polarized emission curves,
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Ii(?) and I,(¢). In addition, the familiar problem of
convolution due to a system response function of finite
duration causes distortions of the measured curves (33).
The usual assumption made is that the apparatus acts as a
linear system, so that the observed polarized emission
curves are related to the true decay functions, /;(f) and
i,(?), by convolution with the instrument impulse response
function, g(¢)

L) - fo "g(t — iy(r)dr )

1(0) = f0 " gt — )i, (r)dr. 3)
The excited state decay law (i.e., the concentration of
molecules in the excited state), K(¢), and the anisotropy
decay law, r(f), are directly related to the nondistorted
emission curves, according to relations given by Tao (6)

00 =% K@ [1 + 2r()] (4)
i@ =$%K@[1 -r@] (%)
Or equivalently
K@) =i + 2i,.(1) (6)
() §) — i, (@) ™)

T 200

Almost all methods used to obtain the time-dependent
anisotropy have begun with calculating sum and difference
curves from the experimental data, given by

S() = [i(?) + 2al, (1)
D(t) = I)(t) — ad ().

(8)
)

Here « is a scaling factor that accounts for fluctuations in
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excitation pulse intensity and variations in the conditions
for collecting Iy and I, including differences in accumula-
tion times, geometrical factors, polarization dependence of
the photomultiplier tube (PMT), detection efficiency, etc.
In the absence of such deviations, « is unity. In this work,
we review the methods used for controlling and estimating
the value of a and suggest tests that should be used to
estimate errors introduced by them.

The inherent errors in the measured curves due to
counting statistics are compounded in constructing D(¢).
This resuits in a function for which Poisson statistics do not
apply. Although error propagation can be used to calculate
estimates of the variances for each channel in D(¢)
(14, 34, 35), note that these variances are larger than those
for Poisson statistics. This is because in a given channel, for
the parallel or perpendicular curve, the raw data (i.e.,
number of counts) differs from the underlying parent value
by an unknown amount, and thus gives only an imperfect
estimate of that parent value. If r(¢) approaches zero, the
counting errors in the parallel and perpendicular curves
become equal or larger than the difference between them,
and the calculated difference of two such estimates can be
a poor approximation for the difference of the parent
values.

In the absence of time shift or normalization errors, the
functions S(¢) and D(t) are the convolutions of K(f) and
the product r(£)K(t), respectively. So, we define the lower
case counterparts as the nonconvoluted functions

s() = (1) + 2ed (1) (10)
d(t) = iy(1) — ai (1). (11)

From the ratio of the functions D(¢) and S(¢), the
point-by-point anisotropy, R(t), can be constructed
D(1)
R() = SQ) (12)
Because the operations of convolution and division do not
commute, R(¢) is not simply the convolution of r(¢) in the
sense of Eqs. 2 or 3. Instead, there is a more complicated
relationship between r(¢) and R(?), as has been pointed out
(14, 36), that can cause graphs of R(f) to be somewhat
misleading. For example, even if r(¢) decays as a single
exponential, R(¢) can exhibit nonexponential behavior at
short times, particularly for values calculated near the
initial rising edges of the S(¢) and D(#) curves. In addition,
the maximum value attained by R(f) at short times is
generally <r(0), as noted (14, 36).

In fact, because of convolution it is not possible to have
anything but an arbitrary definition for R(0), since the
position of time zero on measured decay curves is neces-
sarily arbitrary, it being a time difference between the start
and stop pulses. In practice, however, R(?) attains a
maximum at a time near the maximum of the instrument
function, which is generally taken to be R(0). The differ-
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ences between R(f) and r(¢) naturally diminish as the
duration of the instrument function becomes much less
than the time scale of interest. The differences have been
safely ignored under these circumstances in studies of
unrestricted rotational diffusion (30-31) and relatively
slow restricted motions (10, 24, 37-39).

However, for some systems r(#) may have a short time
component of physical interest. This occurs, for example,
when there are two types of processes that can cause
depolarization, in general, giving rise to a nonexponential
r(?). An example of this is the presence of both a rapid
restricted motion of part of a macromolecule and an overall
diffusive tumbling of the macromolecule (10, 18, 26).
Restricted motions of fluorescent probes in membranes can
also produce nonexponential r(f) and have been studied
extensively (20, 23, 27, 40-49). There has been consider-
able theoretical interest in predicting the anisotropy decays
that result from such motions (50-52). Torsional motion in
DNA has been detected by nonexponential anisotropy
decay of an intercalated fluorescent probe (25, 39, 53).
Another condition that may cause () to decay nonexpon-
entially is the presence of electronic relaxation processes,
which occur even in the absence of molecular motion (54).
For example, if two overlapping transitions are excited,
r(t) can decay in two phases, an initial rapid decay, which
corresponds to attaining a quasi-equilibrium between the
excited states, then a slower decay at long times, which
corresponds to motion of the molecules.

