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Abstract 

A new method for the recovery of the fluorescence decay time distributions based on the combination of a 
truncated singular value decomposition and computation of the solution in the presence of non-negative 
constraints is described. The shape of the fluorescence decay time distribution of polar dye solutions with 
inhomogeneous broadening of the electronic levels, due to fluctuations of dipole-dipole interactions, was 
analyzed both theoretically and experimentally. For the first time it has been found that under conditions of 
single- or double-exponential time-dependent fluorescent shift the distribution is not continuous but consists 
of discrete peaks. The positions and weights of these peaks are determined by the parameters of the spectral 
shift. A method for the determination of the dynamic characteristics of the polar region in the membrane 
bilayer is proposed based on decay time distribution analysis. 
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1. Introduction 

Important advances have been achieved re- 
garding the technique of the fluorescence kinetics 
processing in recent years. Instead of the com- 
mon practice to analyze intensity decays by using 
a sum of discrete exponential decays [l], new 
methods of recovery of the fluorescence decay 
time distribution (DTD) have been offered. To 
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date three basic ones have been proposed [2-61 
and been widely used [7-211. They are the maxi- 
mum entropy (MEW [3] and the exponential 
series methods (ESM) [2,4], as well as the method 
of the recovery of DTD from frequency domain 
data [5,6]. It has been found [4] that the first two 
methods are similar in their recovering powers at 
high level of precision (5 10’ CPC) of the experi- 
mental kinetics. It is also shown that the result of 
both methods in solving the problem of differen- 
tiating the case of a continuous distribution and 
three discrete components is critically dependent 
on the separation of the decay times. It was 
found that for systems with 11 priori continuous 
distributions both MEM and ESM methods suc- 
cessfully recover DTD shape (e.g., for Fiirster 
transfer in rigid media [4,22]). However, the prob- 
lem of the recovery of DTD even for several 
chromophores with exponential decays remains 
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ambiguous at the usual data accuracy of commer- 
cial fluorometres (5 103-5 104 CPC) [23]. The 
application of DTD recovery, to study the fluo- 
rescence decay of probes or intrinsic chro- 
mophores of the biological samples, can be essen- 
tially restricted by the impossibility to improve 
the experimental accuracy, as the concentration 
of the chromophores usually is low and amenable 
to photodegradation. Fluorescence spectra of vis- 
cous polar solutions of dyes exhibit considerable 
spectral-temporal inhomogeneity [241. It is just 
the situation that is common for the most probes 
applied in biochemistry. The inhomogeneous 
broadening of electronic spectra in such systems 
leads to a time-dependent fluorescent shift 
(TDFS). In the case when the spectrum shifts 
towards the red region (bathochromic shift), an 
accelerated fluorescence decay takes place at the 
shorter wavelength side of the emission spectrum 
(blue slope). In contrast, at the longer wavelength 
side (red slope) the fluorescence intensity builds 
up from low values at zero time to a maximum 
and then decays [25]. A straight forward charac- 
terisation of fluorescence kinetics is rather com- 
plex, due to the spectral shift, and fluorescence 
decay cannot be represented as a simple sum of 
two or three exponcntials. To the authors’ pres- 
ent knowledge thorough consideration of DTD 
for the systems with TDFS has not yet been 
made. However, it has been suggested [51 that the 
distribution in this case has to be continuous due 
to the complex behavior of fluorescence spectra. 

In general, the spectral shift in polar dye solu- 
tion as well as in biochemical samples should be a 
non-exponential one. In the present paper we 
analyze the case when the spectral shift can be 
represented as single- or double-exponential. 

2. Experimental 

Fluorescence decay data were acquired using 
the time correlated singIe photon counting tech- 
nique (PRA-3000). The probes l-phenylnaph- 
thylamine (l-AN) of chromatographic purity [261 
and 2-toluidinonaphthalene-6-sulfonate (2,6- 
TNS) obtained from Serva (F.R.G.) were used 
without further purification. 3-ANMP was twice 

sublimed at T = 90°C. Commercial spectral grade 
glycerol was purified by vacuum distillation and 
was used to prepare 3-ANMP solutions which 
had concentration 5 10m5 M at the excitation in 
maximum of the absorption spectrum and 5 10B4 
M at red-edge excitation. 

The experiments were carried out with vesicles 
obtained by the conventional method from egg- 
yolk phosphatidylcholine [27]. Vesicles were pro- 
duced by short-term (lo-15 min) sonication of 
the lipid suspension in 50 mM tris-HCl buffer, 
pH 7.4, using 150-watts ultrasonic dispergator 
(MSE). The conditions were chosen such as to 
provide the predominant formation of bilayer 
monolamellar vesicles. The separation of the sin- 
gle bilayer vesicles was achieved by means of 
centrifugation and the additional fractionation on 
Sepharose 4B. The sizes of vesicles were from 
100 to 200 nm. The lipid-to-probe ratio was 500 : 1. 

