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Abstract

We describe a new fluorescence method that allows the resolution of both the decay times and
emission spectra of mixtures of fluorophores. This method is completely general and does not
require any assumptions or knowledge of the decay times, or emission spectra of the individual
fluorophores. We use the phase angle spectra and modulation spectra of the mixture, measured
over a range of suitable light modulation frequencies and emission wavelengths. These data are
analyzed by nonlinear least-squares analysis to recover the emission spectra and the associated
decay times. The principle of the method and the nature of the data are Illustrated by using two-
component mixtures with Increasing spectral overlap. We then demonstrate the recovery of minor
components, of structure emission spectra, and of a three-component mixture with completed
overlapping emission spectra. And finally, we describe the resolution of a two-component mixture
with decay times of 0.8 and 1.4 ns using modulation frequencies up to 774 MHz.

INTRODUCTION

Fluorescence spectroscopy is a widely used methodology in biochemical research (1-5), in
chemical analysis (6) and in clinical research (7, 8). Until recently the analytical applications
fluorescence were limited to the use of the steady-state intensities, this being the result of the
complex and/or expensive instrumentation required for time-resolved measurements.
However, there are many advantages in the use of time-dependent fluorescence data. The
emission spectra of most fluorophores are broad, unstructured, unusually overlap on the
wavelength scale. In such cases the decay times of the fluorophores are often distinct and
can provide the basis for resolution of the individual components. Additionally, fluorescence
decay times are largely independent of the total fluorophore concentration and/or signal
intensity. Consequently, decay times can be accurately determined in absorbing and/or
scattering media such as cell cultures, body fluids or tissues. Consequently, time-resolved
measurements can be accomplished for complex samples, whose optical properties preclude
the use of the steady-state intensities.

There are two dominant methods of obtaining time-dependent data. These are the time-
domain (TD) methods, most commonly time-correlated single-photon counting (9, 10), and
the frequency-domain (FD) method (11, 12). In the latter FD method the more familiar
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pulsed excitation is replaced with an intensity modulated light source. The measured values
are the phase lag and modulation of the emission, relative to the incident light, measured
over a range of modulation frequencies. The frequency-domain method is now widely used
in chemical and biochemical research (13-16). The FD measurements provide resolution of
mixtures of fluorophores (17,18), excited-state reactions (19,20), solvent relaxation (21, 22),
time-dependent anisotropy decays (23-26), lifetime dis tributions (27-29), distance
distributions (30,31) and transient effects in diffusive quenching (32,33). These advanced
applications have been made possible by the development of the frequency-domain
instruments, which allow measurement over a wide range of modulation frequencies
(11,12,34). However, comparatively little effort has been directed toward the use of these
modern instruments to recover the emission spectra and decay times of components present
in mixtures of fluorophores.

Prior to the introduction of the variable-frequency FD instruments, the only available phase-
modulation fluorometers operated at one to three fixed modulation frequencies. Weber
devised an analytical solution to obtain the decay times of A/components from data
measured at N frequencies (35,36). This method appears to be unstable (37, 38) and
sensitive to the small systematic errors which were present in data obtained from the fixed-
frequency instruments (38—40). This method has not been used to recover the emission
spectra of the components.

The usefulness of the fixed-frequency instruments for the resolution of emission spectra was
enhanced by the use of phase-sensitive detection (41,42). This method was described
initially by Vesolova and co-workers for the resolution of a two-component mixture of
fluorophores (43) and was later used for the resolution of fluorescence and phosphorescence
(44). This method was made considerably simpler by performing the phase-sensitive
detection on the low-frequency cross-correlation signals (41,42). Following this innovation
there was rapid development of this method in a number of laboratories. The method was
used for suppression of background fluorescence in Raman spectroscopy (45, 46), for
studies of ligand binding to macromolecules (47,48), and for resolution of mixtures with
more than two components (49, 50). The method was also modified to allow decomposition
of the emission spectra using known decay times (51) or to allow recovery of the decay
times and fraction intensities of the components using the known shapes for the emission
spectra (52, 53).