As the method of time-resolved fluorescence anisotropy
is extended to shorter time scales and used to obtain precise
information about rapid processes, it is important to be
aware of the limitations that are imposed by convolution,
systematic errors, and the method of data analysis. In this
work we review some of the methods used in the analysis of
anisotropy experiments and examine their limitations
using both simulated and experimentally obtained data. In
addition, we present a new method for determining r(z) by
simultaneous fitting of the measured parallel and perpen-
dicular decay functions. This method does not utilize the
constructed difference function, nor R(¢), and has some
advantages over the other methods previously reported,
including preserving Poisson statistics, removing redun-
dant parameters from the fitting, and avoiding the propa-
gation of large error in the time region where ()
approaches zero. In some cases, avoiding error propagation
enables this method to detect systematic errors present in
the data that would be obscured if the point-by-point
difference between the two curves were calculated. We
explore the implications of errors in normalization of the
experimental curves, fitting over a limited time range, and
time shifts in the emission curves relative to the instrument
function (generally due to wavelength-department
response of the detector). In addition, we demonstrate that
the theoretically predicted x? of unity can be attained in
depolarization experiments.
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EXPERIMENTAL

Measurements were made on dilute solutions of two dye molecules. Eosin
Y (Eastman Kodak Co., Rochester, NY) was purified by thin layer
chromatography on a silica plate (60 F-254; Manufacturing Chemists,
Inc, Norwood, OH) using a solvent mixture consisting of 25:15:30
ethanol/chloroform/ethyl acetate, respectively, by volume. Anthracene
(Aldrich Chemical Co., Inc., Metuchen, NJ) was used without further
purification.

Fluorescence emission curves were measured by time-correlated single
photon counting (55). The excitation source for the eosin measurements
consisted of an actively mode-locked argon ion laser (CR-6; Coherent
Inc., Palo Alto, CA) operating at a repetition rate of 93.54 MHz and a
wavelength of 514.5 nm. The ultraviolet (UV) excitation used in the
anthracene measurements was generated by synchronous pumping of a
rhodamine 6G dye laser (CR-599; Coherent Inc.) with the argon laser,
producing visible pulses at 596 nm, which were then frequency doubled by
an angle-tuned lithium iodate crystal, yielding 298 nm. The repetition
rate of either source was reduced by a low-voltage electrooptic modulator
(model 28; Coherent Inc.) driven by a countdown logic circuit synchro-
nized to the mode-locker radio frequency source, selecting pulses at a rate
of 91.3 kHz. The contrast ratio between selected and rejected pulses was
~100:1 in the visible and better by at least a factor of five in the UV,
where selection was made before harmonic generation. The start signal
for the time-to-amplitude converter (457; Ortec Inc., Oak Ridge, TN)
was obtained from a constant fraction discriminator (583; Ortec Inc.),
which had as input a signal either from a photodiode (BPW 128;
AEG-Telefunken Corp., Somerville, NJ) monitoring the pulse train or
from the countdown logic. Fluorescence emission detected at right angles
to the excitation was detected by a photomultiplier (XP2020; Philips
Electronic Instruments, Inc., Mahwah, NJ) after passing through filters
that absorbed the scattered excitation light and through a polarizing
element (HNP,B plastic; Polaroid Corp., Cambridge, MA) with orienta-
tion either parallel, perpendicular, or at the magic angle relative to the
polarization of the excitation pulse. The absence of a scattered light
contribution in the measured curves was checked by counting for an
equivalent time using only the pure solvent. The polarizer was mounted on
a rotation stage (RSA-2; Newport Corp., Fountain Valley, CA), which
could be positioned to an accuracy of ~0.5°. The photomultiplier output
was amplified (600L; ENI Power Systems Inc., Rochester, NY) and sent
to a second discriminator, which generated the stop signal. The excitation
beam was attenuated so that the ratio of the rates of stop to start pulses
was always <2%. The outputs of the time-to-amplitude converter were
processed by a multichannel analyzer (1706; Tracor Northern, Middle-
ton, WI) and the accumulated data sent to a VAX 11/780 computer
(Digital Equipment Corp., Marlboro, MA) for analysis. The instrument
response functions were measured by scattering excitation light with a
dilute solution of coffee creamer. In the visible and UV, we obtained 325
and 407 ps, respectively, for the full width at half maximum (FWHM) of
the instrument functions.

Because only one trace could be accumulated at a time the parallel and
perpendicular curves,collected separately, had to be properly normalized
with respect to cumulative excitation intensity. Fluctuations in the
intensity of the laser made it impossible to do this accurately by simply
collecting curves for equal lengths of time, so the scaling was done with an
intensity integrator, which monitored a portion of the excitation beam
picked off by a beam splitter. Methods used for scaling by other workers
are summarized in the Methods section. The integrator consisted of a
photomultiplier (1P28), a voltage-to-frequency converter, and a circuit
that counts at a rate proportional to the laser intensity. When a preset
value in the counter is attained, a signal is sent to the multichannel
analyzer, which stops the experiment. The performance attained by the
intensity integrator is discussed in the Results section.

Simulations of fluorescence depolarization experiments were generated
to examine the limitations of different methods of data analysis using the
following procedure. Experiments were simulated by assuming model

forms for K(#) and 7(z) of sums of exponentials, then combining them to
give i)(¢) and i,(¢) using Eqs. 4 and 5. These data were then convoluted
with a typical experimental instrument function to obtain the expectation
values of the numbers of counts in each channel of the decays. The
instrument function used in these simulations had a FWHM of 224 ps
because the time base was assumed to be 20 ps per channel for simplicity.
Statistical noise is simulated by adding to each channel a pseudorandom
number chosen from a Gaussian parent distribution, with mean and
variance given by the expectation value for that channel, as is appropriate
for counting statistics (32). As with real data, these calculations were
performed on the VAX 11/780 computer (Digital Equipment Corp.) of
the Department of Chemistry, University of Chicago.

STATISTICAL CRITERIA FOR CURVE
FITTING

One of the notable features of photon counting experiments is the
statistical nature of curve accumulation. Because in the absence of
systematic errors the number of counts in a particular channel follows a
Poisson distribution (32), there are some rather strict limitations on the
acceptable deviations of the experimental and fitted curves. In our
experiments, we used two statistical tests to judge the acceptability of our
fits. Values of the statistical parameters for some fits shown are given in
Table I; we will briefly discuss those of Fig. 1.