3. Theory 

3.1 Method of recovery of decay time distributions 

We compute distributions of decay rates P(r) 
and then recalculate them to distributions of de- 
cay times P(7). The recovery of DTD from the 
experimental kinetics is reduced to solving the 
Fredholm integral equation of the first kind: 

I(t) =,ffR(t - t')/mP(r) exp( -l?f’) dIY dt’, 
0 0 

(1) 

where R(t) is an impulse response function and 
r = l/7 is the reciprocal decay time. 

It is easy to show that both the array of m 
points {tJllZ, in which experimental data are mea- 
sured and the experimental data accuracy define 
the interval [Tmin, r,,,,] within which the recon- 
struction of the distribution P(r) is possible. 
Indeed, for any data accuracy there exists such a 
value r,,,i, that for all I? < rmin the exponential 
exp(-rt) decays too slow to be reliably distin- 
guished from a constant, i.e. the exponential has 
an infinitely small decay rate. On the other hand, 
there also exists a value I-,,, such that for r > 
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r,,, the exponential exp( - I’t) decays so fast that 
at our experimental accuracy and impulse re- 
sponse function R(t) it cannot be distinguished 
from the excitation pulse. 

We compute the function P(T) as a histogram 
of n columns within the interval [rmin, I&]. The 
bounds of the columns (q’, q’h,,!=, are arranged 
within the interval at logarithmically equal dis- 
tances. The optimum for such a manner of ar- 
rangement was shown in [28]. In this case the 
corresponding bounds of columns at the r-axis 
are arranged at logarithmically equal distances, 
as well. 

We can compute the solution also on two 
additional intervals which we provisionally have 
called “something very fast” (SVF) and “some- 
thing very slow” (SVS). The column SVF of the 
histogram contains all very fast components and 
in our calculations it was determined within the 
interval [I’,‘, I = 100 r,,,,,, ri+, = 500 I’,,,,,]. The 
column SVS of the histogram is determined within 
the interval [r,‘,, = 0.002 rmin, r,+, = 0.01 r,,,,,] 
and contains all components that have very slow 
decay rates. We can only roughly estimate the 
existence and the relative weights of such compo- 
nents by using the squares of these columns but 
we cannot locate their positions on r-axis exactly. 

The above mentioned method of the dis- 
cretization of eq. (1) leads to a system of m linear 
equations with it + 2 variables. 

Ax=b, (2) 

b= [~(~,),...,Z(L)]‘, (3) 

aij = p(li - tf)_/yexp( - rtf) dr dt’. (4) 

As the instrumental response function R(t) is 
measured similar to the experimental kinetics (as 
a set of values {RJ) we replace the integration 
over t by a summation. We furthermore intro- 
duce a set of coefficients {dj} that obeys the rule 
d. = (rj” - r/)-1/2. Then we obtain: I 

i-l 

a,j = dj C Ri_c+,/ri*exp( -I&) dr, 
k=O r: (5) 

i=l,m; j = 1, n + 2, 

where t, = 0. When the solution x of the system 
of linear equations is computed, one can find the‘ 
relative weight of each column in the histogram 
as hj = xj dj. The introduction of coefficients (d,) 
is dictated by the following reasoning. We must 
choose as a solution vector x which fits the 
experimental kinetics, within Iimits of accuracy of 
the experimental data, and in addition possesses 
some extreme property in the space of possible 
solutions. It can be shown that if we use such a 
method of scaling, the required extreme property 
will be provided by vector x of minimum Eu- 
clidean norm. Such a choice of vector x corre- 
sponds a decay rate distribution function P(r) of 
minimum energy 

E[P(r)] = jp2(r) dr. (6) 

Indeed, using the previously obtained formulas, 
one can easily derive that: 

n+2 

E[P(r)] = ,F, /J%; dr = nt2hf(r: -r;) 
i=l 

n+2 n+2 

= c xi’d’(r,h - r/) = c Xi’, 
i=l i-l 

(7) 

Computer experiments with various rules for (djl 
have confirmed the validity of our approach. 

We use the truncated singular value decompo- 
sition (SVD) to solve the system of linear equa- 
tions eq. (2) (for more details about the truncated 
SVD see Appendix). Unfortunately, in most cases 
matrix A is practically singular and the system eq. 
(2) is ill-conditioned. In this case the solution is 
not stable with respect to small errors in vector b. 
Therefore, the additional stabilization of the so- 
lution is required. The requirement of the non- 
negativeness of the distribution given by the sys- 
tem of inequality constraints 

G.X>O, (8) 

G-diag{d,,...,d,+,} (9) 

strongly reduces the space of the solutions and in 
such a manner atabilizes the solution. We solve 
the problem described in eq. (2)-eq. (8) using the 
specially developed algorithm [29] that combines 
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the truncated SVD with the computation of the 
distribution in the presence of constraints. This 
algorithm is the further development of the algo- 
rithm for solving the Least Squares with Inequali- 
ties (LSD problem [30]. Our algorithm includes 
the special procedure of the preliminary singular- 
ity analysis. This procedure automatically esti- 
mates the accuracy of data and fixes an optimum 
number of SVD components according to the 
level of noise. The algorithm allows the use of a 
single precision computer arithmetics thereby ac- 
celerating computation. 

