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TIME-RESOLVED FLUORESCENCE EMISSION SPECTRA OF LABELED 
P H O S P H O L I P I D  VESICLES, AS OBSERVED USING MULTI-FREQUENCY PHASE- 
MODULATION FLUOROMETRY 

JOSEPH R. LAKOW IC Z  a, H E N R Y K  C H E R E K  a,., GABOR LACZKO a,** and ENRICO G R A T T O N  b 

University of Maryland School of Medicine, Department of Biological Chemistry 660 West Redwood Street, Baltimore, 
MD 21201 and h University of lllinois at Urbana-Champaign, Department of Physics, Urbana, IL 61801 (U.S.A.) 

(Received April 16th, 1984) 
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Multi-frequency phase-modulation fluorometry was used to determine the time-resolved spectral parameters 
of two different fluorescent probes, 6-palmitoyl-2-[(2-trimethylammonium)ethyl]methylamino]naphthalene 
chloride (Patman) and 2-p-toluidinyl-6-naphthalenesulfonic acid (TNS) in lipid vesicles. The frequency-do- 
main measurements permitted calculation of time-resolved emission spectra, the time-resolved decays of the 
emission center of gravity and of the emission spectral width. Nanosecond spectral relaxation was found 
using both probes, and these rates increased with temperature. The detailed time-domain information 
available using our method indicated that spectral relaxation of TNS is mainly a continuous process, whereas 
relaxation of Patman shows the characteristic features of a stepwise relaxation. Our results indicate that 
complex excited-state processes can be quantified using frequency-domain fluorometry. 

Introduction 

It is widely recognized that the emission spectra 
of fluorophores are sensitive to the polarity of 
their surrounding environment. For many fluoro- 
phores, this sensitivity is a combination of the 
specific chemical interactions between the fluoro- 
phore and the solvent and of the general effects of 
solvent polarity, such as are described by the 
Lippert equation [1-3]. Consequently, the emis- 
sion spectral properties of fluorophores can reveal 
detailed information concerning the interactions 
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between fluorophores and solvents. Furthermore, 
the absorption of light by a fluorophore provides 
an essentially instantaneous perturbation of the 
fluorophore-solvent interactions. Hence, the time- 
dependent spectra parameters reveal the time- 
course of these rather complex intermolecular in- 
teractions. For instance, time-resolved decays of 
fluorescence intensity have been utilized in de- 
tailed studies of the dynamic interactions of fluo- 
rophore and solvents [4-6] and biological macro- 
molecules [7,8]. Also, such measurements have been 
used to distinguish between stepwise and continu- 
ous relaxation processes [5,9] and to detect the 
subnanosecond formation of partially relaxed flu- 
orophores [4]. 

The technique of phase-modulation fluorometry 
has been less used to analyze excited-state 
processes. This technique has been used to detect 
excited-state processes [10,11], to detect the re- 
versibility of an excited-state reaction [12] and to 
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partially resolve the emission spectra of excited 
states [13,14]. Because only two or three modula- 
tion frequencies have been available, the informa- 
tion available from phase-modulation fluorometry 
has been less detailed than that obtained from 
time-resolved measurements. However, with the 
construction of a continuously variable frequency 
phase fluorometer, it is now possible to evaluate 
the potential of frequency-domain fluorescence 
spectroscopy. Recent developments allow the 
modulation frequency to be varied from 1 to 140 
MHz [15], and more recently to 200 MHz (Lako- 
wicz and Maliwal [29]). We used the former instru- 
ment to examine phospholipid vesicles labeled with 
the fluorescent probes Patman or TNS. These 
probes, when bound to lipid vesicles, display sub- 
stantial time-dependent spectral shifts [11,16,17]. 
Spectral relaxation of TNS was reported to be 
well-described by the continuous model of 
Bakhshiev [16,18], whereas the currently available 
information on Patman indicated a stepwise re- 
laxation process [17]. These studies [17] also proved 
that the spectral shifts are due to time-dependent 
processes, and not to heterogeneity in the emitting 
population of fluorophores. Hence, by examina- 
tion of these probes, we could determine the use- 
fulness of frequency-domain fluorometry for both 
the determination of time-resolved emission spec- 
tra and for a detailed analysis of complex time-de- 
pendent processes. 

