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We describe the use of phase-sensitive detection of fluorescence to resolve the lifetimes and fractional intensities from 
multi-component fluorescence samples, using data obtained at a single modulation frequency. Phase-sensitive spectra of the 
mixture are recorded at arbitrarily chosen detector phase angles. The steady-state spectrum of each component must be 
known. The phase-sensitive spectra are fitted, using a nonlinear least-squares algorithm, to obtain the lifetimes and fractional 
intensities 01” each fluorophore in the mixture. Simulations for two- and three-component mixtures are presented to illustrate 
how the resolution is affected by spectral overlap and lifetime separation. Experimentally, we resolved two- and three-compo- 
nent mixtures of protein-like fluorophores (N-acetyl-L-tyrosinamide, N-acetyl-L-tryptophanamide, indole and 2,3-dimethylin- 
dole) using data collected at 30 MHz. These fluorophores have closely spaced lifetimes of 1.5, 2.9, 4.5 and 4.3 ns, respectively, 
and display extensive spectral overlap. These results demonstrate that phase-sensitive spectra, recorded at only one 
modulation frequency with a standard phase fluorometer, can be used to resolve multi-component emissions. 

1. Introduction 

A central difficulty of fluorescence spec- 
troscopy is the resolution of multi-component 
emission. Such emission arises from both the in- 
trinsic heterogeneity of single fluorophores and 
from the presence of multiple fluorophores. Many 
methods for the analysis of complex decays have 
been developed using both time-resolved [l-8] 
and phase-modulation spectroscopy [7-171. The 
usual objective is to obtain the lifetimes and frac- 
tional intensities of the individual emitting species. 
At present, fixed-frequency phase fluorometers are 
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p-terphenyl; POPOP, p-bis[2-(5phenyloxazolyl)]benene; 9- 
MA, 9-methylanthracene: 9,10-DPA, 9,10-diphenylanthracene; 
PSD, phase-sensitive detection; +D, detector phase angle. 

widely available and permit measurement at two 
or three modulation frequencies. Using these in- 
struments, two-component solutions have been re- 
solved using an analytical solution [9-121, nonlin- 
ear least-squares [12-141 or phase-sensitive detec- 
tion [15,16,18-211. The analytical solution intro- 
duced by Weber [9], in which N lifetimes can be 
determined from phase and modulation data at N 
frequencies, has been used to resolve two-compo- 
nent solutions at two frequencies [10,12] or one 
frequency [l l] using previously determined life- 
times. Fitting methods have also been used to 
determine the lifetimes of two components using 
data from two or three frequencies [12-141. 
Phase-sensitive detection has been used to recover 
the lifetimes or emission spectra by adjustment of 
the detector phase angle to be out of phase with 
the emission of one of the components [16,X3]. In 
general, all the above methods are rather cumber- 
some, requiring either precision in excess of that 
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generally available or careful adjustment of the 
detector phase angles. 

We developed a simpler method for the resolu- 
tion of multi-component emission using phase- 
sensitive detection. Phase-sensitive spectra are re- 
corded at a number of arbitrarily chosen detector 
phase angles. The steady-state emission spectra of 
the suspected components in the mixture are re- 
corded separately. A nonlinear least-squares al- 
gorithm fits the measured phase-sensitive spectra 
to calculated values, yielding the lifetimes and 
fractional intensities of the individual compo- 
nents. In a preliminary report we used this method 
to resolve successfully mixtures of POPOP, 9-MA 
and 9,10-DPA [22]. We now describe this proce- 
dure more completely. Simulated data for two- 
and three-component solutions are used to il- 
lustrate the appearance of the data, and how the 
resolution of lifetimes and fractional intensities is 
affected by increasing spectral overlap and de- 
creasing lifetime separation. Additionally, we pre- 
sent the experimental resolution of two- and 
three-component mixtures of tryptophan and 
tyrosine derivatives, with extensive spectral over- 
lap and closely spaced lifetimes of 1.5, 2.9,4.5 and 
4.3 ns. 

Our method for the analysis of phase-sensitive 
spectra allows for the first time the resolution of 
three-component mixtures from data collected with 
one modulation frequency, without previous 
knowledge of the lifetimes or fractional intensities. 
Another advantage of this technique is relatively 
rapid data acquisition. A disadvantage of the tech- 
nique is the requirement for known steady-state 
spectra. 

2. Theory 

In phase-modulation fluorometry the sample is 
excited with modulated light described by, 

I(t) = 1 + mex sin ot (1) 

where w = 2nF is the circular modulation 
frequency, F the frequency in cycles/s and me. 
the modulation of the exciting light. The emission 
is also modulated but delayed by a phase angle Q 
and demodulated by a factor m, relative to the 

exciting light, 

F(r) = 1 + mcxml sin(wt - +r) (2) 

For a single-exponential decay the lifetime (7,) 
can be calculated from the measured quantities +, 
and m, using 

tan@,=W~, (3) 

m, = (1 + w%:)-1’2 (4) 

If the fluorescence is due to more than one species 
the individual lifetimes ( ri7i) must be determined by 
other methods [S]. 

For multi-component samples the modulated 
emission is a sum of the modulated intensity of 
each component, 

F(t) = zk,m, sin(wt-+,.) 
i 

(5) 

where k is a constant which depends upon the 
emission wavelength, concentration, extinction 
coefficient and quantum yield of each component. 
For each single-exponential component in the de- 
cay mi = cos (pi. 

In phase-sensitive detection, the wavelength-de- 
pendent emission is scanned as usual, but re- 
corded with a phase-sensitive detector [16]. The 
phase-sensitive spectrum 1,(X, +r,) is propor- 
tional to the steady-state intensity of each compo- 
nent and the cosine of the phase difference be- 
tween the emission of each component and the 
detector phase angle; 

Here, X is the emission wavelength, +o the detec- 
tor phase angle relative the incident light and k a 
constant. For the i-th component f, is the steady- 
state fractional intensity, Zjfj = 1.0, and I,(h) the 
area-normalized steady-state spectrum C,l,( h) = 
1.0. The phase-sensitive signal of each component 
is proportional to the cosine of the difference 
between the detector phase angle and the phase 
angle of that component as cos( +o - +,). For 
many fluorophores the lifetime, or phase angle, is 
constant across the emission spectrum. As (ho is 
varied the contribution of each component to the 
phase-sensitive spectra also varies. Because the 
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observed phase-sensitive intensity is a sum of the 
individual phase-sensitive intensities, the total in- 
tensity and spectral shape vary with &,. This 
variation of the phase-sensitive spectra with $I,, is 
the basis for calculating the individual lifetimes 
and fractional intensities from the spectra. 