The strict mathematical description of the 
method of solving eqs. (2)-G), as well as the 
expanded version of the program algorithm will 
be published separately. 

The more simple algorithm for the fluores- 
cence decay data processing based on the trun- 
cated SVD was proposed earlier [31]. This algo- 
rithm, however, provides only the three-exponen- 
tial fitting of the fluorescence kinetics and has no 
abilities to choose an optimum number of SVD 
components automaticahy. 

The described in the paper results have been 
computed on a 16 MHz IBM PC/AT compatible 
computer. The processing time is practically inde- 
pendent of neither the shape of the solution nor 
the noise level and is about five minutes. 

The experimental data were measured at 255 
equidistantly spaced time points in considered 
below examples. The function P(I) was calcu- 
lated within the interval [Imin = 0.5/t,,, P,, = 
2/t,,,] which was divided into 50 logarithmically 
equal parts. 

3.2 Decay time distribution in conditions of TDFS 

After short pulse excitation, a non-equilibrium 
distribution over the frequency of the pure elec- 
tronic transition appears in the excited state of a 
system with inhomogeneous broadening of elec- 
tronic spectra. Nanosecond fluorescence spec- 
trum dynamics (spectral relaxation) is observed in 
the system if the time of the solvate relaxation is 
on the order of the natural Iifetime. Due to the 
shift of the instantaneous fluorescence spectrum 
the fluorescence kinetics depends on a registra- 
tion frequency [32,33]. Fluorescence spectro- 

chronogram I(Y, t) can be represented as a con- 
volution of the solvate distribution function over 
the frequency of the pure electronic transition 
&(v, t) (inhomogeneous broadening function, 
IBF) and the homogeneous fluorescence spec- 
trum S(v): 

I(v, t) =i,exp(-t/~O)/‘m+(v’, t)S(v-v’) dv’, 
--m 

(IO) 

where ~~ is a natural lifetime of the excited state, 
v’ is a frequency of the pure electronic transition 
and i, is a constant (we will assume i, = 1 for the 
sake of simplicity). 

The equilibrium IBF of the polar dye solution 
has a Gaussian shape [33]: 

(11) 
The temporal transformation of IBF as it was 
shown [25,34] can be defined as follows: 

vO( r) = ~a( a) + Av( Pi exp( -Pi) 

+P2 exp(-Vr2)), (12) 

forp,,8*20andP1+P2=1, 

c(t) =a(m) + Acr exp( -t/r3). (13) 

This model phenomenologically correctly de- 
scribes the shift of the fluorescence spectrum and 
the changes of the width of the spectrum. 

The problem with theoretical caIculations of 
DTD is reduced to the inverse Laplace transform 
P(Y, I) =_Y”-‘(l(v, t)) of the fluorescence kinet- 
ics Z(U, t). In other words, Z’(r) can be obtained 
as a solution of the equation: 

I(v, t) =/mP(~, r) exp(-Tt) dr. (14) 
0 

If I(v, t) is given by eq. (10) it is easy to show 
that the inverse Laplace transform of the kinetics 
is expressed as follows: 

W, r) = jfmrl(exp( --t/rO)#(v’, t)) 
-m 

x S( v - v’) dv’. (15) 
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By this way the form of DTD is defined by the 
inverse Laplace transform of IBF. 

Expanding IBF (eq. 11) in a series and taking 
into account eqs. (12) and (13) one obtains: 

+ 5 i 5 E i 4Lnw 
i=O j-0 k-1 n=O m-0 

i 

1 n-m m i 
X6 r--------- 

70 71 72 73 I 
i 

(16) 

where 

(17) 

B;knm(v)=(-l)k+n 
2(2k+ j-l)! 

j!m!(k - l)!(n - m)!(2k - n)!p’-“p’ 

x( g-J( !pJ2? (19) 

Here we assume that 

/ 
+$) dv = 1. 

--m (20) 

We can see from eq. (16) that the DTD under 
conditions of single- or double-exponential TDFS 
is discrete, i.e. not a continuous one as, for exam- 
ple, the DTD under conditions of Fijrster (radia- 
tionless) energy transfer (see, e.g., [4,22]). The 
shape of the homogeneous spectrum S(V) affects 
only the relative weights of &functions. There- 
fore, we can state that for any system in which 
the spectral relaxation according to the above 
described model takes place, the DTD will be 
discrete, independent of (homogeneous) spec- 
trum shape. Positions of the &functions will de- 
pend only on the characteristic times of the spec- 
tral relaxation. 