In an experiment where there are no systematic errors present, the
properly weighted residuals should have the properties of a set of
independent random variables selected from a normal distribution with
unit standard deviation. The commonly calculated x? then has a precise
interpretation beyond that of a number that when minimized gives the
best fitting curve; x? indicates whether or not systematic errors cause the
fitted curve to deviate from the experimental points (57). For example,
data shown in Fig. 1 have 493 degrees of freedom, from this we predicted
a mean value of x? 0.999 for x2, with standard deviation 0.064. The
observed value is 1.138, which is 2.185 standard deviations from the
predicted mean.

A second important test of the residuals is the runs test, which provides
information about the presence of serial correlation among the residuals
(57, 58). The number of runs, u, is defined as the number of sequential
groupings of residuals with the same sign. Given the number of positive
and negative residuals (generally not equal), a probability distribution
can be computed for observing a particular number of runs in a given
experiment. For example, for the data in Fig. 1, the fitting resulted in 273
positive and 216 negative residuals. The predicted number of runs was
234.0 + 10.9; we observed 243, which was —0.914 standard deviations
from the theoretical mean.

The autocorrelation function of the residuals is often computed and
inspected for the appearance of systematic errors. In principle, this
inspection tests for the same deviations as the runs test, but more
qualitatively. The runs test has the advantage that it gives a quantitative,
objective confidence bound.

For both the x2 and runs tests, we computed the observed normal
deviate, Z, given the theoretical mean and standard deviation. This
information was routinely generated by our computer programs for each
fit. The theoretical likelihood of Z values occurring within a given range
can be found easily from tables of the standard normal distribution
function (56). For example, it was expected that the absolute value of Z
should exceed 2.57 only 1% of the time if the deviation from the mean was
purely statistical. Thus, if Z was within a reasonable number of standard
deviations from 0, generally taken to be +3, we concluded that no
detectable systematic error is present in the data.

METHODS

There are several approaches discussed in the literature, which deal with
overcoming the difficulties in analysis and interpretation of fluorescence
depolarization experiments, that have resulted in several methods for
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TABLE 1
RESULTS OF FITS TO DETERMINE EOSIN r(s)

De X2 Runs
rees
Method of friedom o i i it r(0) 7,
2 o (V4] 0
ps
R(1) direct 44 1.45 0.98 12 229 0.282 308
(+2.18) +0.213 (-3.30) +33
D(1) 497 0.96 1.00 219 247 0.359 181
(—0.68) +£0.063 (—2.54) £11.0
1) 495 1.05 1.00 230 246 0.450 123
(+0.77) +0.064 (—1.50) +11.0
Simultaneous 988 1.11 1.00 446 494.1 0.396 157
(+2.44) +0.045 (-3.07) +15.7
Polarization 158 — — 44 68 NA 157§
spectroscopy (—4.6) +5.35

*Observed value and standard deviation from predicted mean.
{Predicted mean value and standard deviation.
§ Adjusted for temperature and viscosity from 27°C result.

obtaining r(¢). We first briefly review the different reported methods for
dealing with the problem of correctly scaling the parallel and perpendicu-
lar curves and then discuss several methods that have been used in
analysis.

The scaling factor has been previously determined in several ways,
which include comparison of parallel and perpendicular count rates over
“short” times where the excitation intensity is assumed to be constant
(14, 35, 59-60), steady state normalization (12, 13, 17, 38, 40, 44, 61),
tail edge matching when () goes to 0 rapidly (11, 31), and front edge
matching where r(0) is assumed to be 0.4 (31). Another approach to
scaling is to try and make « as close to unity as possible by collecting I}
and I, alternately for short periods, thus accumulating correctly scaled
curves. This has been done by rotating the excitation or emission

I BRI BLEL AN BLELALN BLALELE BB |
0 2 4 6 8 10 12
TIME (ne)

FiIGURE 1 Nonlinear least-squares results for fit decay of eosin magic
angle fluorescence by single exponential. The rapidly decaying curve is
the instrument response function used for the deconvolution. The sample
is in water at 20°C. The fit gives K(¢) = exp(—¢/1,069 ps). The shift
parameter was 53.6 ps. Weighted residuals are shown above the decay.
Statistical information for this fit is given and discussed in the Statistical
Criteria for Curve Fitting section.
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polarizers every few seconds (15, 22, 23, 25, 26, 37, 62-64), or by swap-
ping sample cells to which polarizers of different orientations have been
attached (41, 43, 65). One group reported that the dye laser excitation
had a stable enough average intensity so that proper scaling was achieved
by collecting data for identical times (28).

A few groups genuinely collect two curves simultaneously, for example,
by using carefully balanced photomultiplier tubes (16), in one case
alternating the roles of the two tubes during collection to cancel the
effects of differing detection efficiencies (36). Mendelson and co-workers
(24) direct the fluorescence into a Wollaston prism which splits the
radiation into two orthogonally-polarized beams that diverge by 20°, each
detected by a PMT. The information from a time-to-amplitude convertor
(TAC) is stored in the appropriate curve by a computer that keeps track

-of which PMT generated the stop pulse. Wijnaendts Van Resandt and

co-workers (29) use a polarizing beam splitter to separate the parallel and
perpendicular polarized components of the fluorescence, then focus both
beams onto the photomultiplier, one optically delayed by ~12 ns. In this
way they accumulate two separated traces at once in a single multichan-
nel analyzer.

Scaling can also be accomplished by monitoring the total fluorescence
intensity with a reference PMT (19, 66), which should monitor the
fluorescence that passes through a polarizer positioned at the magic
angle. We present an additional method of scaling here by monitoring the
excitation intensity directly using the intensity integrator described
above.