Theory 

Models for time-dependent spectral shifts 
A complete theoretical description of time- 

dependent shifts, based upon known molecular 
interactions between the fluorophore and solvent, 
is not currently available. Such a description would 
require a complete quantitative understanding of 
the general polarity and specific chemical effects 
of solvents upon the spectral properties of the 
fluorophore. We will consider two phenomenologi- 
cal models for spectral relaxation, one being a 
continuous model, and the second a two-state 
model. The spectral properties of these extreme 
cases are illustrated in Fig. 1. In both models, it is 
assumed that following a 6-pulse excitation, the 
emission spectra shift from an initially excited 
state (0) to an equilibrium state ( ~ ) .  The center of 
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Fig.  1. Schema t i c  desc r ip t ion  of  the c o n t i n u o u s  a n d  two-s ta t e  

mode l s  of  solvent  re laxa t ion .  The  expec ted  i n s t a n t a n e o u s  spec-  

t r a  a t  i n t e rmed ia t e  t imes  are  s h o w n  for the two-s ta te  ( . . . . . .  ) 

a n d  the c o n t i n u o u s  ( . . . . . .  ) r e l axa t ion  models .  A l so  s h o w n  are  

the spec t r a  expec ted  at  t = 0 a n d  t = inf in i ty  (oo). 

gravity of the emission spectra of these limiting 
states are given by ~0 and ~ ,  respectively. 

Assume that the emission spectra could be ob- 
served at any desired instant. At longer times, the 
spectra will be shifted to longer wavelengths. For 
continuous relaxation, the normalized emission 
spectrum is assumed to slide to longer wavelength, 
without any change in the emission spectral distri- 
bution. Hence, irrespective of the time chosen to 
observe the emission, a constant spectral shape is 
expected ( . . . )  and the time-dependent spectral 
widths are expected to be independent of time. 
Overtly different results are expected for the two- 
state model. In this case, the initially excited and 
the equilibrium states are assumed to be distinct 
species, each with a characteristic emission spec- 
trum. As the reaction proceeds, the emission from 
the initially excited state decays, followed by the 
appearance of a new emission at longer wave- 
lengths (Fig. 1). At intermediate times, one would 
observe emission from both states (- - -). In prac- 
tice, the observation of separate emission maxima 
for both states is unlikely because of the spectral 
width of most emission spectra and the limited 
solvent sensitivity of most fluorophores. Distinct 
emission maxima are observable for excited state 
chemical reactions such as deprotonation or ex- 
cimer formation [12,14]. Furthermore, for a two- 
state model, the emission at each wavelength can 
be described by two exponential decay constants. 
These decay constants are independent of emission 
wavelengths, whereas the fractional intensity of 
each component is wavelength dependent [9,22]. 
In the case of continuous relaxation, the decay at 



each wavelength is nonexponential and the ap- 
parent decay times are dependent upon the emis- 
sion wavelength [1,5,8]. 

These two models provide a useful framework 
within which to consider spectral relaxation. Con- 
sider the instantaneous emission spectra at times 
comparable to the spectral decay rate. For con- 
tinuous relaxation, one expects these time-resolved 
spectra to have the same spectral shape. Hence, if 
one measures the time-resolved spectral width, this 
should be independent of time. Contrasting results 
are expected for the two-state model. In this case, 
the spectral width is expected to be larger at 
intermediate times because of the contribution of 
both the initially excited and the equilibrium ex- 
cited states. 

Impulse response functions from frequency-domain 
fluorescence 

The time-resolved spectral parameters (emission 
spectra, center of gravity, and spectral widths) can 
be calculated from the impulse response functions, 
if these are known at each emission wavelength. 
Typically, these decay laws are found using time- 
resolved measurements of the intensity decays, 
followed by deconvolution to account for the finite 
width of the excitation pulse. In our case, the 
impulse response functions were determined using 
measurements of the phase (q~,~(X)) and modula- 
tion (mo,(X)) of the emission, over a range of 
emission wavelengths (2,) and modulation fre- 
quencies (w). Typically, we used about ten emis- 
sion wavelengths and ten modulation frequencies 
for each wavelength, ranging from 2.5 to 140 
MHz. These data were fit, using the method of 
nonlinear least squares [19,20] to the function: 