It should be noted that when DTD is repre- 
sented by closely spaced &functions the weights 
of which are approximately equal or monot- 

onously increase or decrease, we deal with the 
so-called “quasi-continuous” distribution. This 
means that in practice the limited temporal reso- 
lution and noise in data will not allow recovery of 
the structure of the DTD, so that it will be 
treated as a continuous one. (This is the common 
way of simulating continuous distributions.) In 
contrast, there may be a situation when &func- 
tions in discrete DTDs are gathered in several 
well-spaced groups. In such a case we obtain the 
“quasi-discrete” DTD. It means that one cannot 
resolve experimentally the structure of these 
groups, but instead obtain well-spaced rather 
broad peaks. 

Therefore it will be useful to analyze the struc- 
ture of the obtained DTD. Considering eq. (16) 
one can determine DTD structure. We can see 
that this distribution consists of a separately lo- 
cated &function at 7” and, at lower decay times, 
sequences of &functions for each ri (S(F - 
(l/7”) - (n/7$, n = 1, 03) where i = 1, 2, 3 and, 
lastly, a complex result of the “interference” of 
these sequences (6(I - (l/r& - (i/ri) - (j/~z) 
- (k/~~), (i, j, k) = 0, 03, excluding those cases 
when two or three indices simultaneously equal 
zero). Note that the decay time distribution al- 
ways lies within the interval T E [O, ~~1, irrespec- 
tively of values of rTi. 

It is clear that each of these three sequences 
appears at decay time 

t TOTi 
7. = - 

1 7a+7;’ 
i= 1,2,3 (21) 

and lasts towards lower decay times. The weights 
of &functions of each sequence are represented 
by a convergent series and therefore after a finite 
number of terms of the sequence the weights of 
the &functions become negligibly small. There- 
fore, each sequence can be characterized by some 
mean decay time. However, the weights of the 
&functions in the sequence depend on the emis- 
sion frequency (eq. 9) and therefore the mean 
time of a sequence too. 

Computations have shown that the in the pres- 
ent paper considered cases of DTD’s for TDFS- 
systems are “quasi-discrete” (Section 4.3). It will 
be shown in Sections 4.3 and 4.4 that this “quasi- 
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discreteness” of DTD’s of TDFS-systems can be 
successfully applied to analyse fluorescent probe 
dynamics. 

4. Results and discussion 

4.1 Computer simulations 

We have investigated the abilities of our algo- 
rithm to recover the DTD from the fluorescence 
kinetics at low level of precision conditions (CPC 
= 5 103) by means of computer simulations. 

The fluorescence kinetics corresponding to a 
given DTD was convolved with the excitation 
pulse (flash-lamp) with CPC = 5 109. The width 
of the response function at the half of its maxi- 
mum was about 2 ns. Data consisted of 255 
channels with 0.16 ns per channel. A typical 
simulated decay curve as well as the correspond- 
ing excitation pulse ar shown in Fig. 1. 

The exampIes of the recovery of single-ex- 
ponential decays for various decay times are pres- 
ented in Fig. 2. 

The recovery of the double-exponential pro- 
cess obviously depends (at fixed data accuracy) on 
the separation of the decay times (Fig. 3). We can 
take into account a priori information about the 
system. In the ideal case the DTD consists of 
discrete exponential S-functions. Therefore, we 
can compute in this case the “sharpened” solu- 
tion. This is equivalent to the choice of a greater 
number of SVD components than that chosen 
automatically based on the noise level. We can 
see that using such an operation one can suffi- 
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TIME, NS 

Fig. 1. The stimulated fluorescence kinetics (dotted line) for 
the three-exponential decay with the parameters similar to the 
case of Fig. 4(a) convolved with the real excitation pulse of 

the flash-lamp (solid line). 

0.1 1 10 0.1 1 10 

DECAY TIME. NS 

Fig. 2. The recovery of the single-exponential decays. CPC = 5 
103, 255 channels, 0.16 ns/ch. (a) 7 = 0.2 ns, (b) 7 = 1 ns, (cl 

+ = 5 ns, and (d) T = 20 ns. 

DECAY TIME. NS 

Fig. 3. The recovery of double-exponential decays as a function of the separation. r = Q /TV. CPC = 5 103, 255 channels, 0.16 
ns/ch. (a) r = 5; (b) r = 4; (c) r = 3; (d) r = 3, “sharpened” solution; (e) r = 2; and (0 r = 2, “sharpened” solution. 
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1 

0 

1 
f) 

0 L 
0.1 1 10 

Fig. 4. The recovery of three-exponential decays as a function of separation and relative weights. r = T~/T~ = T*/T,. CPC = 5 103, 
255 channels, 0.16 ns/ch. (a) I = 5, c, : c2 : cj = 1: 1: 1; (b) r = 5, c, : c2 : c3 = 4: 1: 1; Cc) r = 4, c, : c2 : cj = 1: 1: 1; (d) the same as (c), 

“sharpened” solution; (e) r = 4, c1 : c2 : cj = 4: I : 1; (f) the same as (e), “sharpened” solution. 

ciently improve the temporal resolution (Fig. 3c, 
d and e, f). Nevertheless, it should be noted that 
this method should be used only if we know that 
the fluorescence kinetics consists of discrete ex- 
ponential decays. 