With a few exceptions, most previous methods start by constructing
S(#) and D(¢t). Generally, S(¢) is fit to a sum of one or more exponential
decays either by least-squares iterative convolution (33) or a combination
of truncated moments and iterative convolution (21, 53). One could also
use any of the other standard methods for fitting S(r) decays, as reviewed
for example by O’'Connor et al. (67), including moments, Laplace
transforms, exponential series, or Fourier transforms, but these methods
have not yet been used in analysis of time-resolved anisotropy experi-
ments. After the parameters for K(r) have been found, D(¢) can be fitted
to either a single exponential or a sum of exponentials either without any
constraints (11, 23, 28, 66) or by varying the 7(¢) parameters in Egs. 4, 5,
10, and 11 with the K(¢) parameters fixed (12, 23, 27, 35, 4045, 68). In
one case, after S(r) was fitted using a sum of two exponentials, D(r) was
fitted using three, with one time constant fixed at the value of the longest
time constant found for K(¢) (46). One group has used a method where
S(#) and D(z) are fit simultaneously by varying both the parameters for
r(t) and K(?), although without taking convolution into account (25, 37).
Once the fitted parameters for K(¢) and d(f) are obtained, r(¢) can be
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constructed by taking the ratio of these two functions (15, 19, 59, 63—
64).

Other methods have concentrated on the function R(¢), the point-
by-point anisotropy constructed directly from the measured decay
curves using Eq. 12. In cases where the width of the instrument
function is much less than the relevant decay times, R(¢) can be fitted
directly to model functions, ignoring the effects of convolution
(10, 13, 16, 17, 24, 30, 31, 38, 49, 61). Of course, in this case the
fitting range generally begins after the maximum of the R(z) function.
Recently, correction factors have been given to account approximately
for the effect of convolution on direct fits of R(z) (36).

Convolution of R(f) has been taken into account by some, notably
Wahl (14, 34, 69), who has proposed a method for directly fitting R(¢).
First S(¢) is fit, then the K(f) parameters are used with trial r(f)
parameters to construct d(¢), which is convoluted to generate D(¢).
Finally, the ratio of the fitting functions is used to generate a trial R(¢),
which is iteratively compared with the experimental R(¢)
(14, 34, 61, 69). Wahl accounts for error propagation assuming that the
intensities are Poisson distributed to generate variance estimates for the
fitted R(¢) points, making it possible to use the x? test. However, in this
method R(¢) is fit over a range beginning with its maximum.

Additionally, the novel method of “relative deconvolution™ has been
used for the case of single exponential K(¢) and r(¢) in which the
instrument response function is not needed in the data analysis (22, 62).
This technique uses the fact that the two experimental curves, Ij(t) and
I.(¢) differ in their mathematical forms in a known way, but are
collected under the same instrumental conditions. It is also possible to
obtain single exponential r(t) and K(¢) parameters by fitting Iy(r) to a
double exponential decay (28, 65), but Barkley and co-workers note that
even in the absence of systematic errors, the information content in a
single curve is probably not sufficient to discriminate between various
mechanisms for rotational diffusion (12).

Here we present a new method of anisotropy data analysis by
simultaneous fitting of the measured intensity decays. The first step is to
determine accurately the excited state fluorescence decay law, K(?), by
one or more experiments with the analyzing polarizer oriented at the
magic angle from the polarization direction of the excitation pulse. The
accumulated curves were individually fit by a standard International
Mathematical Software Library nonlinear least-squares program that
used the Levenberg-Marquardt algorithm (70, 71) with iterative convo-
lution (33). The usual shift parameter was included to account for the
difference between the positions of the instrument function at excitation
and emission wavelengths (72).

With particular values for the K(r) parameters at hand, we generated
iy and i, curves given a choice of the form of r(¢) and its parameters,
using Eqs. 4 and 5. Those generated i and i, curves were convoluted
with instrument response function using Egs. 2 and 3, to produce 1j and
I,, so that two sets of residuals were computed, one for each of the two
curves. As in fitting a single curve by iterative convolution, a shift
parameter was adjusted during the fit to compensate for a wavelength-
dependent delay in the response of the photomultiplier. This shift
parameter displaced both curves by equal amounts from the position of
the instrument function.

In complete analogy with the usual method of extracting excited state
decay times, the results of this fitting procedure were the parameter
values of our chosen form of r(7), rather than an independently
generated r(¢) curve. The appropriateness of the chosen form for (1)
was judged from the quality of the fit.

Since these data points are Poisson distributed, the residuals were
weighted assuming o? = y;. The overall x? (simply the sum of the x*'s for
each curve) was computed and minimized by iteratively varying the
parameters in the model »(7). This procedure was simultaneous in that
the fitting program minimized the squares of the residuals from both
curves at the same time. In this way a single set of parameters was
determined, which was the best compromise between the best fitting
parameters for either curve. During this fitting process, we fixed the
values of the parameters for K(#) at those values determined by the

magic angle experiments, but an overall scaling factor for the height of
the parallel and perpendicular curves was varied and optimized by the
fitting procedure. In experiments where there was a significant long-
time portion of the decay curves, where r(¢) ~ 0 (as in the experimental
data presented in this work), the parameters for K(¢) could also be
varied to determine their best values.