While the phase-sensitive methods described above have found some utility, they are all
limited by the need to know either the emission spectrum or the decay times of the
individual fluorophores. This is because the measurements are performed at a single
modulation frequency, which does not provide adequate information content to recover both
the decay times and the spectral shapes. Additionally, the phase-sensitive intensities are
stationary values that do not reveal the phase angle or modulation of the emission, unless the
data are measured over a range of detector phase angles. Even then the data at a single
modulation frequency reveal only a single weighted phase angle for the total emission,
which is not adequate to recover both the phase angles and the relative intensities of the
components in the mixture. Hence, measurement of the phase-sensitive intensity results in
loss of the phase and modulation information, which must then be recovered by multiple
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measurements at various detector phase angles. Additionally, recovery of the modulation
information requires the assumption that each component displays a single exponential
decay and that there are no excited-state reactions. And finally, the method of phase
suppression to record the individual emission spectra is only possible for two-component
mixtures because only one emission can be suppressed in a single phase-sensitive emission
spectrum.

The limitations described above can be circumvented to modern phase fluorometers which
allow measurements over a wide range of modulation frequencies. In the present report we
describe an extension of the frequency-domain method to provide resolution of both the
emission spectra and the decay times of the individual fluorophores, without any
assumptions about the spectra shapes, fractional contributions, decay times, or phase angles.
In this method we scan the emission wavelength while simultaneously recording
wavelength-dependent phase angle and modulation. The phase angle and modulation spectra
(PM Spec) are recorded over an appropriate range of modulation frequencies. Nonlinear
least-squares analysis yields the individual emission spectra and the decay times of each
component in the mixture. To demonstrate the resolution available using this method, we
report the resolution of three completely overlapping emission spectra for fluorophores with
only a 3-fold range of decay times (3.7-11.7 ns). Additionally, we describe the resolution of
two structured emission spectra for fluorophores with decay times of 0.8 and 1.4 ns. These
results demonstrate that PM Spec is a powerful method for the resolution of multicomponent
mixtures of fluorophores.

Time and Frequency Domain Expressions.

The sample is assumed to consist of a mixture of fluorophores, each of which displays a
single exponential decay time. The time-dependent emission of each wavelength () is then
a multiexponential decay

—tlt.
IA,0= Y a@e @)
i

where the preexponential factors (a{A)) depend on emission wavelength. The decay times
(7)) are assumed to be characteristic of each component in the mixture and to be independent
of wavelength for each component. At each emission wavelength the fractional intensity of
each component is given by

Lo,
fiA)= W @]

The fractional contribution of each component to the total emission is given by

1
F;= N;f,-w ®
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where Nis the number of emission wavelengths.

The frequency-domain data consist of phase (¢, ) and modulation (/7 ) values, each
measured over a range light of modulation frequencies (w) and emission wavelengths (\.).
For a multiexponential decay these values are given by

tan ¢w/1 =N a)ﬂ/D wA @
2 211/2
mw/1=[Nw/1 +D,,; ] )
where
(Jc.(/l)ar[.2
N .J, = v (6)
wA” A zl: 1+ w21i2
a(A)r.
D .J, = _ vt 7
wit 2 Zl] |t 022 )
and

J,= ;aj(/l)rj

The data consist of multiple sets of phase and modulation spectra, each measured at a single
modulation frequency. These data sets are fit by using nonlinear least squares (54). The
goodness-of-fit is given by

2 1 ¢a)ﬂ - ¢w/1c ’ 1 M) — ma)/lc :

s e N
where ¢ indicates the values calculated for the assumed parameter values (z;and a{\)) and
vis the number of degrees of freedom. In our analysis the decay times (z;) and amplitudes
(af{\)) are floating parameters, with the restriction that Z,aj(\) = 1.0. At the beginning of
the analysis the values of a{\) are set equal to 0.5 for a two-component mixture and 0.33
for a three-component mixture. The weighting factors (64,1 and ém,,,) are given by the
actual standard deviations found for each measurement, typically after 10-30 individual
measurements at a single wavelength and modulation frequency. The values (6¢,,, and
émy,y) are written to the same data file which contains the phase and modulation data.

Emission Spectra of Components.