We recover the lifetimes and fractional intensi- 
ties by the procedure of nonlinear least squares, 
based on the Marquardt algorithm as described by 
Bevington (chapter 11 in ref. 31). We simulta- 
neously measure two phase-sensitive spectra, one 
at the detector phase angle, +o and the other at 
QrJ + 90”. We arbitrarily refer to these as the 
in-phase, ZP, and quadrature, 14, signals. Both sets 
of spectra are fitted in an iterative manner to 
calculated phase-sensitive spectra: 

xcos(+, + 90" -c&j (8) 
In these equations the assumed or calculated 
parameters are identified by the subscript c. The 
fractional intensities (f,,) and the individual phase 
angles (c/Q~) are varied to obtain the best match 
between the measured (IP and 1,) and calculated 
(I,, and I,,) spectra. The match is determined by 
searching for the minimum value of x2, which is 
the error-weighted sum of the squared deviations 
between the measured and calculated data, 

+&(A? @El) - C,GY orJ2 (9) 

The weighting factor (a) will be discussed below. 
The values of +,_i and f,, are those which minimize 
x2. The +C, are used to calculate the lifetimes by 
eq. 3. The goodness of fit is judged by the value of 
the reduced x2, 

x2R = x*/v (IO) 

where v is the number of degrees of freedom, 

v = 2N,N, -p_ (11) 

in which Nh is the number of emission wave- 
lengths, N, the number of detector phase angles 
and p the number of floating parameters (one for 
the first component, and two for each additional 
component). For values of c#P~,, and f,, which ade- 
quately describe the sample, the value of & is 
expected to fluctuate near 1.0, assuming the data 
contain random experimental errors. 

The magnitude of xi is dependent on the 
weighting factor used. The usual weighting factor 
for a nonlinear least-squares analysis is l/a’, 
where (u2)lj2 is the standard deviation of the 
measurement [31], In our measurements the noise 
level is probably statistical and dependent on the 
total signal level (photons/ time interval) [32]. The 
standard deviation of such signals is often esti- 
mated by the square root of the total signal level 
[31,32]. The total signal should be considered, and 
not the phase-sensitive intensity, because the noise 
exists independently of the phase-sensitive detec- 
tor and its phase angle. Hence, the noise in the 
phase-sensitive intensity should be comparable to 
that in the total fluorescence intensity. However, it 
was not convenient to measure the total signal 
level simultaneously with the phase-sensitive spec- 
tra. This is because the two signals should be 
measured using the same gain, which was not 
practical since our lock-in amplifier does not 
amplify the d.c. component of the modulated sig- 
nal. However, the total amplitude of the mod- 
ulated emission or magnitude spectra, I,,,(h), was 
available as a direct output of the lock-in ampli- 
fier. We measured this signal simultaneously and 
at the same gain as the phase-sensitive spectra. 
The magnitude spectrum is proportional to the 
total steady-state spectra after attenuation of each 
component by m,; 

(12) 

The average value of I,(h) over the measured 
wavelengths r,(x), was used in the weighting 
factor 

u = 0.01S(l,o)“’ (13) 

where S is the percentage noise estimated for the 
data. 
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3. Methods 

3.1. Measurements 

The data were obtained using a phase-modula- 
tion spectrofluorometer with a 30 MHz modula- 
tion frequency, 280 nm excitation, an excitation 
bandpass of 4 nm, an emission bandpass of 16 nm 
and the polarizers removed for increased sensitiv- 
ity. The transmission properties of the emission 
monochrometer distort the emission spectra be- 
tween 380 and 410 nm. This artifact could be 
eliminated by use of a polarizer. However, this 
was unacceptable due to the decreased intensity 
and signal-to-noise ratio. The emission wave- 
lengths varied from 290 to 450 nm, at 5-nm steps 
and 5 s per step. Data collected at 5-nm intervals 
gave similar results to those collected at l-nm 
steps, but the use of 5-nm intervals substantially 
decreased the time needed for acquisition and 
analysis. Steady-state spectra of single-component 
solutions were measured in the same instrument 
with unmodulated illumination. For phase-sensi- 
tive spectra the cross-correlated signal from the 
phase fluorometer was measured with a model 
5204 lock-in analyzer (Princeton Applied Re- 
search) using 250 mV sensitivity and a 0.1 Hz time 
constant. 

It is necessary to know the value of the detector 
phase angles, $Q,, relative to the phase angle of the 
modulated excitation, and to minimize the depen- 
dence of the time response of the photomultiplier 
on the wavelength and geometrical distribution of 
light incident upon the photocathode [33]. The 
phase angle of a reference fluorophore, $rrrf, was 
determined before each scan [16] and the apparent 
value used to determine the actual value of tiD. In 
this study p-ter was used with a reference lifetime 
of 1.05 ns. The phase shift of p-ter is 11.17” at 30 
MHz (eq. 3). The phase shift of a fluorophore 
corresponds to the value of the detector phase 
angle at which its phase-sensitive intensity is at a 
maximum. In practice, it is more precise to de- 
termine the phase angle of a fluorophore by find- 
ing the detector phase angle that gives complete 
suppression of the signal, at QD + 90 o [ 161. The 
true phase angle $o is obtained by adding & = 
11.17” to the apparent phase angle. 

The detector phase angle was set to the desired 
value and the phase-sensitive spectra were ob- 
tained by scanning the emission wavelength. Typi- 
cally 8-20 phase-sensitive spectra were recorded 
at arbitrarily chosen detector phase angles be- 
tween 0 and 280”. Initially, spectra at about 20 
different qn were recorded, but it was noticed 
that slightly better results were obtained using 
fewer spectra. This was probably due to the shorter 
time for data acquisition and instability of the 
degree of modulation of the exciting light over 
long periods of time. The spectra were recorded 
using data acquisition programs for a MINC 
11/23 computer (Digital Equipment Corp.). The 
program samples 20 intensities per wavelength at 
a rate of 20 per s, after a stabilization period 
following each change in wavelength. The com- 
puter simultaneously records the in-phase (+D), 
quadrature (+D + 90”) and magnitude spectra. 

Indole, DMI, NATyA, NATrA and p-ter were 
obtained from Aldrich Chemical Co. and used 
without further purification. All solutions were 
measured at 2O”C, in 25 mM Tris-HCl (pH 7.5) 
except p-ter was in 100% ethanol. The lifetimes of 
the individual components were measured as de- 
scribed previously [30,33], relative to p-ter with 
the excitation and emission polarizers removed 
and the emission observed using 10 nm bandpass 
interference filters. These filters were NATyA, 313 
nm; NATrA, 360 nm; Indole, 340 nm; and DMI, 
380 nm. The lifetimes shown are the average of 
the phase and modulation lifetimes which are. 
approximately equal in all cases. 

3.2. Analysis 

The phase-setisitive spectra were fitted using 
one to four components, where the number of 
components represents the number of emission 
spectra and lifetimes used by the fitting algorithm. 
Generally the fractional intensities and the life- 
times are all variables in the analysis, but our 
program allows any individual parameter to be 
held constant: The absolute magnitude of xi de- 
pends on the percentage noise (S) assumed to be 
present in the data. This value is chosen by experi- 
ence. For instance, if analysis of a known two- 
component mixture with a two-component model 
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yields xi near unity with 3% noise, then one 
knows the actual noise level is near 3%. Selection 
of the correct number of components is in no way 
limited by the value of S. The chosen value of S 
does not alter the relative values of x”, for differ- 
ent numbers of components. The use of a per- 
centage noise is conceptually convenient in that 
we maintain some estimate of the quality of the 
data, and the x’, values are easily interpreted. 