RESULTS

Test of the Intensity Integrator

To test the performance of the integrator and the long term
stability of the apparatus, seven decay curves for anthra-
cene in cyclohexane were collected over a period of 4! h.
The set of seven curves contained examples of Iy(#) (2),
I,(®) (3), and I.(t) (2), which should be identical as
anthracene rotates rapidly on the time scale of interest. For
the 21 combinations of pairs of curves we determined the
scaling factor that best matched the two curves using the
following procedure. The assumption of counting statistics
is that the observed number of counts in channel i is a
random variable from a normal distribution with unknown
parent mean g; and variance ;. If two accumulated curves
differ only by a scaling factor, this means that all parent
values of one curve differ from those of the other by this
same multiplicative factor, «, which can be determined by
minimizing the quantity x?, given by

1 N .
2 - i )72 2 1
S ) DAL
where I'? and I{? are the counts in channel i of curves 1 and
2, respectively. The expected variance of the terms is given
by (56)

of = 1P + If). (14)

So minimizing Eq. 13 yields
N
2 1919 /ot
a=S— (15)
; (7 (2')/ o]’

After a is determined by Eq. 15, the residuals in Eq. 13
are computed and the x’ and runs statistics are evaluated
to check for the presence of systematic error. For the
anthracene data, we obtained average values and standard
deviations for these tests of x> = 1.048 + 0.098 (Z =
+ 0.78 + 1.5) and Z (runs) = —0.508 + 1.095. The
agreement with the predicted Z = 0 + 1 is good. The
average scaling factor determined was 0.9912 + 0.006,
which indicates that the normalization error not compen-
sated for by the integrator was <2%. These experiments
also test for and reveal the absence of any polarization bias
in the photomultiplier. As a result of these investigations
we have confidence in the reproducibility of our data and
the stability of the instrument function over the course of a
day’s data accumulation. Thus statistically based criteria
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for judging the goodness of fit of our anisotropy data seem
well justified.

Determination of K(¢)

The first step in analysis of anisotropy experiments is
determining the excited state decay law, K(¢), which is
independent of any molecular reorientations provided that
the orientational and electronic degrees of freedom are
uncoupled, as is usually the case.

In conjunction with anisotropy measurements, K(¢) is
commonly found by computing S(¢) and fitting it using
some standard method, e.g., iterative convolution (33) or
moments (73). Alternately, one can obtain K(¢) by making
a measurement with the analyzing polarizer oriented at the
magic angle from the polarization direction of the excita-
tion pulse. This effectively adds the parallel and perpendic-
ular components of the emission to produce a decay curve,
I.(¢), which is proportional to K(¢).

The magic angle method is routinely used for lifetime
measurements, and a best value of the lifetime parameters
can be generated by averaging several experiments. In
anisotropy experiments, the K(f) parameters are most
often determined from S(¢) to obtain the fitted value for
the overall height of the deconvoluted curves, which is
necessary to obtain r(0), and to account for variations in
the observed K(r) parameters, which occur from one run to
the next. However, the magic angle method has two
advantages over fitting S(#). First, because only one curve
is required the problems of scaling two decay curves (i.c.,
accurate determination of «) and of minimizing the sys-
tematic variations (e.g., time-origin shifts, long-term
changes in response function) between them are avoided.
Secondly, in the absence of systematic errors, Poisson
statistics apply to the raw data. This latter advantage may
seem trivial since error propagation can be applied to the
computation of S(z) (14, 43), giving

ol = (1) + 4 271,(1). (16)

However, if equal time is spent accumulating Iyand I, (i.e.,
a = 1), the error due to counting statistics in S(¢) is greater
than that for a magic angle decay, which is accumulated
for a length of time equal to the sum of times spent
collecting 7;(¢) and I,(¢). The counting errors are equal
only if the time collecting parallel and perpendicular
curves is partitioned in the ratio 1:2 (i.e., a = 0.5).

When K(?) is known to be described by a single expon-
ential decay law, the particular method chosen for finding
7;is not crucial. But, for nonexponential K(z), the necessity
of fitting several parameters increases the sensitivity of the
fitting procedures to systematic errors. We now briefly
examine the effects of some systematic errors on the K(¢)
parameters extracted from simulated fluorescence decays.

An incorrect scaling factor can influence lifetimes and
amplitudes recovered from fits to S(f). For example,
suppose that the correct value of « is unity, but in the
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analysis we incorrectly assume it has a different value.
Then s(¢) is given by

s@) = h KOOI + 2a) + 2(1 — a)r(1)]. an

To study this, simulations were done assuming a single
exponential K(¢) with lifetime of 2 ns and single exponen-
tial r(¢) = 0.4 exp(—¢/2 ns). Even with gross scaling errors
using « incorrect by as much as a factor of two, the decay
time recovered was within 5% of the correct decay time.
Although the extracted lifetimes were close to the correct
value, in some cases the x? significantly differed from 1.0,
indicating that the systematic error had been detected by
the fitting procedure.

Another kind of systematic error examined was a differ-
ence in the starting positions (time shifts) of the parallel
and perpendicular curves. A number of simulations and
fits were done with curves of different heights and time
shifts, with the same single exponential r and K parameters
used in the previous section. It was found that the x? values
were consistently higher for pairs of curves that had higher
overall heights.

For example, with a shift difference of one channel (20
ps), we obtained the correct decay time for K(7) to within
0.3%, and x? values ranged from 0.93—1.02, for curves with
parallel heights ranging from 12,000-73,000. However,
when the shift error was increased to three channels (60
ps), for curves with parallel heights of 12,000, 24,000,
49,000, and 73,000, we obtained x? values of 1.13, 1.58,
2.17, and 2.29, respectively, although the extracted time
constants only ranged from 2,011 to 2,013 ps. This is an
example of a systematic error which does not significantly
effect the extracted time constant for single exponential
K(?), although it reveals its presence in a x? value that
differs from unity.

A demonstration of the results obtained for real systems
is given by fitting decays of eosin-Y in water with visible
excitation (514.5 nm) and emission (>590 nm). The fit toa
magic angle decay with a single exponential at 20°C is
shown in Fig. 1. For this fit we obtain x? = 1.138 (Z =
+2.18) and runs Z = —0.914. Thus both statistical criteria
are statisfied for this fit. We also obtained I;(¢) and I, ()
decays for eosin under the same conditions that the data in
Fig. 1 were obtained. These polarized fluorescence data
were used for Figs. 2, 3, 4, and 5.