3 
l (X, t )  = Z ai (X)  e-t/~j (1) 

i=l 

In principle, the decay at each emission wave- 
length, X is probably more complex than a sum of 
exponentials. This was particularly evident from 
the decays time from two-exponential fits. Then, 
the decay times were dependent upon the emission 
wavelength. This indicates that the relaxation pro- 
cess is more complex than a one-step event. Fur- 
thermore, for a continuous relaxation process [5,9], 
the decay times are probably distinct at each emis- 
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sion wavelength. In practice, with three decay 
times, we found that it was not necessary to allow 
both a,(X) and the decay times to vary with 
emission wavelength. We found that impulse re- 
sponse functions which allowed wavelength-depen- 
dent preexponential factors and wavelength-inde- 
pendent decay times (Eqn. 1) provided a very good 
representation of measured data. In several cases, 
we performed a less restricted analysis in which 
the z i values were determined independently at 
each wavelength, i.e., ~(X). The goodness of fit 
was not substantially improved using this model 
with more variable parameters. This fact is il- 
lustrated by the values of X~ listed in Tables I and 
I|. Essentially identical values were obtained using 
Eqn. 1 or a less restrictive procedure in which the 
decay times were allowed to vary at each wave- 
length. This indicates that Eqn. 1 provides a rea- 
sonable model. Importantly, the time-dependent 
parameters were not substantially different for 
wavelength-dependent or independent values of 
the decay times. This invariance indicates that our 
time-resolved results are independent of our use of 
Eqn. 1 to fit the frequency-domain data. 

The values of the a,(X) and "r i in Eqn. 1 were 
determined by minimizing the sum of the squared 
deviations between the measured (,~,~(X) and 
m,~(X)) and calculated values (q~c,~(X) and 
me, ~ (X)). The chosen parameters were those which 
resulted in the minimum value of X 2, 

1 
q'~) + 2., ~-- ( rn - r n ~ )  (2) 

w,, x. 02ww ~.,X Om~ 

In this expression, %,~ and On~,~ are the uncertain- 
ties in the measured phase and modulation values, 
respectively. We used the values given in Materials 
and Methods, which were found to be appropriate 
for our instrument and our experimental condi- 
tions. 

The phase and modulation values for any as- 
sumed decay law can be calculated from the sine 
and cosine transforms of the decay law [21,22]. Let 

fo ~l(X, t )s in  ¢otdt 

N~(X) = f ~ / ( X , t ) d t  (3) 

fo~l(X, t)cos ¢otdt 

D~(X) f o ~ l ( X , t ) d  t (4) 
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Then, substitution of Eqn. I yields: 

a;(2~)~r, 2 

% ( x ) g ( x ) = ~  1+,o% ~ 

2,(x)  ~, 
D~(X)J(X) = ~ 1 + ~o2~.i 2 

(5) 

where 

(6) 

J (k )=  y 'a(X) ' r  (7) 
i 

The expected values of the phase and modulation 
are obtained from: 

(8) q~,.~( X ) = arctan( N~( X )/D,~( X ) ) 

(9) ,.,.A x) = (N~(X/+ D~(X/) ~/: 

The goodness of fit can be judged from the value 
of reduced X 2 

x~ = x~/,  (lO) 

where ~ is the number of degrees of freedom. In 
our case, p is typically near 177 (100 phase angles 
and 100 modulation values minus 23 floating 
parameters for a three-exponential decay law). In 
the decay law, there are three values for r~ and 20 
values for ai(X ). At each wavelength, there are two 
independent values of ai(X),  since Y2iai(X)= 
constant. 

Time-resolved emission spectra 
In our presentation of the impulse response 

functions (I(X, t)) we chose to normalize the preex- 
ponential factors a; such that Ela;I = 2. In this 
way, equal and opposite preexponential factors, 
such as are expected for excited-state processes, 
would be evident from values of ai(?~) ranging 
from - 1  to + 1 (Tables I and II). Calculation of 
the time-resolved emission spectra requires that 
the impulse-response functions be normalized [16]. 
Specifically, the total intensity at each wavelength 
must be normalized to the steady-state intensity at 
this same wavelength (F(X)). Let 

01) 
F(N) 

H(h)  = fo~l(X,t)d t 

F(X) 
(12) 

Then, the appropriately normalized functions are 
given by 

l ' (X, t )= H(~ ) l (h , t )  (13) 

i 

14) 

where a~(X)= H(X)ai(?~ ). For any desired ume 
(t,), the time-resolved emission spectrum is ob- 
tained by plotting the values I ' (X,  t;). 