Our analysis program, written in Basic-11, runs 
on both MING 11/23 and DEC 11/73 computers 
and may be obtained from J.R.L. This program 
uses analytical derivatives with respect to jj and 9, 

-h sin d&(X> cos((P0 - 45) 
(14) 

dZ,(L b)r 
afi =cos @;Z,(X) cog+,-(P,) (15) 

3.3. Simulations 

For simulations the steady-state spectra were 
modeled by Gaussian distributions, 

‘si(‘) = $exp[ - i [qi?] (16) 

where A, is the emission maximum of the i-th 
component and w, the ‘standard deviation’ of the 
spectral distribution. This parameter is related to 
the full-width at half-maximum (c) by c = 
2.354~,. Phase-sensitive spectra with random noise 
were simulated using eqs. 7, 8 and 12. Typically, 
data were simulated from 300 to 450 nm at 5-nm 
steps, for 10 detector phase angles between 20 and 
200” of in-phase data and 110 and 290” for 
quadrature data (10 files with 20 Q~). For all 
simulations the full-width at half-maximum 
equalled 50 nm, the modulation frequency was 30 
MHz, fi =fi = 0.5 for two-component data and 
fi =f2 =f3 = 0.33 for three-component data. The 
simulated data were analyzed exactly as the ex- 
perimental data. In some cases an incorrect 
steady-state spectrum was used in the analysis, or 

one of the component lifetimes was held constant 
at an incorrect value. 

4. Results 

4.1. Simulated phase-sensitive spectra 

Simulated phase-sensitive spectra for two- and 
three-component solutions are shown to illustrate 
the appearance of the data. A two-component 
example is shown in fig. 1. The top panel shows 
the steady-state spectra for each of the two com- 
ponents; one with an emission maximum of (3,) 
330 nm ( -) and the second with an emission 
maximum (x,) of 380 nm (- - -). The magni- 

Emission Moxlmum 

0- I . 8 . 

.’ 300 340 3.90 420 300 340 380 420 

WAVELENGTH (nm) 

Fig. 1. Two-component simulated data. (Top) Steady-state 
emission spectra of two components; component 1 with an 
emission maximum, X, = 330 am, 71 = 2 ns ( -_) and 
component 2 with an emission maximum X, = 380 nm 
(- ~ -). (Middle) Magnitude spectrum for the mixture with 
r2 = 8 ns (left) or 4 ns (right). (Bottom) Phase-sensitive spectra 
of the mixtures at Q, = 30, 90, 130 and 170”. 
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tude spectrum shown in the middle left panel is 
for T, = 2 ns and To = 8 ns. The modulated inten- 
sity of the second 380 nm component is lower 
than that of the 330 nm component because the 
8.0 ns lifetime results in more demodulation than 
the 2.0 ns lifetime. At 30 MHz a 2.0 ns lifetime 
has a demodulation factor (m) of 0.936 while for 
8.0 ns NI = 0.556 (eq. 4). The magnitude spectrum 
is the sum of the steady-state spectrum of each 
component attenuated by the fractional intensity 
and demodulation factor of that component (eq. 
12). 

Representative phase-sensitive spectra of this 
simulated mixture are shown at the bottom left in 
fig. 1 for & = 30, 90, 130 and 170”. At 30” the 
phase-sensitive intensity of the first component is 
larger than that of the second component. As the 
value of the &, is increased to 90”, the phase-sen- 
sitive intensity of component 1 decreases more 
rapidly than that of component 2. At 130” the 
phase-sensitive intensity of component 1 is nega- 
tive while that of component 2 is still positive. 
Finally, as cp,, increases to 170” the phase-sensi- 
tive intensities of both components become nega- 
tive. This variation is due to the dependence of the 
phase-sensitive intensity of each component on $n 
and 9,. As the value of QD increases, COS(+~ - cl) 
decreases more rapidly than cos(+, - +*) when +1 
is smaller than &_ For example, here & = 21” and 
I$~ = 56” at 30 MHz (eq. 3). This figure demon- 
strates that the phase-sensitive intensity of the 
sample is a sum of the phase-sensitive intensities 
of each component. Importantly, the phase-sensi- 
tive intensity of each component varies with 
changes in Q,,. This differential weighting of the 
individual contributions to the phase-sensitive 
spectra forms the basis for resolving the individual 
components. 

For comparison the right-hand side of fig. 1 
illustrates the corresponding spectra for a solution 
with identical spectra except that r1 = 4.0 rather 
than 8.0 ns. The shorter second lifetime results in 
a different shape of the magnitude spectrum due 
to less demodulation of the 4 ns lifetime (m = 
0.799) relative to a 2.0 ns lifetime (m = 0.936). The 
phase-sensitive spectra of the solution with r2 = 4.0 
ns (lower right) are distinct from those with 72 = 8 
ns (lower right) at the same +,,. The dependence 

of the phase-sensitive spectra on the component 
lifetimes (or &) and detector phase angles (c$,,) 
permit the resolution of the lifetimes and frac- 
tional intensities for mixtures of fluorophores. 

Simulations for a three-component mixture are 
shown in fig. 2 The top panel shows the steady- 
state spectrum of each component. The emission 
maxima of the first and second components are as 
in fig. 1 and a third component is added with an 
emission maximum of 430 nm (m). The middle of 
the figure shows the magnitude spectrum if 71 = 2.0 
ns, r* = 5.0 ns and 73 = 8.0 ns (left) or 3.5 ns 
(right). The three Gaussian shapes are discernable 
in the spectra. As the lifetimes increase from 2.0 to 
8.0 ns, the magnitude spectrum of each compo- 
nent is less intense. The bottom panels show the 
phase-sensitive spectra at the same detector phase 
angles as in fig. 1. As for the two-component data, 

ol’ L. 

: 1.0 - L 
320 360 400 440 320 360 400 440 

WAVELENGTH (nm) 

Fig. 2. Three-component simulated data. (Top) Steady-state 
emission spectra of each component; A, = 330 nm, 7, = 2 ns 
----); x, = 380 nm, 71= 5 ns (- - -); x, = 430 nm 

I. -0). (Middle) Magnitude spectra for 73 = 8 ns (left) or 
3.5 ns (right). (Bottom) Phase-sensitive spectra at +. = 30, 90, 
130 and 170°. 
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the relative phase-sensitive intensities of each r2 = 5.0 and r3 = 8.0 ns. The dependence of the 
component vary with the value of +o, resulting in phase-sensitive spectra on the spectral distribution 
different spectral shapes. The right-hand side of of the components is illustrated by comparison of 
fig. 2 illustrates the magnitude and phase-sensitive the phase-sensitive spectra of the two different 
spectra for a three-component solution where all sets of data at the same a,, (figs. 2 and 3). The 
components are identical to those shown on the third component at 355 nm results in less obvious 
left, except that TV = 3.5 ns. The reduction of the contributions of each component to the spectra. 
third component lifetime from 8.0 to 3.5 ns results Figs. l-3 reveal the overall dependence of the 
in an increased intensity of that component in the shape of the sample phase-sensitive spectra on the 
magnitude spectrum and phase-sensitive spectra at lifetimes and the emission maxima of the individ- 
430 nm, due to the higher modulation of compo- ual components. We now question whether the 
nent 3. Clearly, the addition of a third component least-squares analysis of phase-sensitive spectra 
to the simulated data introduces a more difficult can yield reliable resolution of the individual com- 
resolution than two-component data. ponents. 