The orientational distribution function of eosin in water
at 20°C becomes isotropic within a few nanoseconds after
excitation because the molecules are small and their
motions are not restricted. Thus, unlike the cases where
fluorescent probes are bound to membranes or large pro-
teins, there is no residual anisotropy (r..) term. Since r(f) ~
0 for the latter portions of the curves, we corrected I, by a
multiplicative factor determined by matching the latter
parts of the decays. The scaling algorithm used was that
for finding o by Eq. 15, except that only the latter portions
of the decays were matched. This corrected small errors in
the normalization made by the integrator. In the case of
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the eosin data used to generate Fig. 2, 3, 4, and 5, for
example, the correction factor was 1.013, i.e., the error in
the normalization made by the integrator was 1.3%.

The result of a fit to S() for eosin is shown in Fig. 2. The
single exponential fluorescence lifetime obtained was
1069.4 ps, in good agreement with the magic angle fit, and
the deconvoluted pre-exponential factor is 4.945 x 10°
Although the extracted lifetime is correct, neither of the
statistical criteria are strictly satisfied: x> = 1.252 (Z =
3.99) and runs, Z = —3.28. This evidently indicates the
presence of a slight systematic error that does not effect 7.
The systematic error is apparently more readily detected in
r(t) determinations using simultaneous fitting rather than
fitting D(¢) or Ij(¢); we discuss this topic in the next
section.

Determination of r(¢)

Using both simulated and experimental data, we examined
different fitting methods: constructing and fitting R(z)
without deconvolution, fitting D(¢), fitting I only, and
simultaneous fitting of Iy and I, . Using the same eosin data
that appears in Fig. 2, we constructed R(z) with Eq. 12; the
resulting function is shown in Fig. 3. As Wahl notes (14), if
convolution causes a significant distortion of the measured
curves, the interpretation of the anisotropy function gener-
ated in this point-by-point fashion is not simple. A confus-
ing feature of such generated functions is that they are
clearly nonexponential at short times, even if the true
anisotropy is a single exponential. Furthermore, the
observed limiting value of R(0) is less than the true initial
value (14, 36).
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FIGURE 2 Nonlinear least-squares results for fit decay of S(r) calcu-
lated from eosin Ij(¢) and I, (#) curves. The fit is to a single exponential
decay law, K(f) = 4.94 x 10* exp(—t/1,069 ps). The rapidly decaying
curve is the instrument response function. Residuals, weighted by Eq. 16,
are shown above the decay. The shift parameter was 32.3 ps. The
statistical tests for this fit give x> = 1.25 (Z = +4.0), Z,.., = —3.3.
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FIGURE 3 Point-by-point anisotropy, R(?), calculated from Eq. 12
using polarized eosin decay curves shown in Fig. 5. The time axis is offset
from that in Fig. 5 by 2 ns. Only positive R(f) values are plotted. The
vertical dashes indicate, from left to right, the maxima of the instrument
function, the parallel, and perpendicular decay curves. The dashed line is
a linear least-squares fit that corresponds to R(¢) — 0.282 exp(—t/308
ps). The correlation coefficient is —0.9935. Data points were weighted
according to Eq. 18. The statistical tests for this fit are given in Table L.

Note that the peak of R(r) occurs significantly before
the peaks of the measured fluorescence decay functions.
The initial part of the R(¢) curve is thus determined from
the rising edges of the measured curves. This causes doubt
on the validity of analyzing R(f) curves only from times
greater than the fluorescence emission maxima for rapidly
decaying r(¢). For r(¢), which has time constants much
longer than the instrument function width, the initial value
of R(¢) approaches r(0), as noted by Papenhuijzen and
Visser (36).

A linear least-squares fit was done on the plot of
In[R(?)] vs. t in the region after its maximum. To do this,
the estimates of the variances for R(¢) in each channel
were calculated assuming Poisson statistics apply to 7;(¢)
and 7, (¢) and using error propagation (14, 75). In this way
and using Eq. 16, we obtain

a§=R2(§+"D—§—%’), (18)

where
op =1 + o, (19)
oip = 0% — 2’0}, (20)

It is interesting that the 7, extracted from Fig. 3 by this
fit in the region after its maximum to a single exponential
is 308 ps, which we shall see is almost twice the value
obtained by methods that account for convolution. This is
so even though the function appears to decay exponentially
in this region. Thus, the linearity in the latter part of Fig. 3
is misleading in that convolution has altered the apparent
decay constant. Naturally, if 7, were greater than the
instrument function width, the time constant would have
been extracted correctly from the slope of a plot of In[R(#)]
vs. t. But time constants comparable with or less than the
instrument function width cannot be extracted from R(r)
without taking convolution into account.
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The fit to the curve D(r) generated from the same
polarized fluorescence data for eosin is shown in Fig. 4.
The estimates of the variances given in Eq. 19 are used. It
has been noted by Dale and co-workers (43) that use of
incorrect variance estimates in such a fit can give rise to
errors in the extracted parameters. The fitting criteria
obtained are x? = 0.956 (Z = —0.675), and runs, Z =
2.538, which indicates an acceptable fit. The reorientation
time, 7,, is 181 ps. To obtain the r(0), we use K(0)
determined from the same data set (Fig. 2), giving r(0) =
0.359.