The emission spectrum of each component (/(\)) is calculated from its fractional intensity
at each wavelength (7{\) from eq 2) and the steady-state emission spectrum (/g(\)) of the
sample
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1,(A) = f(DI(A) ©)

Apparent Decay Times.

Irrespective of the complexity of the decay at each wavelength, it is possible to interpret the
phase and modulation values in terms of apparent decay times

¢ _1
T app(/l) = wtan ?, (10)
| | 1/2
A== - ll (1)
om0

While this can be a useful representation of the data, it should be remembered that these are
only apparent values, which are the result of a complex frequency-dependent weighing of
the individual decay times. Furthermore, it is these weighted values that define the data
measured at a single modulation value. There is no general method to recover the component

decay times (z; (A)) and amplitudes (a{\)) from these limited data T‘/’app(ﬂ) and Tmapp(/l)).

These apparent values have been used occasionally to fit the data in terms of the
multiexponential model (40,55). While this approach, when used with caution, may yield
acceptable results, the fitting to apparent lifetimes should be discouraged. Constant errors in
¢, OF M, do not translate linearly into errors in 75 and z,. Hence, it is difficult to even
approximately estimate the uncertainties, which is necessary for the least-squares analysis.
Importantly, the single frequency measurements do not contain adequate information to
recover multiexponential decay parameters.

EXPERIMENTAL SECTION

Phase and modulation spectra were obtained by using the frequency-domain fluorometer
described previously (12,34), with the data acquisition being controlled by a DEC Minc
11/23. An emission monochromator with automatic scanning was added to obtain the
wavelength-dependent data. At each modulation frequency we first measured the phase and
modulation of the reference, which was typically scattered light from a Ludox suspension at
the excitation wavelength. This instrument, when used with the microchannel plate detector,
displays no measurable wavelength dependence and hence it was not necessary to use
reference fluorophores (39). The emission wavelength is then scanned, with continuous
recording of the phase and modulation values. The emission bandwidth was 8 nm. At each
wavelength we typically measure 10 to 30 phase and modulation values. Additionally, we
record the standard deviations of these values (64, and 6m,,,), which are used for
weighing the data during least-squares analysis (eq 8). After completion of the scan, the
reference is again measured, and the scan accepted or rejected based on the stability of the
reference values. For measurements performed with the R928 squirrel-cage photomultiplier
tube (PMT), we occasionally recorded phase and modulation spectra using lifetime
standards, followed by appropriate correction for the decay time of the standard.
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The light source and method of obtaining modulated light was varied to suit the absorption
spectra and decay times of the fluorophore. For mixtures containing acriflavin (ACF),
acridine orange (AO), 3-aminofluoranthene (AFA) and 7-(benzyl-amino)-4-nitrobenz-2-
oxa-1,3-diazole (BBD), we used the 442-nm line from a HeCd laser. The intensity was
modulated by using a Lasermetrics 1024 electrooptic modulator (12), and the emission was
detected with an internally crowcorrelated Hamamatsu R928 PMT (12). For mixtures
containing perylene (Per) and 9-aminoacridine (9-AA), we used the harmonic content of a
pyri-dine-2 dye laser, frequency doubled to 375 nm. For diphenyloxazole (PPO) and &
quaterphenyl (p-QP) we used the output of a R6G dye laser, frequency-doubled to 300 nm.
Both dye lasers were cavity-dumped at 3.79 MHz and were synchronously pumped with a
mode-locked argon ion laser. For these measurements the detector was an externally cross-
correlated R1564 microchannel plate PMT, also from Hamamatsu (34). Magic angle
polarizer orientations were used to avoid the effects of Brownian rotation.

For comparative purposes the decay times of the individual compounds and the mixtures
were also recovered from the more usual frequency-domain (FD) method (17,18). In this
case the phase and modulation of the sample were measured using wideband emission filters
over a range of modulation frequencies, followed by least-squares analysis as described
previously Solutions in ethanol or cyclohexane were purged with N2 to remove dissolved
oxygen. Propylene glycol solutions were not purged. The total optical density in the longest
absorption band was near 0.1.