The examples of the recovery of three-ex- 
ponential decays with various relative weights and 
separations are presented in Fig. 4. As in previ- 
ous case the recovery of DTD critically depends 
on the separation of decay times. 

The ability to recover the shape of the contin- 
uous distribution was tested using the lognormal 
distributions of decay times (Fig. 5). It is clear 
that “fast” components are cut off because of 
both the convolution of the real kinetics with 
wide response function and the noise level in the 
data. 

We have found that because of the non-nega- 
tive constraints (Section 3.1) our method provides 

1 

r 

2 

30 

91 
F 
4 

i+ 

0 
0.1 1 10 

DECAY TIME. NS 

Fig. 5. The recovery of the unimodal (a) and bimodal (b) 
lognormal distributions. CPC = 5 lo’, 255 channels, 0.16 

ns/ch. 

stable recovery of the positive part of the DTD in 
the presence of strong negative components at 
short decay times. The resolution of discrete de- 
cays is certainly worse in this case (Fig. 6). 

4.2 DTD for dye solutions with exponential decays 

We have tested our program also by studying 
the fluorescence decays of liquid dye solutions 
(n-propanol at the room temperature). Since the 

DECAY TIME, NS 

Fig. 6. The recovery of the positive parts of DTD in the 
presence of the exponential with the negative pre-exponential 
factor. CPC = 5 103, 255 channels, 0.16 ns/ch. The parame- 
ters of the positive part of DTD are; (a) as in Fig. 2(c); (b) as 

in Fig. 3(b); (c) as in Fig. 4 (b); (d) as in Fig. 5 (a). 
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1 4 

DECAY TIME. NS 

Fig. 7. Decay time distributions for solutions of non-inter- 
acting fluorophores with exponential decays in n-propanol, 
T = 22”C, vex = 29 740 cm- ‘, v,, = 23800 cm-‘; 255 chan- 
nels, 0.32 ns/ch; (a) p-quaterphenyl (CPC = 5 103); (b) l-AN 
(CPC = 3 103); (cl g-quaterphenylf l-AN (CPC = 1.4 104); 
(d) p-quaterphenyl+ l-AN +3-ANMP (CPC = 3 103); (e) p- 
quaterphenyl + l-AN+3-ANMP (CPC = 1.4 104); (f) the same 

as (d), “sharpened” solution. 

solvate relaxation time of n-propanol at room 
temperature lies in the picosecond region the 
decays of the single-component solutions are ex- 
ponential (Fig. 7a, b). 

We have recovered DTD’s for mixtures of two 
and three non-interacting chromophores (Fig. 7c, 
d). The recovered lifetimes are in good coinci- 
dence with those obtained in cases a, b. The 
width of a peak allows an estimation of the accu- 
racy of the measured decay time value. The in- 
crease in the accuracy of data leads to the de- 
crease in the widths of DTD peaks (Fig. 7e). 

We can take into account a priori information 
about our system and compute the “sharpened” 
solution (see Section 4.1). The results of such an 
analysis are represented in Fig. 7(f). We can see 
in this case that the choice for a greater number 
of SVD components sufficiently increases the ac- 
curacy of the experimental data. Still, we must 
once more emphasize that such a “method of 
improving accuracy” should be applied only in 
those cases when we do know that the experi- 
mental kinetics consists of several (two or three) 
discrete exponential decay functions. 

4.3 Decay time distribution for TDFS-systems 

The dependence of the fluorescence kinetics 
of the solution of 3-ANMP in glycerol both on 
the emission and the excitation frequencies has 
been examined earlier [35]. It has been found 
that the model of the inhomogeneous broadening 
(field diagram) makes it possible to describe qual- 
itatively the fluorescence kinetics both at blue 
and red slopes of the emission spectrum. The 
fluorescence kinetics under conditions of TDFS 
depends on the evolution of IBF and the registra- 
tion frequency in accordance with eq. (10). 

F6r the simplification of the theoretical calcu- 
lations we have used a more simple form of 
model eq. (10). Instead of the real instantaneous 
spectrum we chose the Gaussian with moving 
center of gravity and altering width. The fluores- 
cence kinetics in this case is as follows: 

1 
I(v, t) = i, exp( -t/~,) 

6u( t) 

where v,(t) and a(t) are as defined in Section 
3.2. This model can be used for the description of 
the fluorescence kinetics at the blue slope of the 
emission spectrum. 