Another method tested with the eosin data was fitting
Iy(2) to the convolution of a function of the form

it) = A" 4 Ae/m 1

where 7, > 7,. If we assume that the fluorescence lifetime is
longer than the rotational reorientation time, we obtain

(o1 (22)
e T, T
and
A,
r(0) = 24, (23)

For the fit we obtained x> = 1.048 (Z = 0.77) and runs,
= —1.50. The decay parameters were 7y = 1,062 ps,
7, = 123 ps, and r(0) = 0.450.
Finally, the result of simultaneous fitting of the eosin
data is shown in Fig. 5. The fitting criteria are x? = 1.109

10000

1000

100

10

1 I"'l"'l"'l'é'l"'lv"'l
o 2 4 6 8 10 12
TIME (ned

FIGURE 4 Nonlinear least-squares results for fit of decay of D(?)
calculated from polarized eosin decay curves. The fit is to a single
exponential decay law. Using K(#) parameters from fit in Fig. 2, this fit
corresponds to r(#) = 0.359 exp(—/182 ps). Residuals, weighted accord-
ing to Eq. 19, are shown above the fit. The shift parameter was 22.1 ps.
Statistical tests for this fit are given in Table 1. Only positive values of
D(1) are shown.
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FIGURE 5 Simultaneous fittings results for eosin in water at 20°C.
Fitted curves and data points are shown for parallel and perpendicular
fluorescence using a fixed excited state decay law, K(t) = exp(—¢/1,070
ps.). The fitted anisotropy obtained is r(#) = 0.396 exp(—t/157 ps). The
shift parameter was 32.2 ps. Residuals, weighted according to Poisson
statistics, are shown for both curves, the lower and upper plots are for
parallel and perpendicular curves, respectively. Statistical parameters for
this fit are given in Table 1. The eight vertical dashes above the curves
indicate the starting positions of the ranges fit to obtain results in Table
IL

(Z = 2.436), and runs, Z = —3.071. The extracted
parameters are 7(0) = 0.396, v, = 157.4 ps.

To obtain an independent measurement of 7, time-
resolved polarization spectroscopy (54) was used to mea-
sure the ground state rotation time of eosin in water at
27°C by D. Waldeck and M. Chang (personal communica-
tion). The anisotropic absorption signal they obtained fit
well to a single exponential decay time of 62 ps. If it is
assumed that the excited and ground state reorientation
times are equal the measured signal is given by (54)

I(t) = e/ [¢e™"!" + (1 - )], (24)

where 7, is the rotational lifetime, ¢ is the sum of the
fluorescence quantum and internal conversion yields, and
7; is the fluorescence lifetime. A first-order expansion of
this equation is used to interpret the single exponential
fitted time constant, giving

L 5)

where 7, is the measured time constant. Using ¢ = 0.26
(75), we obtain 7, = 128 ps at 27°C. This can be compared
with the time constant obtained in this work by assuming a
Stokes-Einstein dependence of the rotation time. Using the
ratios of absolute temperatures and viscosities of water at
20 and 27°C, the polarization spectroscopy measurement
predicts 7, = 154 ps at 20°C, which provides a standard for
comparison with the fluorescence measurements.

The results of the fluorescence fitting methods are
summarized in Table I. Two aspects of the simultaneous
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fitting result provide evidence that it gives the best estimate
of the r(¢) parameters. First, the 7(0) value for simulta-
neous fitting differs from the theoretical limiting value of
0.4 by only 1%. This measurement is also in agreement
with the value of 0.40 + 0.02 obtained by Fleming et al.
(31). Second, 7, obtained by simultaneous fitting is in
closest agreement with the polarization spectroscopy value.
The agreement with the value obtained by Robbins (180 +
20 ps) using streak camera techniques is also good (76).

The statistical Z values for the D(¢) and Iy(¢) fits are
somewhat better than those for simultaneous fitting. This
indicates that simultaneous fitting is more sensitive to
systematic error than these other two methods. Generally,
the systematic error is not detected as well by these other
methods because the propagated error due to counting
statistics serves to mask the presence of systematic errors.
Because the simultaneous fitting is made directly on the
measured curves rather than on curves constructed from
the data, the Poisson statistics that apply to the number of
counts recorded in each channel are preserved. Even if the
instrument function is so narrow that convolution does not
effect the decay curves, construction of the function R(#)
introduces scatter into the data. Although the propagation
of errors made in this way can be calculated and has been
treated properly by Wahl for R(¢) (14), such manipula-
tions always increase the scatter in the resultant data and
tend to mask systematic errors that may be present.

Also, because D(#) is the convolution of r(z) K(1), the
accuracy in r(0) extracted from fitting D(#) will always be
limited by the accuracy of the value of K(0) extracted from
the corresponding fit to S(¢). In the simultaneous fitting
method, a parameter for the overall height is also fit, but it
is essentially the ratio of heights of the two curves that
determine 7(0) rather than the overall height.

Because the rising edges of the fluorescence curve
apparently contain important information about the short
time behavior of 7(z), this might cast doubt on the validity
of results obtained when the rising edge of the curve (or
curves) is not fit, as is often the case when the instrument
function shape is sensitive to emission wavelength (72). We
have investigated this point for the data presented here by
varying the range over which the data are fit in the
simultaneous and difference fitting procedures.

Table II shows the results of this investigation for the
eosin data. For this data set, the peaks of the instrument
function, and parallel and perpendicular decay curves
occur at channel numbers 130, 138, and 144, respectively.
If the fitting is begun after the peak of Ij (channel 138), the
r(0) and 7, values extracted by either method are signifi-
cantly in error. Not surprisingly, if the fit is begun after the
Iy and I, curves have almost merged (e.g., channel 160),
nonsensical results are obtained for the r(0) and « values
even though the x? is good.