Time-resolved emission center of gravity 
The time-dependent spectral shifts can be char- 

acterized by the time-dependent center of gravity, 
in wavenumbers (cm i or kK), which is propor- 
tional to the average energy of the emission. The 
center of gravity of the emission is defined by: 

(15) 

where I ' (F ,  t) represent the number of photons per 
wavenumber interval. Our data were collected at 
equally spaced wavelength intervals [23], and using 
an emission monochromator  with a constant band- 
pass in nanometers [24]. For these conditions, the 
center of gravity in kK ( =  103 cm - I )  is given by: 

~ l ' ( X , t ) h  -I 
x (16) fc~(t) = 10000 ~ l ' ( a , t )  

Spectral width of the emission spectrum 
The time-dependent spectral width AS(t) 

(cm ~) can reveal whether the spectral relaxation 
is best described by continuous or a stepwise pro- 
cess [9,22]. We chose to characterize this parame- 
ter using: 

f0~( ~ - ~ g ( t ) )  l ' (~ , t )d~ 

a~(t)  = f0~l,(~,d)d~ 
(17) 



This value is comparable to the standard deviation 
of the fluorescence intensity. For measurement 
using equally spaced wavelengths and constant 
resolution in nanometers, A~(t) in kK is given by: 

2 
E ( 1 0 0 0 0 / X  - " ~ c e ~ ( ' ) )  l ' (A, t )  

Ao( t )= . E I ' ( x ' t )  
(18) 

Materials and Methods 

Phase and modulation measurements were per- 
formed on the instrument described previously 
[15]. All measurements were performed relative to 
a scattering reference of Ludox in water. In con- 
trast to the phase fluorometers with a Debye-Sears 
modulator [25], this instrument appears to be 
mostly free of artifacts upon comparison of 
scattered and fluorescence intensity. The excita- 
tion was at 351 nm, using an argon ion laser. The 
emission was observed through a Jarrell-Ash 1 /4  
meter monochromator and an emission bandpass 
of 6.6 nm. For the Patman-labeled vesicles, a 
Corning 3-75 filter was used on the emission. No 
emission filter was used for the TNS-labeled 
vesicles. The excitation was polarized near 35 ° 
from the vertical, and the emission was observed 
without a polarizer. Any effects due to rotational 
diffusion are likely to be minor. The background 
signal from unlabeled vesicles under identical con- 
ditions was 2% or less of the signal resulting from 
the labeled samples, at all emission wavelengths. 
The weighting factors for the least-square fit were 
%,~ = 0.21 + 0.84 log~0 f and %m = 0.0084 + 
0.0087 log,0 f ,  wheref is  the modulation frequency 
in MHz. These values are 3-fold larger than those 
used previously [26]. About ten wavelengths were 
used for most measurements. At each wavelength, 
the phase angle and modulation were measured 
using approximately ten frequencies. Patman- 
labeled and TNS-labeled vesicles were prepared as 
described previously [17,23]. 

Results 

Patman-labeled phospholipid vesicles 
The steady-state emission spectra of Patman- 

labeled vesicles are shown in Fig. 2. Above the 
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Fig. 2. Steady-state emission spectra of Patman-labeled phos- 
pholipid vesicles. Top, DPPC vesicles at 8 ( ) and 46 o C 
( . . . . . .  ). Bottom, DOPC vesicles at 6 ( ) and 40°C 
( . . . . . .  ). 