The phase-sensitive spectra depend on the spec- 
tral separation of the components (fig. 3). In this 
case the third component was positioned between 
the 330 and 380 emission maxima of the first two 
components. The spectral separation is thus de- 
creased from 50 to 25 nm, as shown at the top of 
the figure. For this set of simulated data 71 = 2.0, 

4.2. Analysis of simulated data 

Simulated data with random noise were 
analyzed just as experimental data to determine 
the individual spectra and lifetimes. The depen- 
dence of x’, on these parameters should indicate 
the reliability of the values recovered from the 
analysis, and how the uncertainties change as the 
lifetimes and spectra are brought closer together 
[17,31]. The results from the analysis of the two- 
component simulation in fig. I are shown in fig. 4. 
The solid lines are for fits of the widely spaced 
lifetimes (7, = 2 ns and 72 = 8 ns) and the dashed 
lines for 7, = 2 ns and 72 = 4 ns. Although the 
data were simulated between 300 and 420 nm at 
5-nm intervals, the data were fit using 11 wave- 
lengths between 330 and 380 nm, as shown by the 
two vertical dotted lines in fig. 1. Also, a total of 
20 phase-sensitive spectra were analyzed (10 in- 
phase and 10 quadrature spectra). To determine 
the dependence of xi upon the parameter values 
either 71 or TV was held constant at a value differ- 
ent from the correct one. If the value of x”, 
changes by only a small amount when a parameter 
is held constant this different value cannot be 
reasonably distinguished from the true value. Con- 
versely, if the values of xi increase dramatically 
one may conclude that the value of the parameter 
can be rejected. Alternatively, the steepness of the 
parabolas can be viewed as revealing the available 
resolution. Steep parabolas have well defined 
minima, and hence the parameter values are well 
defined. Conversely, if the parabolas show broad 

Emission maximum 

1.0 % 
Y 

(degl 
F 30 
m 90 
$ 0 - 130 -- 

z 170 

h 

-1.01 ’ ’ 4 ’ ’ ’ ’ ’ ’ 
320 360 400 440 

WAVELENGTH (nm) 

Fig. 3. Three-component simulated data. (Top) Steady-state 
emission spectra as shown in fig. 2 except that the emission 
maximum of component 3 is 355 nm (0 -0). (Bottom) 

Phase-sensitive spectra for er, = 30, 90, 130 and 170°. 
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minima then xk does not vary greatly for values 
of the parameters near the minima. In fig. 4 (top) 
the solid line parabola centered at 2 ns represents 
the values of xk that were a result of holding 71 
constant and the parabola centered at 8 ns shows 
the values of xi that occurred when 72 was held 
constant. When pi = 2.0 ns then xi = 1.0. If or 
was held at 1.5 or 2.5 ns, the value of xi in- 
creased 70-fold, indicating that the value of TV can 
be accurately determined. When TV was held con- 
stant at 7.5 and 8.5 ns the value of xi increased 
to 4, and to larger values as the value of 72 was 
varied further. Although a 4-fold increase in xi is 
not as dramatic as the 70”fold increase of the 2.0 
ns component, it is large enough to determine 72 
accurately. If the number of degrees of freedom 
v = 200 it is only 0.1% probable that a set of data 

r Lifetimes 

ill \ 
Comp.(ns) 

40 ; : 1, 2.0 

I ’ 
I--_) 2,a.o 

I I 
(---) 2,4.0 

LIFETIME OF FIXED COMPONENT (ns) 

Fig. 4. The dependence of xi on the lifetimes of a two-compo- 
nent mixture. The parameters are those used in fig. 1: x, = 330 
nm, A, = 380 nm, 7, = 2 ns (- ) and ~~ = 8 ( -)or4 
ns (- - -). The random noise was 1% (top) or 5% (bottom). 
The simulated data were analyzed holding one lifetime con- 
stant at the value shown on the abscissa. The other lifetimes 
and fractional intensities were allowed to float. The correct 
component steady-state spectra were used. Ten simulated data 
sets consisted of 10 +n between 20 and 200” of in-phase data 
and 10 et, between 110 and 290” of quadrature data. 

with random experimental error would yield xi = 
1.34, compared to another fit with & = 1.0. Here, 
for 11 wavelengths, 10 +,, and two components, 
v = 217. The probability that statistical variation 
would give a 4-fold increase in xi is too low to 
accept the lifetime values yielding the higher value 
of xi. It should be noted that the less dramatic 
dependence of xi on TV is probably due to the 
smaller modulated amplitude of the 8.0 ns compo- 
nent relative to the 2.0 ns component. The smaller 
spectral contribution translates into a smaller dif- 
ference between the simulated and calculated val- 
ues for the incorrect lifetime. Since the increase in 
x’, is not as great, the resolution of the second 
lifetime is less precise. 

Similar fits were performed for the simulated 
data with 72 = 4.0 ns. The values of xk that result 
from holding r2 constant are shown as dashed 
lines (fig. 4). When r2 is held constant at values 
f0.5 ns from 4.0 ns, xk increases about 18-fold. 
When T] is varied, the increase in xi is similar to 
that seen when 72 = 8.0 ns (about 50-fold). (These 
results are nearly superimposable on the solid 
parabola at 2 ns when rz = 8 ns.) Surprisingly, the 
reduced separation of the lifetimes does not re- 
duce the precision of the two-lifetime resolution. 
In fact, the resolution of TV = 4 ns appears to be 
more precise than for TV = 8 ns. Again, the larger 
changes in xk when TV has a smaller value are 
probably due to the increased modulation of the 
4.0 ns signal compared to that of the 8.0 ns 
component. The ability to resolve the lifetimes 
depends on the demodulation factor of each com- 
ponent. Components with long lifetimes will be 
strongly demodulated, and the lifetimes will not 
be accurately determined by these procedures. 