Another test for the influence of fitting ranges was made
by simulating decay curves assuming that K(7) was a single
exponential decay with a lifetime of 1.0 ns, and the

TABLE 11
FITTED PARAMETERS OBTAINED FOR EOSIN
DATA AS FUNCTION OF FITTING RANGE

Range Simultaneous fit D(2) fit
(channel
number) x  r(0) . x' 1(0) 7
1:500 .11 0396 157 096 0.358 181
100:500 1.16 0.395 157 1.00 0.358 181
110:500 1.17  0.395 158 1.01 0.358 181
120:500 1.17 0394 158 1.02 0.357 182
130:500 1.08 0377 167 095 0.333 207
140:500 101 0293 205 093 0.509 246
150:500 1.01 0228 247 094 0.850 240
160:500 1.00 2.89 71 095 1.179 206

anisotropy was heterogeneous, with r(¢) = 0.30 exp(—¢/5
ns) + 0.10exp(—¢/100 ps). If the data were analyzed
assuming a single exponential r(¢) fitting over the entire
range for simultaneous fitting, we obtained x? = 1.52 (Z =
—4.0), r(0) = 0.326, 7, = 3.94 ns, while for fits to D(1) we
obtained x? = 1.32(Z = —1.8), 7(0) = 0.320, 7, = 4.28 ns.
Thus, both methods detect the presence of systematic
error, namely an incorrect functional form, although the
simultaneous methods results are somewhat more sensitive
to the error as evidenced by the larger x? and | Z| value.
When the decays were fit over a time range that started
after the peak of the fluorescence decay functions, a single
exponential r(z) with a lifetime of ~S ns gave acceptable
statistical criteria, indicating that it may be necessary to fit
at least part of the rising edges of the curves to obtain
reliable short components of a nonexponential 7(£). Simul-
taneous fitting gave better results than D(?) fitting in the
sense that as the lower time limit of the fit was decreased to
include the rising edges of the curves, the statistical criteria
for the single exponential fits for simultaneous fitting
began to indicate the presence of systematic error before
the critera for D(¢) fits.

Additional simulations were done to test the response of
the methods to a different kind of systematic error. Before
convolution, the fluorescence decay functions were multi-

plied by a factor

x(0) = [1 + esin(' +T ¢) ] (26)

For the simulations, we chose a single exponential K(r)
with a lifetime of 1 ns and 7(¢) = 0.4 exp(—¢/100 ps). The
period of the sinusoidal noise was 1 ns, and the relative
amplitude € was 0.05. When the parallel and perpendicular
curves were generated with the noise 180° out-of-phase
(i.e., ¢y — ¢, = 500 ps), both simultaneous fitting and D(¢)
fitting detected the presence of systematic error, as indi-
cated by X2 = 2.2, and X? = 2.5, respectively. However,
when the phases of the noise were the same in both curves,
the simultaneous fits gave X2 = 1.9, while D() fits gave X?
= 0.9. In the latter case, the D(¢) fit failed to detect the
systematic error. Averaging over all cases, we obtained for
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the percent error in the extracted »(0) and 7,, 8 and 15%,
respectively, for D(¢) fitting and 3 and 17%, respectively,
for simultaneous fitting.

DISCUSSION

We have reviewed the different methods used to analyze
time-resolved fluorescence anisotropy data and explored
the effects of some systematic errors on the extracted
parameters. It has been demonstrated that to obtain
reliable information about rapid anisotropy decays, convo-
lution must be taken into account, and the rising edges of
the fluorescence curves should be included in the analysis.
The results in Table II demonstrate that even if the fits are
begun from the maximum of the fluorescence emission
curves, it is possible to introduce significant error in the
extracted anisotropy parameters. Simulations of heteroge-
neous anisotropy decays showed that it is possible to
overlook a short component in the anisotropy if the fitting
range does not include enough of the beginning portions of
the decays, although the simultaneous fitting method
needs less of a range to detect the presence of a short
component.

The commonly used method of fitting D(z) can give
accurate results, but because of the manipulation of the
data in constructing the difference function, there is a
tendency to mask systematic errors that may be present.
Thus, in precise work where the anisotropy decay law is
nonexponential, it is possible that a fit to D(¢) may appear
to be correct even though the model function is incorrect.
Because the simultaneous fitting method acts on the raw
data rather than constructs of it, it is more sensitive to
systematic errors and has been shown in some cases to
detect errors when other methods cannot.

Knutson and co-workers (77) recently described a
method for simultaneous analysis of sets of time-resolved
fluorescence decays. The method is applied to the case
where there are two decay components with known identi-
cal decay times in each curve, but differing ratios of
pre-exponential factors. They demonstrate that the global
method gives superior results to fitting the individual
curves separately, because it takes into account the rela-
tions that exist between the individual decay curves. Our
method of simultaneous fitting similarly takes into account
the relationship between parallel and perpendicular decay
curves, and analogously produces results superior to those
obtained when fitting the parallel curve only, for example.

Our method differs from the method of Knutson et al.
(77) in that we fit only two curves simultaneously while
they can fit several. However, we note that several polar-
ized fluorescence curves could be accumulated at various
settings of the analyzing polarizer between the parallel and
perpendicular directions generating a set of curves with
known relationships, so that there is the possibility of using
the global method to analyze anisotropy experiments.

The case of single exponential r(¢¥) and K(¢) is the
simplest experimentally. Extra parameters introduced in
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the fitting procedure from nonexponential r(¢) and/or K(¢)
place a greater constraint on the care with which the fitting
must be done. In addition, for experiments in the UV (e.g.,
on tryptophan), there is the difficulty of a greater wave-
length dependence of the photomultiplier response than in
the visible region. We will address these issues in detail ina
future publication.
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