transition temperature of the DPPC vesicles, the 
emission spectrum of Patman shifts dramatically 
to longer wavelengths. For the DOPC vesicles, 
which are above their transition temperature even 
at 6°C,  the emission spectrum is broad even at 
low temperature. At higher temperature, the emis- 
sion spectrum becomes more narrow and shifts to 
longer wavelengths. From earlier measurements, 
we know that these spectral shifts are due to 
time-dependent processes on the nanosecond 
timescale [10,17,27]. Frequency-dependent phase 
and modulation data for Patman-labeled DPPC 
vesicles are shown in Fig. 3. It is not practical to 
display the data at all emission wavelengths. In- 
stead, we chose to show the data obtained at three 
emission wavelengths, located on the blue, center 
and red sides of the emission. These data are 
characteristic of an excited-state reaction [27]. That 
is, the phase angles increase and the modulation 
decreases with increasing emission wavelength. 
Furthermore, the data are unambiguous in demon- 
strating the occurrence of a time-dependent pro- 
cess which occurs subsequent to excitation. The 
apparent phase and modulation lifetimes at each 
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Fig. 3. Frequency-dependent phase and modulation values for 
Patman-labeled DPPC vesicles. Top, 6 o C; bottom, 46 o C. For 
both temperatures, data are shown for 400 (z~), 450 (©) and 
530 (e) nm. 

f r e q u e n c y  i n c r e a s e  w i t h  t he  m o d u l a t i o n  f r e q u e n c y  

( d a t a  n o t  s h o w n ) ,  a n d  t he  m e a s u r e d  p h a s e  a n g l e s  

e x c e e d  9 0 ° ,  T h i s  is n o t  p o s s i b l e  for  a m i x t u r e  of  

d i r e c t l y  exc i t ed  f l u o r o p h o r e s  [10,27]. I t  is i n t e r e s t -  

ing  to  c o m p a r e  t he  r e su l t s  for  P a t m a n  - D P P C  at  

low a n d  h i g h  t e m p e r a t u r e  (Fig .  3). A t  h i g h  t e m p e r -  

a t u r e  a n d  o n  t he  b l u e  s ide  o f  t he  e m i s s i o n ,  t he  

p h a s e  a n g l e s  a re  s h o r t e r ,  a n d  t he  m o d u l a t i o n  va l -  

ues  h igher ,  t h a n  o b s e r v e d  a t  l o w e r  t e m p e r a t u r e .  

T h i s  d i s t i n c t i o n  re f lec t s  t he  s h o r t e n e d  d e c a y  t i m e  

o n  t he  b l u e  s ide  o f  t he  s p e c t r u m  d u e  to  f a s t e r  

r e l a x a t i o n  a t  t he  h i g h e r  t e m p e r a t u r e .  A t  l o n g e r  

e m i s s i o n  w a v e l e n g t h s ,  t he  d a t a  fo r  h i g h e r  t e m p e r a -  

t u r e  a re  m o r e  c h a r a c t e r i s t i c  o f  a n  e x c i t e d - s t a t e  

p roces s ,  as  is e v i d e n t  f r o m  t he  p h a s e  ang le s  w h i c h  
e x c e e d  90 o. 

T h e  p h a s e  a n d  m o d u l a t i o n  d a t a  we re  u s e d  to  

d e r i v e  the  w a v e l e n g t h - d e p e n d e n t  i m p u l s e  r e s p o n s e  

f u n c t i o n s ,  as  d e s c r i b e d  in  T h e o r y .  T y p i c a l  v a l u e s  

for  t he  P a t m a n - l a b e l e d  D P P C  ves ic les  a re  s u m -  

m a r i z e d  in  T a b l e  I. T h e  t h r e e  d e c a y  t i m e s  a re  

s i m i l a r  a t  b o t h  8 a n d  4 6 ° C .  T h e  m a i n  d i s t i n c t i o n  

TABLE I 

IMPULSE RESPONSE FUNCTION FOR PATMAN- 
LABELED DPPC VESICLES 

At 8°C, the value of X 2, obtained using wavelength indepen- 
dent decay times, was 1.38. By comparison, the value of X~ 
obtained using variable lifetimes at each emission wavelength 
was also 1.38. This is the average of the values obtained from 
400 to 530 nm. At 46°C, X 2 for the listed impulse response 
functions was 0.72. For the less restrictive fits, the average 
value of X2R was 0.79. 