Partially Overlapping Two-Component Mixture.

The nature of the phase and modulation spectra is best illustrated for a mixture of
fluorophores with incomplete spectral overlap and a large difference in the decay times.
Partial overlap of the emission spectra allows one to visualize the contributions of each
component on the sides of the emission from the mixture. These conditions were satisfied
using a mixture of acriflavin (ACF) and 3-minofluoranthen (AFA), which display decay
times of 4.0 and 11.7 ns, respectively. The ACF () emission is centered near 490 nm and
that of AFA (O) near 530 nm (Figure 1). Also shown is the emission spectrum of the
mixture (A) which contains equivalent amounts of each of the single-component solutions.

Phase angle and modulation spectra at representative frequencies are shown in Figure 2. The
phase angles increase and the modulation decreases with increasing emission wavelength.
This is due to the longer decay time of the AFA whose emission becomes more dominant at
longer emission wavelengths. The wavelength-dependence of ¢.,(A) and m,(A)is monotonic
because the fractional contribution of AFA to the emission increases monotonically with
increasing wavelength. The increased uncertainty in the phase angles at 102 MHz is due to
the lower amplitude of the modulated emission.

It is also possible to present the data in terms of the apparent phase and modulation lifetimes
(egs 10 and 11). The apparent lifetimes increase with increasing emission wavelength
(Figure 3). At high frequencies the apparent phase lifetimes display considerable
uncertainty, which illustrates how uncertainties in the phase angles can be amplified when
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presented in terms of apparent phase lifetimes. Additionally, there are greater uncertainties
in the apparent modulation lifetimes at 6 MHz, which is the result of the small amount of
demodulation at this frequency. While such a presentation of the data is informative with
regard to the time scale of the emission, it should be recalled that these values are
interpretations of the experimentally measured values. For this reason we prefer the direct
presentation of the phase and modulation spectra (Figure 2). It should be noted that the
apparent decay times show zm > 74, as is expected for a multiexponential decay with
positive preexponential factors (56, 57).

The decay times and amplitudes recovered for the pure compounds and for this mixture are
summarized in Table I. We recovered essentially the same decay times from ACF and AFA
from the PM Spec analysis and from the more common frequency-domain measurements.
Also, there is no decrease in XRZ when the PM Spec of each pure compound are analyzed
using the two-component model, as is illustrated for the attempted two-component analysis
of AFA (Table I). This is an important result because it indicates that the PM Spec data do
not contain systematic errors which result in the apparent presence of a second component.

It should be emphasized that the recovered emission spectra and amplitudes are in
agreement with the known emission spectra of the pure components and the known
composition of the mixture (Figure 1). It is also important to note that the value of XRZ
decreases 230-fold for the two-component analysis. Such a large decrease in XRZ implies
certainty in the presence of at least two components in the mixture.

Strongly Overlapping Two-Component Mixture.

We next examined a mixture with similar decay times, but one with the completely
overlapping emission spectra. Such a sample is more difficult to resolve because the two
components contribute more equally at all emission wavelengths, which results in more
redundancy in the data. Overlapping emission spectra were obtained by using acridine
orange (AO, 3.7 ns) and AFA (11.7 ns), both of which display emission maximum near
52C-530 nm (Figure 4). The emission spectrum of AFA is more broadly distributed on the
wavelength scale than is the spectrum of AQ, so that the longer decay time is expected to be
most evident on the blue and red sides of the emission.

The phase modulation spectra for the AO-AFA mixture are shown in Figure 5. The phase
angles display a minimum, and the modulation a maximum, in the central region of the
spectra. This effect is due to the higher contribution of AO (with its shorter decay time) in
the central region of the emission. The spectra profiles and amplitudes (Figure 4) recovered
from the data (l, @) were found to be in precise which contained a single component
(O,0). The decay times (Table 1) were also in agreement with the expected values (expected
for AO and AFA, 3.69 and 11.72; found, 3.90 and 12.35 ns). These results demonstrate that
even complete spectral overlap does not have a significant effect on the ability to recover the
spectral parameters. However, it is important to recognize that the components could not be
resolved if the decay times were identical, even if the emission spectra were distinct. This is
because resolution of the decay times and spectra depends on a difference in the decay
times. From this perspective it would be challenging to resolve a mixture of AO and ACF,
where the decay times are 3.69 and 3.95 ns, respectively.
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Three Overlapping Components.