We also investigated the dependence of xi on 
the emission maxima of the components. This 
sensitivity was determined by introducing an in- 
correct steady-state spectrum for one component 
with the correct spectrum for the other. The data 
were fitted using both lifetimes and fractional 
intensities as floating parameters. This analysis 
illustrates the ability to discriminate between the 
correct and incorrect emission spectra. Analysis of 
data with rr = 2.0 and 72 = 8.0 ns, A, = 330 nm 
and x, = 380 nm, is shown in fig. 5. The parabola 
centered at 330 nm (- ) illustrates the values 



S.M. Keating-Naknmoto et al. /Analysis of multi-component fluorescence emzssion 87 

of & when the steady-state spectrum for compo- In all cases the simulated data contained I-5% 
nent 1 was shifted from the correct emission maxi- random noise. For experimental data the noise 
mum of 330 nm. The parabola ( -) centered at level appears to be near 3%. The top portions of 
380 nm illustrates the effect of shifting the second figs. 4 and 5 show the results of analysis of data 
emission maximum. Clearly, xi is very dependent with 1% noise and the bottom 5% noise. As ex- 
on the steady-state spectra; xi increases 75-fold pected, as the amount of noise in the simulated 
when the first component spectrum is shifted 5 data is increased, the changes in x’, are not as 
nm, and 25-fold when the second component great as observed at lower noise levels. Thus, the 
spectrum is shifted 5 nm. The dashed lines centered precision of the resolution decreases as the noise 
at 380 nm are the values of xk when q = 4 ns. increases. For example, the precision in the resolu- 
The two parabolas (T* = 4 or 8 ns) centered at 330 tion of the 8.0 ns lifetime (bottom, fig. 4) is low. 
nm are superimposable. It is apparent that de- The values of xk are about 1.5 when the value of 
creasing the lifetime separation from 4- to 2-fold 72 is held constant at 7 or 9 ns, while at 1% noise, 
does not decrease the spectral resolution. In fact, xk is near 13 for these lifetime values. We also 
when the second spectrum with rz = 4 ns is shifted examined data with more closely spaced emission 
5 nm, x’, increases 33-fold. The larger values of 
x’, for rZ = 4.0 rather than 8.0 ns are due to the 

spectra. For brevity, these results are not shown in 
detail. However, decreasing the spectral separation 

larger modulated amplitude of the 4 ns compo- of the two components from 50 to 30 nm had only 
nent. a modest effect on the resolution. 
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Fig. 5. The dependence of xi on the emission maxima of 
simulated two-component mixtures. The data from fig. 4, with 
71 = 2 ns (- )and 3=8( -_) or 4 (- - -_) ns, were 
fitted using one incorrect emission maximum, as indicated on 
the abscissa. The lifetimes and fractional intensities were al- 
lowed to float. 

At this point it seems valuable to explain our 
approach to analyzing the simulated data with 
fixed and incorrect parameter values. Usually, in 
least-squares analysis, the uncertainties in the 
parameters are estimated from the diagonal ele- 
ments of the covariance matrix. However, the 
uncertainties from the diagonal elements do not 
include the effects of correlation between the 
parameters, For correlated parameters the actual 
uncertainties are larger than those from the co- 
variance matrix [13,34]. In contrast, our technique 
of minimizing xi with one fixed parameter 
accounts for all correlations among the parameters 
because the parameters can vary to accommodate 
the incorrect value. 

4.3. Analysis of three-component simulations 

It is substantially more difficult to recover thiee 
decay times using either time-domain or frequen- 
cy-domain data [17,35]. Additionally, with one 
exception [22], phase-modulation fluorometry at a 
single modulation frequency has not been used to 
determine more than two lifetimes. We reasoned 
that the availability of phase-sensitive intensities 
at multiple emission wavelengths would be ade- 
quate to resolve three-component mixtures. Hence, 
we investigated the resolution possible with the 
three-component mixtures simulated in fig. 2. The 
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dependence of xi on the three lifetimes is shown 
in fig. 6. The emission maxima of the three com- 
ponents are 330, 380 and 430 nm. The solid lines 
are data with 71 = 2.0, rz = 5.0 and 73 = 8.0 ns. 
The dashed lines are for the data with the same 
first and second lifetimes, but 73 = 3.5 ns. The 
simulated data were analyzed from 330 and 430 
nm, with 21 wavelengths, as shown by the two 
vertical dotted lines in fig. 2. The values of xi 
when 71 or r2 are varied are similar whether 73 = 3.5 
or 8.0 ns. Clearly, even for the three-component 
mixture, x’, is highly sensitive to each of the three 
lifetimes. Of course, this sensitivity is somewhat 
less than for the two-component mixture, but the 
resolution must be regarded as adequate. The 
longest 8 ns lifetime shows the least resolution. 
However, even when 7z is held constant at 7.5 or 

r Lifetimes 

Comp. (ns) 

1. 2.0 

‘I I 6 I I \I (-) 3, 8.0 

(__-) ::: 

/ lo!. noise 

4V. noise 

LIFETIME OF FIXED COMPONENT (ns) 
EMISSION MAXIMUM OF COMPONENT (nm) 

Fig. 6. The dependence of xi on the lifetimes of three-compo- Fig. 7. The dependence of xi on the individual emission 
nent mixtures. The simulated data (fig. 2) were fitted holding maxima for simulated three-component mixtures. The simu- 
one lifetime constant at an incorrect value. 71 = 2 ( -_). lated data (fig. 6) were fitted using incorrect emission maxima 
72=5 ( -) and ~~=8 ( -) or 3.5 ns (- - -); for each component in turn, for data with 7, = 2 ( -_). 
x, = 330 and x, = 380 and x, = 430 nm. Twenty simulated 71=5( ---)and ~?=8( -) or 3.5 ns (- - -). The 
phase-sensitive spectra were analyzed representing the same correct emission maxima for the three components are 330, 380 
values of +. as used in figs. 4-5. and 430 nm, respectively. 

8.5 ns the increase in xi is still 2-fold. Hence, its 
lifetime is easily determined to +0.5 ns. If the 
data contain 4% noise the resolution of the life- 
times appears to be much less accurate (bottom, 
fig. 6). At 4% noise, resolution of the 5.0 ns 
lifetime is resolvable to +0.5 ns (if 72 = 4.5 or 5.5 
ns, xi = 1.5) while that of the 8.0 ns lifetime 
appears resolvable within 1 ns (if 9 = 7, 9 or 10 
ns, x’, = 1.5, 1.2 or 1.9). The small changes in xi 
when the 8.3 ns lifetime is varied are mostly due 
to the amount of demodulation of the signal. 
When 73 = 3.5 ns, at 1% noise the values of x’, 
increase to 12 with a 0.5 ns shift and xi= 1.8 at 
4% noise, The relatively strong dependence of x’, 
on the three lifetimes illustrates that even difficult 
three-component mixtures should be resolvable 
using our method. 

The ability to determine the emission maxima 
of the three components remains good even for 
closely spaced lifetimes. This is illustrated in fig. 7. 
The solid lines again represent data with 3 = 8 ns 
and the dashed lines data with r3 = 3.5 ns. With 
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1% noise the larger values of xi reveal l-2 nm 
shifts from the correct emission maxima. Even at 
4% noise, if 73 = 3.5 or 8 ns, xi increases to 2-fold 
with a 5 nm shift in the third component spec- 
trum. This increase is large enough to identify the 
shifted spectra as incorrect. 

In fig. 3 we simulated a more difficult three- 
component sample with extensive overlap of the 
emission spectra, Even for this difficult case the 
phase-sensitive data provide reasonable resolution 
of the lifetimes (fig. 8) and emission maxima (fig. 
9). While the sensitivity of xk is diminished as 
compared to the more widely spaced spectra, this 
dependence appears adequate to determine the 
correct lifetimes and emission maxima. 