8°C 
(,r, ns) (0.98 ns) (3.74 ns) (5.52 ns) 
Wavelength al(X)" ~2(~)  O¢3(~ ) 

400 1.15 
410 0.87 
430 0.21 
450 -0.13 
470 - 0.40 
490 - 0.50 
510 -0.61 
530 - 0.74 

46°C 
(7, ns) (0.95 ns) 
Wavelength a 1(~ ) 

0.60 0.25 
0.74 0.39 
1.02 0.77 
0.95 0.92 
0.73 0.87 
0.57 0.93 
0.33 1.06 
0.18 1.08 

(1.48 ns) (3.94 ns) 

a2(X) a3(X) 

400 1.84 0.10 
410 1.51 0.39 0.10 
430 0.52 1.16 0.32 
450 -0.56 0.91 0.53 
470 - 0.77 0.45 0.78 
490 - 0.85 0.14 1.01 
510 -0.71 -0.20 1.09 
530 - 0.50 - 0.42 1.07 
550 - 0.04 - 0.90 1.06 

The sum of the absolute values of a,(~) are set to 2.0 at each 
wavelength. 

b e t w e e n  t h e s e  r e su l t s  is the  l a r g e r  c o n t r i b u t i o n  of  

t e r m s  w i t h  n e g a t i v e  p r e e x p o n e n t i a l  f a c to r s  a t  t he  

h i g h e r  t e m p e r a t u r e .  S u c h  t e r m s  a re  c h a r a c t e r i s t i c s  

of  e m i s s i o n  w h i c h  is f o r m e d  b y  a n  e x c i t e d - s t a t e  

p roces s .  A t  t he  l o n g e s t  e m i s s i o n  w a v e l e n g t h s ,  t h e s e  

p o s i t i v e  a n d  n e g a t i v e  t e r m s  are  n e a r l y  e q u a l  in  

m a g n i t u d e  a n d  o p p o s i t e  in  s ign.  T h i s  is a c h a r -  

a c t e r i s t i c  of  e m i s s i o n  f r o m  the  p r o d u c t  of  a n  ex- 

c i t e d - s t a t e  p r o c e s s  w i t h o u t  s u b s t a n t i a l  c o n t r i b u -  

t i o n  f r o m  the  e m i s s i o n  d u e  to t he  in i t i a l ly  exc i t ed  

s t a t e  [28]. C o m p a r a b l e  r e su l t s  we re  f o u n d  for  the  

D O P C  vesicles .  

T i m e - r e s o l v e d  e m i s s i o n  s p e c t r a  of  t he  P a t m a n -  

l a b e l e d  ves ic les  a re  s h o w n  in Figs.  4 a n d  5. T o  
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faci l i tate  the compar i son  of these spectra  we chose 
to display,  in each case, t ime-resolved spect ra  at 
0.2, 2 and 20 ns. F o r  DPPC,  be low its t ransi t ion 
tempera ture ,  there is only  a modes t  red shift at 20 
ns, abou t  15 nm. At  4 6 ° C ,  a d rama t i c  spectral  
shift  is seen to occur  between 0.2 and 20 ns, about  
50 nm. Also,  at 2 ns the t ime-resolved emission 
spec t rum of  Pa tman  appears  wider  than at 0.2 and 
20 ns. This is consis tent  with a two-s ta te  model  for 
spec t ra  relaxat ion.  

Time-resolved  spect ra  for D O P C  vesicles are 
shown in Fig. 5. In  this case, a d ramat i ca l ly  b road-  
ened spec t rum is seen at 2 ns at  6 oC. The  spectral  
widths  are obvious ly  more  na r row at 0.2 and 20 
ns, ind ica t ing  that  spectral  re laxat ion  has not  pro-  
ceeded subs tan t ia l ly  at 0.2 ns and  that  it is most ly  
comple te  at  20 ns. At  higher  temperature ,  the 
spect ra l  re laxa t ion  appea r s  to be more  rapid.  This 
is evident  f rom the near ly  re laxed spec t rum seen at 
2 ns at 40 °C.  

A more  quant i t a t ive  measure  of  the rates of  
spectra l  re laxa t ion  can be ob ta ined  f rom the t ime- 

dependen t  decay  of  the center  of  gravi ty (~cg(t)). 
These  results  are summar ized  in Fig. 6. F o r  DPPC,  
bo th  the extent  and  rate  of  spectral  re laxat ion  are 
increased above  the t ransi t ion temperature .  F o r  
the D O P C  vesicles, a s imilar  amoun t  of energy 
(2.5 kK)  is lost at low and high temperature ,  and  
the rate  of  decay  is increased at  the higher  temper-  
ature.  It appears  that  spectral  re laxat ion  is more  
rap id  in D O P C  than in D P P C  vesicles. The relaxa-  
t ion t imes appea r  to be near  2 ns. I f  desirable,  
these t ime-dependen t  values of  ~cg(t) could be 
used to calculate  the decay  law for the center  of  
gravity.  A pre l iminary  examina t ion  of these da ta  
revealed that  the decay  is more  complex  than a 
single exponent ia l .  