The parameters of the model (the spectral 
shift range Av, spectrum width C, its altering in 
during spectral relaxation (Aa, TJ and the spec- 
tral shift law (/3,, &, TV, TV)) were estimated in 
the first stage of the calculations on the basis of 
time-resolved emission spectra (zero approxima- 
tion) and then were more accurately defined by 
using a non-linear fitting (Nelder-Mead algo- 
rithm) of the model emission kinetics to that 
experimentally found. (3-ANMP in glycerol, veX = 
27900 cm-‘, uem = 25000 cm-‘>. 

The theoretical DTD for the simplified model 
(eq. 22) is shown in Fig. 8(a). It was calculated 
using previously defined spectral shift parame- 
ters. A b-function corresponds to the infinitely 
high temporal resolution of the fluorometre, but 
since this is not a real situation, the distributions 
were computed in the form of histograms with 
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the parameters described in Section 3.1. In this 
situation the weight of a bar represents the sum 
of weights of b-functions taken in linear r-scale 
within the bar interval_ 

Numerically computed DTD for the simulated 
(eq. (22) and the experimental kinetics are repre- 
sented in Fig. 8(b), (c). We can see that DTD 
recovered both from the simulated and the exper- 
imental kinetics consist of three peaks whose 
positions correlate with the ones of the sequences 
of the S-functions of the theoretical distribution. 

If we fix the excitation frequency and decrease 
the registration (emission) frequency so that it 
stays within limits of the blue slope of the emis- 
sion spectrum, we obtain a relative decrease of 
weights of “fast” components in the DTD. This 
can be explained by the next speculations. Let us 
consider the decrease of the fluorescence inten- 
sity caused by the spectral shift only. Then, if the 
registration point at the time zero is located 
closely to the maximum of the spectrum, the 
decrease of the intensity is smaller than if the 
registration point was at the blue wing (provided 
that the spectrum shifts towards the red region). 
This circumstance is caused by using a Gaussian- 
like spectrum shape. 

1.0 
a) 

-0.4 k 0.0 

0 
0.1 1 10 

DECAY TIME, NS 

Fig. 8. Decay time distributions for 3-ANMP in glycerol, 
[Cl=5 lo-’ M, T=22”C, v,,=27900 cm-‘, v,,=25000 
cm-‘; 255 channels, 0.16 ns/ch; (a) theoretical (eq. 16); (b) 
computed from simulated kinetics (eq. 22); (cl computed from 

experimental kinetics (CPC = 5 103). 
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Fig. 9. Decay time distributions for 3 ANMP in glycerol, 
[Cl=5 lo-’ M, T=22”C, v,,=27900 cm-‘, ~,,=222OO 
cm-‘; 255 channels, 0.16 ns/ch; (a) theoretical (eq. 16); (b) 
computed from simulated kinetics (eq. 22); (c) computed from 

experimental kinetics (CPC = 104). 

Similar to the previous case, the results for a 
registration frequency of 22 200 cm-’ are shown 
in Fig. 9. The presence of strong negative compo- 
nents in the theoretical DTD is caused by the fact 
that the registration point is located at the red 
slope of the instantaneous emission spectrum at 
zero time. As the first stage of the relaxation 
occurs with high rate, the negative components 
appear at short decay times. 

It should be noted that the width of relaxation 
time 73 appeared to be close to its value found 
with longer relaxation times. Therefore, only two 
peaks connected with the spectral relaxation are 
observed in the distributions. 

The magnitude of the spectral shift decreases 
at the red-edge excitation [361. We have investi- 
gated the character of the fluorescence kinetics at 
an excitation frequency of 23 250 cm-’ using the 
same registration frequency as in the case repre- 
sented in Fig. 9. Using our model (eq. 22) we 
found that in this case the spectra1 shift region is 
about 500 cm-‘, which is sufficiently smaller than 
the one with excitation at the maximum of the 
absorption spectrum (2700 cm-‘). Moreover, the 
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Fig. 10. Decay time distributions for 3-ANMP in glycerol, 
[Cl=5 10m4 M, T=22”C, vex =27900 cm-‘, u,,=25000 
cm-‘; 255 channels, 0.16 ns/ch; (a) theoretical (eq. 16); (b) 
computed from simulated kinetics (eq. 22); (cl computed from 

experimental kinetics (CPC = 3 103). 

width of the time-resolved emission spectrum 
practically does not alter in the process of the 
spectral relaxation and is practically equal to one 
of the relaxed spectrum at the excitation at the 
maximum of absorption. Instead of the double- 
exponential shift, as in previous case (7, - 0.45 
ns, r2 = 4.8 ns, /3/& = 0.72/0.28), we now have 
a single-exponential shift with 71 = 1.2 ns. 