Frequently, phase-sensitive data can only be 
obtained in regions of strong spectral overlap. We 
simulated this restriction by using a smaller range 
of wavelengths, over which no single component 
contributes more than 90% of the emission for 

Emission moxium 
Comp. (nm) 

1, 330 
2, 380 

(-_I 3,430 
c-1 3, 355 

LIFETIME OF FIXED COMPONENT (ns) 

Fig. 8. The dependence of xk on the individual lifetimes for 
three strongly overlapping emission spectra. Fits of simulated 
data as in figs. 2 and 3. The correct lifetimes are 2, 5 and 8 ns. 
The emission maxima are 330, 380 and 430 nm (- 1 or 
330, 380 and 355 nm (- - -). Other details are as for the 
data in fig. 6. 

three-component data and 705% for the two-com- 
ponent data. These wavelength ranges are it- 
lustrated by the two vertical dashed lines in figs. 
1-3. Reducing the wavelength range did not 
dramatically reduce the resolution of the two-com- 
ponent mixtures. This was also true for most of 
the three-component simulations when analyzed 
from 350 to 410 nm (fig. 2) or 330 and 390 nm 
(fig. 3), although at 4% noise the ability to resolve 
the lifetimes and emission maxima becomes very 
low. A decrease in the wavelength range is ex- 
pected to result in the decreased resolution be- 
cause a portion of the steady-state spectral shape 
is used in the fit. Of course, if the data do not 
include the emission maximum of a component, 
the ability to resolve its lifetime and fractional 
intensity decreases dramatically. 

We note that the analysis of the simulated data 
shown cannot determine the precise resolution 
limits of this technique. The analysis of experi- 
mental data is complicated by additional factors, 
such as small fractional intensities and instrumen- 
tal drift. However, the simulations do illustrate the 
appearance of phase-sensitive spectra and how the 
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Fig. 9. The dependence of xi on the emission maxima of three 
strongly overlapping spectra. The correct emission maxima 

are 330, 380 and 430 nm ( -) and 330, 380 and 355 nm 

(- - -). The correct lifetimes are 2, 5 and 8 ns. 
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lifetimes and steady-state spectra affect resolution 
of the components. As expected, more overlap of 
the steady-state spectra results in decreased preci- 
sion in the resolution. Surprisingly, a decrease in 
the lifetime separation does not have a dramatic 
effect on the lifetime resolution. In fact, the life- 
time resolution appears to he more affected by the 
modulation frequency and the extent of demod- 
ulation of each component. Lastly, large increases 
in x’, result when incorrect spectra are used, 
demonstrating a strong dependence on the 
steady-state spectra given for each component. 

-l.O. 360 400 440 480 

WAVELENGTH (nm) 

Fig. 10. A two-component mixture of NATrA and DMl. (Top) 
Steady-state emission spectra of NATrA (O- *) and DMI 

(=- n ) at the same relative intensities as in the mixture 

(- ). (Bottom) Phase-sensitive spectra of the mixture for 
qn= 31, 111, 131 and 151°. All solutions were in 25 mM 
Tris-HCI (pH 7.5); 209C. The solid lines indicate the calcu- 
lated values and extend over the wavelength ranges used for 
analysis of the data. 

4.4. Resolution uf mixtures of indole, tyrosine and 

tryptophan deriuatirres 

To demonstrate the usefulness of the technique 
in the study of protein fluorescence, we resolved 
two- and three-component mixtures of the tryp- 
tophan derivatives, NATrA, indole and DMI and 
the tyrosine derivative, NATyA. The steady-state 
spectrum of a two-component mixture of NATrA 
and DMI is shown in fig. 10 ( -) with spectra 
of each component at the same concentration as 
in the two-component mixture. There is consider- 
able overlap between these two spectra. The inde- 
pendently measured lifetimes are closely spaced at 

Table 1 

Resolution of NATrA and DMI mixtures 

Spectra used Calculated Xi 
in fit 

7, (ns) f. 

Solution A” 
NATrA 

DMI 

NATrA 
DMI 

3.59 1.0 18.0 

3.h3 1.0 10.4 

2.95 ’ (0.02) d 0.41 (0.001) d 1 .oo 

4.15 (0.02) 

NATrA 
DMI 
Indolc 

Solution B b 
NATrA 

2.31 

4.16 
4.04 

0.59 (0.001) 

0.17 

0.71 
0.12 

DMI 

NATrA 
DMI 

3.49 1.0 

3.52 1.0 

3.07 (0.01) 0.59 (0.001) 

4.26 (0.02) 0.41 (0.001) 

NATrA 3.01 0.46 
DMI 4.51 0.58 
lndole 18.6 -0.04 

1.01 

9.36 

20.8 

1.01 

1.68 

a The data were analyzed from 350 to 390 nm at 5-nm 

intervals (9 wavelengths) with an assumed noise level of 3%. 
Twelve files were used in the analysis, containing 12+, 

between 0 and 220 o for m-phase data and 12+, between 90 
and 310” for quadrature data. The steady-state fractional 
intensities of the components were approximately equal. 

b As above but 20 files were used m the analysis (for in-phase 
data between 30 and 180”). 

’ The independently measured lifetime of NATrA is 2.92 
(5 O.lg); DMl, 4.28 ( kO.10) and indole, 4.47 ( * 0.17) ns. 

d The values in parentheses are the standard deviations calcu- 
lated from the diagonal values of the covariance matrix. 
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2.92 and 4.28 ns for NATrA and DMI, respec- 
tively (table 1). Representative phase-sensitive 
spectra of this mixture are shown in the lower 
panel of fig. 10. As the detector phase angle is 
increased from 31 to 151”, the phase-sensitive 
intensities decrease and become negative. Al- 
though the phase-sensitive spectral shape varies 
with detector phase angle, the separate contribu- 
tions of the two components are not obvious for 
this sample. This is because the lifetimes are closely 
spaced and the spectra overlap strongly. 

In least-squares analysis the number of compo- 
nents is usually estimated by varying the number 
of components to which the data are fitted. For 
example, for a two-component mixture, the 
phase-sensitive spectra can be fitted to a one-, 
two- or three-component decay. If the value of x$, 
decreases significantly between the one- and two- 
component model then the sample is more accu- 
rately described by the two-component model (as- 
suming the correct steady-state spectra are used in 
the analysis). Furthermore, if the value of xk does 
not decrease further when a third component is 
added, then the use of a third component is not 
justified [17]. 