We  also examined  the t ime-dependen t  changes 
in the spectral  widths  (A~( t ) )  (Fig.  7). In  all cases, 
except  for D P P C  at 8°C ,  there is a subs tant ia l  
increase in spectra l  width  at in te rmedia te  times. 
The  increased width  is the result  of  con t r ibu t ions  
f rom the ini t ia l ly  exci ted and the relaxed states to 
the emission spectrum.  At  higher  temperature ,  this 
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increase in A~(t) is of shorter duration, reflecting 
a more rapid decay to the equilibrium excited 
state. This transient increase in A~(t) suggests that 
the spectral relaxation of Patman is best described 
by the two-state model. 

TNS-labeled phospholipid vesicles 
For comparative purposes, we also examined 

vesicles labeled with TNS. The temperature-depen- 
dent spectral shifts of TNS are substantially smaller 
than those observed for Patman (Fig. 8). The 
impulse-response functions at each emission wave- 
length were obtained from frequency-dependent 
phase and modulation data. These results were 
also again consistent with an excited-state reac- 
tion. This was evident from the negative preex- 
ponential factors in the impulse-response func- 
tions. Typical values for TNS bound to DPPC at 
4 ° C  are listed in Table II. 

Time-resolved emission spectra of TNS-labeled 
DOPC are shown in Fig. 9. Compared to the 
Patman-labeled vesicles (Fig. 6), the total spectral 

I.O 

.N 
o.5 

E 

Z 
~ O.0  

~ . , ,  TNS-  DPPC 

_-7_ ;?  

%\\\ 

/I N .  ,/ \ 
Z 
- -  1.0 - -  ~ ~ 
b.I TNS - DOPC 

/. , 0  
U.I 

O \ \ \  

t.t. J :~ 0.5 \ \ \ \  

O.C I I i i I = i i i 
:380 4ZO 460 500 540 580 

WAVELENGTH ( n o n o m e t e r s )  

Fig. 8. Steady-state emission spectra of TNS-labeled vesicles. 
Top, DPPC at 4 ( ) a n d  4 5  o C ( . . . . . .  ). B o t t o m ,  D O P C  

a t 4 (  ) a n d 4 0 ° C (  . . . . . .  ). 



1.0 . ~ . ~ g  ~ .  TNS-DOPC, 5"C 
=- / / /  / / / = \  NN 
" \ \ * .  - - o - -  0 . 2  n=e¢ 

= o _ 0 _  

>_ 0 . 5  " 
i -  

N 

O 0  / I  I I I I I I I 

40°C 

0.5 

~-  0 . 0  i I I I J I I 
3so 420 4so 50o 540 5so 

W A V E L E N G T H  ( n a n o m e t e r )  

Fig. 9. Time-resolved emiss ion spectra of TNS- labe led  D O P C  

vesicles. Top, 5 ° C ;  bo t tom,  4 0 ° C .  Time-resolved emiss ion  

spect ra  are shown at 0.2 (O), 2 ((D) and 20 (zx) ns. 

shifts are reduced.  Higher  t empera tures  result  in 
faster  re laxat ion,  as may  be seen by  compar ing  the 
spect ra  at 2 ns at  5 and 40 oC. A t  40 o C, spectral  
re laxa t ion  seems to be essential ly comple te  at  2 ns. 
The  t ime-dependen t  values of  ~cg(t) are sum- 
mar ized  in Fig. 10. In  the case of DOPC,  an 
increased rate  of  spectral  decay  is seen at higher  
tempera ture .  F o r  the D P P C  vesicles, increased 
t empera tu re  has a smal ler  effect. 