Figure 10 shows the theoretical, the simulated 
and the experimental DTD for the red-edge exci- 
tation. As expected the weight of the fast compo- 
nents decreased. The experimentally obtained 
DTD in this case contains only one peak con- 
nected with the spectral relaxation. This fact is in 
good agreement with the assumption of the 
mono-exponential character of the spectral shift. 

We can estimate the values of 7, and 72 using 
in eq. (21) instead of T! the centers of gravity of 

Table 1 

Fluorescence DTD analysis for 3-ANMP in glycerol 
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relaxation peaks T,? of the experimentally ob- 
tained distribution. The estimated values of 71 
and TV, as well as the weights of DTD peaks PO, 
P,, P, are listed in Table 1. 

Our investigations make it possible to explain 
the emission frequency dependence of the pa- 
rameters recovered by the three-exponential fit- 
ting of the fluorescence kinetics in systems with 
TDFS (see, e.g., [331). As discussed in Section 3.2, 
the mean decay times of the sequences of the 
distribution depend on the registration frequency. 
The three-exponential fitting allows to recover 
some mean parameters of the fluorescence kinet- 
ics of such systems. Therefore, one can suppose 
that these mean parameters correspond to those 
of the above described sequences. In this way, it 
is clear that the parameters of the three-exponen- 
tial model should depend on the emission fre- 
quency. 

4.4 DTD for probes I-AN and 2,6-TNS in mem- 
branes 

We investigated fluorescence DTD for l-AN 
and 2,6-TNS probes incorporated into phos- 
phatidylcholine bilayer membranes. From [37] it 
is known that l-AN and 2,6-TNS probes possess 
electrical dipole moments that increase after op- 
tical transition from the S, to S, state. Owing to 
the presence of a negatively charged sulfate group, 
the 2,6-TNS probes locate in the regibn of the 
heads of phospholipids at the polar surface layer 
of the membrane phospholipide bilayer. Non- 
ionic l-AN probes can penetrate into the bilayer 
more deeply and locate on the level of the glyc- 
erol skeleton and the carbonyl group of the phos- 
pholipids. Thus, both probes are located in the 

Excitation Registration 
frequency frequency 
(cm-‘) (cm-‘) 

27 900 22500 
27900 22200 
23 250 22200 

Centers of gravity 
of peaks (ns) 

70” rP 

12.0 2.9 
12.6 3.3 
13.6 0.5 

72” 

0.4 
0.6 
- 

Estimated Relative weights 
relaxation of peaks 
times (ns) 

71 72 PO PI p2 

3.4 0.4 0.12 0.21 0.67 
4.5 0.6 0.19 0.34 0.47 
0.5 - 0.28 0.72 _ 
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polar region of the bilayer. The inhomogeneous 
broadening of fluorescence spectra has been 
found and studied for these probes both in vis- 
cous polar solution and membranes 138,391. The 
time-resolved emission spectra show nanosecond 
dynamics with temperature-dependent rates. 

As shown in Section 3.2, the information about 
the law of the spectral shift is contained in the 
fluorescence kinetics of polar dye solutions. 
Therefore, we can except that our method allows 
us to study the dynamic properties of the polar 
part of the membrane. 

The DTD’s for l-AN in membranes at the 
excitation in the maximum of absorption and 
registration on the blue slope of the emission at 
three different temperatures: 22”C, 14°C and 8°C 
are shown in Figs. lla-c. The results of the DTD 
analysis for these cases are listed in Table 2. 

It can be seen that in all three cases the 
distributions consist of discrete peaks. As it is 
clear from the previous considerations (Section 
3.21, the right peak is connected with the natural 
lifetime, whereas the other peaks depend on the 
spectral shift. Therefore, the positions and rela- 
tive weights of the last have to depend on the 
temperature. The independence of the right peak 
position from temperature (in experimental accu- 
racy limits) gives evidence that the natural life- 
time does not depend on the probe’s environ- 
ment microviscosity. (The position of the peak 
corresponding to ~a can be found more precisely 
by using the “sharpened” solution; in this case 
r0 = 7.2 & 0.8 ns.> The decrease of the tcmpera- 
ture makes the spectral shift more slow. This has 
to lead to a decrease in the relative weights of the 
fast components of the DTD. One can notice that 

Table 2 

DECAY TIME, NS 

Fig. 11. Decay time distributions for 1 -AN (a, b, and c), and 
2,6-TNS (d) in model membranes, Y,, = 27900 cm-‘, u,, = 
25000 cm-‘; 255 channels, 0.16 ns/ch; (a) T = 22°C (CPC = 
2.5 10”); (b) T = 14°C (CPC = 104); (c) T = 8°C (CPC = 104); 

(d) T = 14°C (CPC = 5 10”). 

at 8°C the fast component of DTD for l-AN is 
not resolved such that it can be connected with a 
decrease in the relative weight of the fast compo- 
nent. 

On the basis of the obtained DTD we can 
estimate the mean time of the spectral shift (rn) 
= (P,ri + P,r,)/(P, + P2). It was found that this 
parameter monotonously decreases with an in- 
crease in temperature (see Table 2). 