Results from the least-squares analysis for the 
NATrA and DMI mixture are shown in table 1, 
for two separate but nearly identical mixtures (A 
and B). The steady-state fractional intensities of 
the two components are approximately equal in 
both mixtures. Data for wavelengths between 350 
and 390 nm were analyzed. In this interval each 
component contributed to at least a third of the 
fluorescence intensity. When the data were fitted 
to a one-component model the resolved lifetime 
was intermediate between that of NATrA and 
DMI, but the values of xi ranged from 10 to 20. 
The individual values of xi depend on the 
steady-state spectra used in the one-component 
analysis. When fitted to a two-component model, 
using the steady-state spectra for NATrA and 
DMI, the value of xi decreased 1Cfold to 1.0. 
When a third component was added to the analy- 
sis, in this case the steady-state spectrum of indole 
which is slightly blue-shifted from the NATrA 
spectrum (see fig. ll), the value of x’, did not 
decrease. For the three-component fits, xi = 1.01 
and 1.68 for A and B respectively, and f3 was 

small (0.12) or negative ( - 0.04). These results 
indicate that the two-component model is ade- 
quate to describe the data. Importantly, lifetimes 
recovered from the analysis (2.95 and 4.15 ns for 

A and 3.07 and 4.26 ns for B) agree with the 
independently measured lifetimes of NATrA and 
DMI of 2.92 (5 0.18) and 4.28 ( & 0.10) ns, respec- 
tively. Furthermore, the recovered fractional in- 
tensities (f,) from the two mixtures were 0.41 : 0.59 
and 0.59: 0.41, which agree with the expected 
values. The ability to recover the lifetimes and 
fractional intensities was only weakly dependent 
upon the number of wavelengths. For example, if 
the analysis of solution A was restricted to 7 
wavelengths between 350 and 380 nm, the re- 
solved lifetimes were 2.81 and 4.29 ns and /i = 
0.42. When the data for B were analyzed over 11 
wavelengths between 350 and 400 nm, the re- 
solved lifetimes were 3.04 and 4.33 ns and fi = 
0.56. These results demonstrate that phase-sensi- 
tive data can adequately resolve the lifetimes and 
fractional intensities of a two-component mixture 
with closely spaced spectra and with lifetimes that 
vary only 1-Sfold. 

For a three-component sample we used a mix- 
ture of NATyA, NATrA and indole. The steady- 
state spectra are shown in fig. 11. The indepen- 
dently measured lifetime of NATyA was 1.51, 
NATrA, 2.92 and indole, 4.47 ns (table 2). This 
sample with a 3-fold range in lifetimes and the 
closely spaced spectra presents a difficult resolu- 
tion as well as a model for the fluorescence of 
proteins containing tyrosine and tryptophan re- 
sidues. Phase-sensitive spectra of this solution at 
four detector phase angles are shown at the bot- 
tom of the figure. The phase-sensitive intensities 
in the NATyA and NATrA regions of the spectra 
(on the short- and long-wavelength edges) become 
smaller at lower $o than the middle region con- 
taining the indole emission with its longer lifetime. 

The results of the analysis are shown in table 2, 
along with those from a second similar sample. 
For both samples the steady-state fractional inten- 
sities were approximately equal. The data were 
analyzed using either 15 or 12 wavelengths be- 
tween 310 and 380 nm. Two components each 
contribute at least 20% each of the total fluores- 
cence over this wavelength range. We note that by 
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cases. Therefore, the three-component model ap- 
pears to give the best fit to the data. The lifetimes 
recovered from the analysis were within the day- 
to-day error in the independently measured values 
of NATyA, NATrA and indole (table 2) of 1.51 

Table 2 

Resolution of NATyA, NATrA and indole mixtures a 

Spectra used Calculated Xi 
in fit 

7, (ns) I, 

300 340 380 420 460 

WAVELENGTH (nml 

Fig. 11. Three-mmponent mixture of NATrA, NATyA and 
indole. (Top) Steady-state emission spectra of NATyA 

(0 -o), indole (m---- I), and NATrA (A -----A) at 
the same relative intensities as in the mixture (-- ). (Bot- 
tom) Phase-sensitive spectra for +,, = 31, 101, 121 and 191? 
Other conditions as in fig. 10. 

restricting the wavelengths to the region of strong 
overlap we increased the difficulty of the resolu- 
tion. If all the available wavelengths were used we 
would have had data for wavelengths for which 
the emission was dominated by a single fluoro- 
phore. This would determine the lifetime of this 
component (i.e., decrease correlation between the 
parameters) and stabilize the solution. 

When the data from the three-component mix- 
ture were fitted using any two of the three-compo- 
nent spectra the value of xi ranged from 2 to 33. 
However, when the data were fitted to a three- 
component model, the values of xi dropped 15- 
fold to 0.866 for A and 2.9-fold to 1.36 for B. 
When the data were fitted to a four-component 
model using a DMI spectrum as the fourth com- 
ponent, the values of x’, were large and unrepro- 
ducible. In addition, fi was negative in both 

Solution A b 
NATyA 1.79 0.32 2.51 
NATrA 3.59 0.68 

NATyA 1.12 0.22 3.06 
lndolc 3.61 0.76 

NATrA 0.663 ~0.61 32.6 

lndole 2.02 1.61 

NATyA 1.41 d (0.01) 0.27 (0.001) 0.866 
NATrA 2.84 (0.03) 0.33 (0.001) 
lndole 4.62 (0.03) 0.40 (0.001) 

NATyA 3.10 0.53 2004 
NATrA 1.82 - 5.4 
lndole 2.12 2.6 
DMI 1.71 3.3 

Solution B ’ 
NATyA 1 .-I9 0.31 1.78 
NATrA 3.56 0.69 

NATyA 1.06 0.20 1.78 
lndole 3.51 0.80 

NATrA 0.633 PO.62 8.13 
Indole 1.99 1.62 

NATyA 1.39 (0.02) 0.25 (0.001) 1.36 
NATrA 2.89 (0.08) 0.34 (0.002) 
Indole 4.42 (0.08) a.41 (0.004) 

NATyA -0.881 0.21 207 
NATrA 3.06 -5.4 
Indolc 3.49 4.1 
DMI 3.00 2.1 

a Analysis of data as in table 1 except where indicated. 
’ Data from 14 files (in-phase data between 0 and 260°) were 

fitted using an assumed noise levei of 2.5X, between 310 and 
380 nm (15 wavelengths). 

’ Data from 20 files (in-phase data between 20 and 180°) 
were analyzed using an assumed noise level of 4%, between 
310 and 365 nm (12 wavelengths). 

d The independently measured lifetime of NATyA is 1.51 
(kO.19); NATrA, 2.92 (kO.18): indole, 4.47 (+0.17) and 
DMI, 4.28 (+O.lO) ns. 
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Fig. 12. Three-component mixture of NATyA, NATrA and 
DMI. (Top) Steady-state emission spectra of NATyA 

(.- a), NATrA (W--- n ) and DMI (A- A) at 
the same relative intensities as in the mixture (- ). (Bot- 

tom) Phase-sensitive spectra at +,, = 41, 101, 121 and 161”. 
Other conditions as in fig. 10. 

(+0.20), 2.92 (_tO.lS) and 4.47 (kO.17) ns. For A 
the lifetime values were 1.41, 2.84 and 4.62 ns and 
for B, 1.39, 2.89 and 4.42 ns. In addition, the 
resolved fractional intensities were close to the 
equal ratios expected for both solutions A and B: 
0.27: 0.33 :0.40 and 0.25 :0.34:0.41. When the 
data from solution B were analyzed over 15 wave- 
lengths (310-380 nm) as for A, the results were 
similar, TV = 1.38, r2 = 2.81 and 7j = 4.59 ns while 
fi = 0.22 and f2 = 0.38. The successful analysis of 
this mixture demonstrates that this nonlinear 
least-squares analysis can be used to determine the 
component lifetimes and fractional intensities for 
three-component solutions, in the ultraviolet re- 
gion, with closely spaced lifetimes and consider- 
able spectral overlap. It should be noted that the 
solution B data are our poorest data set, with 4% 
noise, but the lifetimes are still resolvable. 