To further evaluate the resolution obtainable using the phase-modulation spectra, we
examined a mixture of three fluorophores whose emission spectra overlap completely and
with a total lifetimes range of only 3-fold. The emission spectra of these components (AQ,
3.7 ns; BBD, 6.2 ns; and ACF, 11.7 ns) are shown in Figure 6. The phase and modulation
spectra (Figure 7) show little detail.

The spectra recovered from the mixture are shown in Figure 6. In spite of the complexity of
this mixture, the emission spectra and amplitudes were recovered with reasonable precision.
Additionally the decay times and total amplitudes (£ are in good agreement with the
expected values (Table 11). We note that this mixture was also difficult to resolve by the FD
method. In fact, it was necessary to fix one of the decay times to obtain a reliable
minimization (Table 11). These results demonstrate that even three strongly overlapping
spectra and closely spaced decay times can be recovered by using our method.

Structured Emission Spectra and Minor Components.

It is instructive to examine the resolution of overlapping spectra, each of which contains
vibrational structure. Such an experiment tests whether the amplitudes at adjacent
wavelengths are well determined by the data. Such a sample was provided in a mixture of
perylene (per, 5.1 ns) and 9-aminoacridine (9-AA) (14.2 ns). Their emission spectra overlap
(Figure 8), with the peaks and valleys being interlaced. The phase angle and modulation
spectra show maximum and minimum dependent upon whether perylene or 9-AA is the
dominant emitter, respectively (Figure 9). The solid line shows the best fit to the data using
the two decay time model. While the fit is not perfect at all wavelengths, the data were
adequate to yield excellent recovery of the spectra (Figure 8), decay times, and amplitudes
(Table I11).

We also examined the usefulness of the phase-modulation spectra for recovery of a minor
component in the emission. For this purpose we used a solution that contained dominately 9-
AA (~93%) and a small amount of perylene (=7 %). In spite of the small amplitude due to
perylene, its spectrum and intensity were recovered from the data (Figure 10 and Table I1I).

Subnanosecond Components.

And finally we questioned our ability to resolve fluorophores with decay times near 1 ns. We
chose a mixture of 2,5-diphenyloxazole (PPO, 1.42 ns) and p-quarterphenyl (p-QP, 0.80 ns),
whose emission spectra are structured and overlap nearly completely (Figure 11). The phase
and modulation spectra were collected at frequencies ranging to 774 MHz (Figure 12).
These spectra show modest peaks and valleys corresponding to the emission of PPO and o~
QP. The dashed lines in Figure 12 show the best single decay time fit. Naturally, the phase
and modulation are constant with wavelength at each frequency. The two decay time fit
display the same maximum and minimum as found in the data. Importantly, the emission
spectra (Figure 11), decay times, and amplitudes (Table I11) recovered from the data are in
excellent agreement with the expected values. Hence, even subnanosecond components can
be recovered by using this method.
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DISCUSSION

We have demonstrated that phase-modulation spectra can be used to recover the emission
spectra, decay times, and amplitudes of multicomponent mixtures. While phase-sensitive
measurements have been previously used for such resolutions (58—-60), these more limited
data require calibration measurements with the individual fluorophores, measurement at a
number of detector phase angles, followed by fitting the phase-sensitive intensities to a
cosine function. This procedure is equivalent to determining the phase angle of each
fluorophore, which in turn is equivalent to knowing its decay time (eq 10). The method
described in the present paper does not require prior knowledge of the decay times and does
not require measurements on the isolated components.