F inal ly ,  the t ime-resolved spectral  widths  of  the 
TNS- l abe l ed  vesicles are summar ized  in Fig. 11. 
Once  again,  an increase in A~( t )  is seen at inter-  
media te  t imes near  2 ns. However ,  in cont ras t  to 
the subs tant ia l  increase in A ~ ( t )  seen for Pa tman-  
labe led  vesicles (Fig.  7), the A ~ ( t )  values for T N S  
are ra ther  cons tan t  (Fig. 11). I t  appears  that  the 
spectra l  re laxa t ion  of  T N S  can be app rox ima te ly  
descr ibed  by  a con t inuous  model .  However ,  we 
cau t ion  that  the appa ren t  cons tancy  of  A~( t )  of 
T N S  may  be the result  of  the smal ler  shift  which 
occurs  upon  re laxat ion,  ra ther  than a re laxat ion  
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T A B L E  II 

I M P U L S E  R E S P O N S E  F U N C T I O N  F O R  T N S - L A B E L E D  
D P P C  AT 4 ° C  

For  the impulse  response  function shown, X 2 = 0.47, For  the 

less restr ict ive fit, wi th  var iable  l ifet imes at each wavelength,  

x ~  = 0.43. 

Wave leng th  a l ( ~  ) a a 2 ( h  ) a3(X ) 

(~-, ns) (0.44) (2.67) (10.5) 

400 0.74 0.84 0.43 

410 0.32 1.00 0.68 

420 - 0.09 0.98 0.93 

440 - 0.35 0.66 0.99 

460 - 0.68 0.45 0.87 

480 - 0.85 0.35 0.80 

500 - 1.02 0.33 0.65 

520 - 0.99 0.27 0.77 

540 - 1.10 0.23 0.63 

a Z, lai(~,)l = 2.0. 
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mechanism which is fundamentally different from 
that which occurs for Patman. 

Discussion 

It is interesting to speculate about molecular 
origin of the relaxation processes observed in the 
phospholipid vesicles. In solvents, spectral relaxa- 
tion is generally the result of reorientation of the 
solvent molecules in response to the electronic 
distribution of the excited state. In vesicles, we 
found that the rate of relaxation was dependent 
upon the physical state of the vesicles. This fact, 
and the rather long relaxation times, suggest that 
the bulk water has a minimum effect on the re- 
laxation process. We cannot rigorously exclude 
bound water as contributing to the relaxation. 
However, it seems likely that the observed spectral 
relaxation is the result of either a reorientation of 
the lipids around the excited state dipole of the 
fluorophores or a reorientation of the probe. Both 
processes are known to be dependent upon the 
physical state of the vesicles, and both processes 
could occur simultaneously. However, our infor- 
mation is not sufficiently detailed to permit identi- 
fication of the molecular events which are respon- 

sible for spectral relaxation. 
Our results represent the first detailed descrip- 

tion of time-resolved emission spectra using 
frequency-domain fluorometry. As must be true 
for any new method, further studies are likely to 
yield a more detailed and quantitative description 
of spectral relaxation. In fact, we decided not to 
emphasize such analyses, but rather to emphasize 
the practical usefulness of frequency-domain fluo- 
rometry for such measurements. Several general 
observation can be made with confidence. The 
time-resolved spectral properties of fluorophores 
may be easily and reliably obtained from the 
frequency-domain measurements. The rates of 
spectral relaxation are in agreement with those 
estimated previously using the time-resolved 
method [11,16,23] and phase-sensitive detection of 
fluorescence [11] for TNS-labeled vesicles. Also, in 
the case of Patman, the results are in agreement 
with earlier studies in which the spectral relaxation 
was examined by phase-sensitive detection of fluo- 
rescence [17]. We confirmed that spectral shifts of 
Patman are due to time-dependent spectral shifts 
and not ground-state heterogeneity, and that the 
relaxation is not adequately described by a con- 
tinuous relaxation model [17]. Importantly, the 
results appear to be sufficiently precise to reveal 
changes in the relaxation rates due to temperature, 
and due to differences in the nature of the relaxa- 
tion process, that is continuous or stepwise. 

It seems valuable to comment  on the time re- 
quired to obtain the frequency-domain measure- 
ments. In these initial experiments, the data were 
collected by manually changing the wavelengths 
and recording the values. Even so, all the neces- 
sary data at a single temperature could be ob- 
tained in about 2 h. If needed, this time could be 
reduced by automation. In conclusion, frequency- 
domain fluorometry can provide rapid and reliable 
quantitation of complex time-dependent processes. 
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