Fluorescence DTD analysis for l-AN and 2,6-TNS in bilayer phosphatidylcholine membranes 

Probe 

l-AN 

2,6-TNS 

Tempera- 
ture (“C) 

8 
14 
22 

14 

Centers of gravity Estimated Relative weights Estimated mean time 
of peaks (ns) relaxation of peaks of spectral shift 

times (ns) 

47 

= 

71 G 7: CTR) 71 72 PO p, p2 “;I I y2 2 

(ns) 

6.3 1.3 - 1.6 0.60 0.40 - 1.6 
1.3 2.3 0.2 3.4 0.2 0.23 0.27 0+50 1.3 
1.2 2.4 0.3 3.6 0.3 0.16 0.21 0.64 1.1 

6.5 1.9 0.4 2.7 0.4 0.19 0.17 0.64 0.9 
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DTD for probe 2,6-TNS in membrane also 
constraints of discrete peaks (Fig. lid) at the 
excitation in the maximum of the absorption and 
at blue-slope registration. The similar character 
of DTD for both probes shows that in these two 
cases we deal with the same phenomenon of 
dipole-dipole relaxation. In accordance with the 
well known fact that the microviscosity is greater 
in the region of the glycerol skeleton than in the 
region of phospholipide heads [37], the mean 
time of the spectral shift (TV) for 2,6-TNS is 
found smaller than that for l-AN at the same 
temperature. 

5. Conclusions 

The described method of recovery of decay 
time distributions by means of a truncated singu- 
lar value decomposition and the computation of 
the solution in presence of constraints allows 
interpretation of complex fluorescence kinetics. 
The method enables us to differentiate with con- 
fidence up to three exponential processes at rela- 
tively low level of experimental accuracy (5 103 
CPC) the characteristic decay times which differ 
in magnitude by about a factor of four to five. 

We have found that in the case when the 
spectral relaxation can be represented as a single- 
or double-exponential shift of the emission spec- 
trum, the decay time distribution of a system with 
TDFS consists of a single well-separated S-func- 
tion at TV and several sequences of closely spaced 
a-functions. At some combinations of values of 
the parameters of the spectral shift, these se- 
quences are located separately and their positions 
can be recovered from the fluorescence kinetics. 

In such a manner it is possible to estimate the 
relaxation constants of the spectral shift from the 
kinetics measured at the blue slope ends of the 
emission spectrum. The investigation of the spec- 
tral relaxation of the electronic spectra of polar 
dye solutions is quite interesting for both creation 
of the theory of polar solutions and study of the 
dynamics of biochemical samples. It is particu- 
larly important that our method enables estima- 
tion of the dynamic characteristics of polar solu- 
tions under conditions of low experimental accu- 

racy level (5 103-5 lo4 CPC). It renders the 
method attractive for studying the dynamic prop- 
erties of the biochemical microsamples, since the 
experimental accuracy cannot be improved in this 
case due to low concentration or photochemical 
destruction of probes. 
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Appendix 

The truncated singular value decomposition princi- 

ple 

We use the truncated singular value decompo- 
sition (SVD) to stabilize the solution of our over- 
determined but nevertheless ill-conditioned (i.e. 
unstable) system of m linear equations with n 
variables: 

Ax=b 

SVD of matrix A is defined as 

(A4 

A = USVT (4 

where U,,, and V,,,, are orthogonal matrices 

and S, xn is the diagonal matrix with the so-called 
singular numbers on the main diagonal. Having 
the decomposition and using the properties of the 
orthogonal matrices: 

UTU =E,, 

VTV=VVT=E, (A-3) 

one can easily compute the least squares solution 
of the original system as: 

x=vs-‘UTb 

S-’ = diag[ l/s,, . . . , l/s,). (A-4) 

The only problem might occur (and it does in 
our case> that some of the singular numbers are 
zero (or practically zero from a computational 
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point of view) or relatively very small. Zero singu- 
lar numbers do not allow us to compute the 
inverse to the matrix S. The principle of trun- 
cated SVD prescribes us to cope with this prob- 
Iem by putting the corresponding elements of S-l 
to zero. It may be shown that such an operation 
provides the least squares solution of minimum 
Euclidean norm. Small singular numbers allow a 
solution to exist but their reverse values in eq. 
(A.4) dramatically increase errors in the input 
vector b making the solution intolerable. Going 
further with the truncated SVD we choose some 
threshold 17 by replacing some elements of S-’ 
by zeros: 

(A-5) 

A large threshold will increase the residual 
norm but reduce the solution norm making the 
solution more stable (and coarser). 

For most of the problems it is possible to find 
a trade-off so that both of these norms will be 
small enough. The way of how we do that and 
how we force the solution to be non-negative will 
be published in a forthcoming, more mathemati- 
cal, paper. 
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