There appears to be many potential applications for our method, in addition to analytical
chemistry. An important feature of the method is that it does not require separation of the
components. Such separations are often impossible, as is the case with multi-tryptophan
proteins (61) and photosynthetic systems (62,63). In fact, energy transfer among the
photosynthetic pigments has already been briefly explored by use of phase angle spectra
(64-66). While the signal-to-noise and resolution of these early measurements may have
been unsatisfactory, it should be noted that these measurements did not take advantage of the
dramatic increase in signal-to-noise provided by cross-correlation detection. Additionally,
the frequency range can now be considerably higher than that used previously. In fact, recent
developments in this laboratory have extended the upper frequency limit for 2 to nearly 10
GHz (67), which has allowed resolution of components with decay times as short as 2 ps.
And finally, phase-mcdulation spectra may be of value in studies of solvent, protein, and
membrane dynamics. The single frequency measurements havve already been used to
estimate the solvent relaxation time of a tryptophan analogue in propylene glycol (68,69),
and variable frequency measurements have been used to calculate time-resolved emission
spectra (70, 71). The combination of gigahertz variable-frequency methods with wavelength
scanning should provide data adequate to test models for solvent-fluorophore dynamics and
interactions (72-75).
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complete data set consisted of PM Spec at 20 modulation frequencies.
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Figure 8.

Emission spectra (top) and recovered spectra (bottom) from a mixture of perylene and 9-AA,
in ethanol at 20 °C. [9-AA] = [perylene] = 5 x 1076 M.
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Emission spectra (top) and recovered spectra (bottom) from a solution of 9-AA with a small
amount of perylene, in ethanol at 20 °C. [9-AA] = 1 x 1075 M, [perylene] = 1 x 1076 M.
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Figure11.

Steady-state emission spectra (top) and recovered spectra (bottom) for a mixture of PPO and
P-QP, in cyclohexane at 20 °C. [PPO] = [p-QP] = 3 x 1076 M.
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Phase (top) and modulation spectra (bottom) for a mixture of PPO and p-QP. The solid and
dashed lines show the best two and one decay time fits, respectively.
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Table I.
Decay Times and Amplitudes for ACF, AFA, and AO, and for Two-Component Mixtures of ACF, AFA, and

AO
7, NS Fq XR?
sample expected®  found expectedb found FD PM Spec
ACF 3.95 3.98 1.0 10 03 0.6
AFA 11.72 12.04 1.0 1.0 0.5 0.8
AO 369° 3.73 1.0 10 01 12
ACF & AFAE 8.98d 8.47 1.0 1.0 46.7 79.3
3.95 3.79 0.32 0.31 0.5
11.72 11.19 0.68 0.69
AO&AFAT 72907 734 1.0 10 231 299
3.69 3.90 0.41 0.38 1.6
11.72 12.35 0.59 0.62

Page 24

a - Lo ) .
The lifetime values are the results from the usual FD measurements, where the emission is observed through a band-pass filter (Corning 3-71).

b . . .
The fractional intensity values are the results from steady-state measurements.

c . -
The FD measurements were performed with an emission wavelength of 522 nm.

d . - .
The results of the forced single exponential fits are not necessarily the same for the FD and PM Spec data.

IACF] =5 x 10~7 M and [AFA] = 2 x 1075 M.

7701 = 1.25 x 1076 M and [AFA] = 2 x 105 M.
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Decay Times and Amplitudes for Two-Component Mixtures

Table lll.

7, ns

sample expected®  found

Per + 9-AA° (50/50) 8.95

507 5267

1418 14.89

Per + 9-AA° (07/93) 1331
5.07 550

1418 1394

p-QP + PPO%Y (50/50) 112"
0.80 0.81
1.42 153

Fi

expected

0.42

0.07
0.93

0.48
0.52

b

found

1.0

0.38
0.62
1.0

0.05
0.95

1.0

0.46
0.54

XR
38.0

29

4.0

2.3
7.7

25

a
From the usual FD measurements.

b .
From the steady-state spectra normalized to 1.0.

Page 26

cThe FD measurements of Per + 9-AA were performed using a Corning 3—-74 emission filter, and of p-QP + PPO using a WG filter. [9-AA] = [Per]

=5x10"6Mm.

a . .
Measured at 12 modulation frequencies.

I9-AA]=1x 1075 M, [Per] = 1 x 1078 M.

fMeasured at 16 modulation frequencies.

9p-QP] = [PPO] = 3 x 1076 M.
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