We also examined three-component mixtures of 
NATyA, NATrA and DMI. In this case mixture A 
contained the three components at equal steady- 
state intensities, while in solution B the intensities 
of NATyA and NATrA were approximately equal 
and DMI was present at twice the steady-state 
intensity of the other fluorophores (fig. 12, top). 

Table 3 

Resolutions of NATyA, NATrA and DMI mixtures ’ 

Spectra used Calculated Xi 
in fit 

7 (ns) f. 

Solution A ’ 
NATyA 
NATrA 

1.28 0.31 9.68 

3.45 0.69 

NATyA 1.78 0.44 9.29 

DMI 3.51 0.56 

NATrA 
DMI 

2.07 
- 2.96 

NATyA 1.61 ’ (0.01) 
NATrA 2.90 (0.02) 
DMI 4.10 (0.02) 

NATyA ~ 0.776 
NATrA 670 000 
DMI 5.85 
Indole 10.1 

1.19 82.4 
-0.19) 

0.36 (0.001) 1.07 
0.34 (0.001) 
0.30 (0.001) 

0.081 197 

0.0 
0.23 
0.69 

Solution B d 
NATyA 

NATrA 

- 0.757 0.08 39.7 

3.71 0.92 

NATyA 1.87 0.20 8.23 

DMI 3.78 0.80 

NATrA 
DMI 

2.25 
5.55 

0.49 19.8 
0.51 

NATyA 1.58 (0.01) 0.15 (0.001) 0.892 

NATrA 2.85 (0.01) 0.27 (0.001) 

DMI 4.19 (0.01) 0.58 (0.001) 

a Analysis of data as in table 1 except where indicated. 
h Data from 14 files (in-phase data between 0 and 260 “) were 

analyzed using an assumed noise level of 3% between 310 
and 390 nm (17 wavelengths). 

c Data from 20 files (in-phase between 30 and 180°) were 
fitted using an assumed noise level of 2.5%, between 310 and 
400 nm (19 wavelengths). The steady-state fractional inten- 
sity of DMI was approximately twice that of NATyA and 
NATrA. 

’ The independently measured lifetime of NATyA is 1.51 
(+0.19); NATrA, 2.92 (kO.18); DMI, 4.28 (kO.10) and 

indole, 4.47 (*0.17) ns. 
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The independently measured lifetimes of the three 
components vary over a 2%fold range (table 3). 
In the phase-sensitive spectra (fig. 12, bottom) the 
contributions from NATyA and NATrA at shorter 
wavelengths become small and negative before the 
longer-lived DMI signal at about 380 nm. The 
data were analyzed at 17 or 19 wavelengths he- 
tween 310 and 400 nm (table 3). When the data 
were fitted to a three- rather than a two-compo- 
nent model the value of xk decreased about 28 
fold to 1.07 and 0.892 for A and B. As for the 
previous three-component mixture (table 2) when 
a fourth component was added to the analysis, 
such as an indole spectrum, xi increased and one 
of the calculated fractional intensities was zero. 
Importantly, the fractional intensities from the 
three-component fit were as expected. For the first 
mixture the steady-state fractional intensities were 
approximately equal (spectra not shown): 
0.36 : 0.34 : 0.30. For B, as expected from fig, 12, 
the intensity of DMI is about twice that of NATyA 
and NATrA: 0.15 : 0.27 : 0.58. The lifetimes are 
also close to the independently measured values: 
for NATyA, 1.61 and 1.58 ns; for NATrA, 2.90 
and 2.85 ns and for DMI, 4.10 and 4.19 ns. These 
results show that this technique can be used to 
resolve successfully the lifetimes and fractional 
intensities from a three-component mixture even 
when more than half the steady-state intensity is 
due to one component. 

5. Conclusions 

The successful resolution of the two- and 
three-component mixtures demonstrates the use- 
fulness of phase-sensitive detection for the analy- 
sis of multi-component mixtures, including the 
tyrosine and tryptophan fluorescence from pro- 
teins. We found that correct lifetimes and frac- 
tional intensities could be obtained from fits of 
phase-sensitive data over wavelengths where all 
components contributed to the emission. Further- 
more, previous knowledge of either the fractional 
intensities or lifetimes was not required or used 
for the resolutions. However, it is necessary to 
know or to assume the spectral shape of each 
component used in the analysis. This is clearly an 

improvement over previous resolutions of two- 
component phase modulation data from fixed 
frequency instruments, using analytical and fitting 
methods, where the input of the apparent phase 
and modulation lifetime data from more than one 
frequency is generally required [9,10,12L14]. This 
method is also an improvement on that used by 
McGown and Bright [2325] where the phase-sen- 
sitive intensities of the individual components must 
be measured at each detector phase angle. Our 
method does not require separate phase-sensitive 
data for each component, but relies instead on the 
well known dependence of the phase-sensitive 
spectra on the fluorescence lifetimes. The phase 
angle, or lifetime, of each component is de- 
termined from the phase-sensitive intensities of 
the individual components. These wavelength-in- 
dependent lifetimes serve in the determination of 
the contributions of each component. In some 
respects this method is analogous to the global 
methods described by Beechem and co-workers 
[13,36,37] in that the lifetimes are variable param- 
eters, but are constrained to be constant across the 
emission spectrum of each component. This link- 
age is probably an essential stabilizing feature of 
our method of analysis. 

A clear disadvantage of this technique is the 
requirement for known steady-state spectra. Yet 
this is not quite as limiting a factor as it may 
appear. For a two-component sample, one or two 
of the component spectra are often known. For 
instance, for a tryptophan-containing protein, the 
spectrum of an exposed residue can be determined 
from quenching experiments [8,38]. Alternatively, 
a model tryptophan spectrum can be recorded and 
the spectrum moved along the emission wave- 
length axis to generate several spectra with differ- 
ent emission maxima. The phase-sensitive data 
can be fitted using the spectra from the quenching 
experiments and/or the model spectra. Analysis 
of the data can be performed using different model 
spectra until a set of spectra is found which ex- 
plains the data. 

Finally, the restriction of known emission spec- 
tra can be eliminated when phase-sensitive spectra 
are recorded at multiple modulation frequencies. 
Frequency-domain fluorometers using the essen- 
tial cross-correlation technique have now been 
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constructed in at least two laboratories [26,27]. 
These instruments considerably extended the re- 
solving power of phase modulation fluorescence 
spectroscopy. Such instruments permit the resolu- 
tion of multi-exponential emission from data re- 
corded at many frequencies, without previous 
knowledge of the lifetimes, fractional intensities or 
steady-state spectra of the components [17,27-291. 
The use of phase-sensitive detection at multiple 
modulation frequencies should allow resolution of 
both the lifetimes and emission spectra of multi- 
component solutions, perhaps containing four or 
five emitting species. This extension of phase-sen- 
sitive detection to multi-frequency data is cur- 
rently in progress. 
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