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In time-resolved fluorescence spectroscopy, the resolution of fluorescence species becomes increas-
ingly difficult as their respective lifetimes get closer. For a biexponential decay, a factor of 1.4
between the two decay times is commonly accepted as the practical resolution limit. The goal of the
present contribution is to characterize the fluorescence probe 5-carboxyfluorescein using frequency-
domain time-resolved fluorescence spectroscopy (FD-TRFS). To resolve the different prototropic
forms of this probe, the limit above had to be overcome. For this purpose, the standard global
analysis method was used, and special emphasis was put on the errors associated with the recovered
parameters. In particular, a Monte Carlo simulation was performed to estimate these errors and the
results of this analysis were compared with those delivered by software packages widely used in
the field. The lifetimes of the trianionic and dianionic forms of 5-carboxyfluorescein were 4.01 *+
0.06 and 3.03 = 0.09 ns, respectively, and the pK, for this acid—base equilibrium was determined
to be 6.9 = 0.3.

KEY WORDS: Time-resolved; fluorescence spectroscopy; fluorescence lifetimes, Monte Carlo simulation;
global andlysis.

of two fluorescent species represents alimit below which
errors on the recovered parameters tend to become very

The power of time-resolved fluorescence spectros-
copy as atool for the investigation of the structure and
dynamics of macromolecules, the elucidation of biomolec-
ular interactions, and bioanalytical applications depends
critically ontheability to resolve closely spaced lifetimes.
In turn, this capacity depends on the signal/noise ratio
offered by the instrumentation [1—4], on the amount of
experimental data available, and on the techniques used
toanalyzethosedata. A factor of 1.4 betweenthelifetimes
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important [5]. Hence, in such cases, special care has to
be taken with regard to error estimation. In this contribu-
tion, we study the photochemistry of the fluorescence
probe 5-carboxyfluorescein (Fig. 1) in the physiological
pH range, by frequency-domain time-resolved fluores-
cence spectroscopy (FD-TRFS). Thetrianionic and diani-
onic forms of the probe could be resolved, and their
lifetimes were shown to differ by less than 25%. We have
used the global analysis approach [6], which alowed data
collected at different pH valuesto be analyzed simultane-
ously, thereby increasing the confidence in the recovered
parameters. The 5-carboxyfluorescein probe has found
many applicationsin biology. It has been used to measure
intracellular pH [7,8] and to monitor cell viability [9],
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Fig. 1. Chemical formulaof 5-carboxyfluorescein. In the physiological
pH range, the benzoic carboxylic groupsare deprotonated. Thetrianionic
and dianionic forms correspond to the deprotonated and protonated
state, respectively, of the xanthene hydroxyl group.

apoptosis [10], and cell adhesion [11], and it can be
activated for modification of primary amino groups[12].
Our FD-TRFS experiments permitted us to evaluate the
pK, of the equilibrium between the trianionic and the
dianionic forms of the probe and to determine precisely
theindividual lifetimes of these two species. In compari-
sonto the pK, of fluorescein, the pK, found for 5-carboxy-
fluorescein was significantly higher: a difference that we
atribute to electrostatic effects. Confronted with
important differences in the errors delivered by standard
parameter recovery softwares, we have performed a
Monte Carlo simulation to obtain realistic error estimates
on the lifetimes and preexponentia factors. The noise
used in these simulations was generated according to
the measured, frequency-dependent instrumental noise,
which was characterized in detail. Finally, we have stud-
ied the influence on the parameter recovery of either
using standard deviations on the phase and demodulation
determined experimentally or assuming a priori constant
errors, as is done sometimes.

THEORY

In FD-TRFS, an intensity-modulated light beam
interacts with fluorescent molecules. The emitted wave
trainisretarded by aphase ¢ and its modul ation decreases
compared to the exciting beam due to the finite lifetime
of the excited state of the investigated fluorophore [13].
The phase shift ¢ and the demodulation m, defined as
the ratio of the modulation of the fluorescence emission
to that of the excitation beam, when represented as a
function of the modulation frequency, isthetime-resolved
spectrum (Fig. 4). For a species with asingle lifetime T,
the phase shift ¢ and demodulation m obey
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where o is the circular frequency of excitation.

The goal of the spectrum analysis is to recover the
fluorescence emission I(t) of the sample after it has been
illuminated by an infinitely short pulse of light. Under
certain assumptions, this impulse response function can
be described by

10 =103 o exp(lt) ©)
For a diluted, ground-state heterogeneous sample and in
the absence of excited-state reactions, the preexponential
factorso; arelinked to the concentrations ¢; of the fluores-
cent species indexed by i through
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where Q; is the quantum yield, T; is the lifetime of the
excited state, and ¢; is the extinction coefficient of spe-
ciesi.

A time-resolved spectrum and its corresponding
impulse response function form a Fourier transform pair.
However, inversion of this transform is highly sensitive
to experimental noise. Algorithms relying, for example,
on the maximum entropy method [14] or on the method
of moments [15] have been applied to cope with this
problem. The nonlinear |east-squares fitting method used
in this article remains by far the most popular approach.
It is based on the minimization of the chi-square statistic,
which, in the framework of FD-TRFS, is defined by

X = z [E i_z(m— Mi)>+ >, %(dm - <I>i)2] ®)

V[i=10mi =10 i
where m and &; denote the experimentally measured
demodulation and phase shift, respectively, for the acqui-
sition frequency indexed by i. M; and ®; arethe calcul ated
demodulation and phase assuming atrial set of preexpo-
nential factors and lifetimes, o, and o are the standard
deviations on the modul ation and phase, respectively, and
v is the number of degrees of freedom, defined as the
number of data points minus the number of estimated
parameters.

Provided that the errors follow Gaussian distribu-
tions, that the standard deviation appearing in the calcula
tion of the chi-square statistics has been estimated
accurately, and that no systematic errors are present, mini-
mization of thisstatistic recoversthe most probable physi-
cal parameters [16]. These important conditions, relative
to the specific instrumentation used, were investigated in
this article.
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When recovering physical parameters from noisy
experimental data, reducing the number of parameters
while keeping the same data set increases the confidence
on the recovered parameters. Exploring a phenomenon
in more dimensions (pH, temperature, viscosity, wave-
length, etc.) has the same effect. This is a consegquence
of the curvature of the chi-square surface at the global
minimum, which can be increased in the direction of the
new experimental axis introduced. Implementing these
ideas [6] leads to finding physical invariants throughout
the experiments while minimizing the chi-square. As an
example of this global analysis performed in the present
contribution, one can recognize that the lifetimes of indi-
vidua prototropic forms of 5-carboxyfluorescein should
not depend on the pH and therefore link them throughout
the experiments done at different pH values.

The Monte Carlo method to estimate errors proceeds
by simulating many experiments by starting with the data
from one real experiment and adding random perturba-
tions of amagnitude that corresponds to the experimental
noise. For each simul ated experiment, the desired parame-
ters are then recovered and the standard deviation over
these sets is taken as the error. The key assumption of
the method is that the physical parameters recovered in
the seed experiment should be close enough to the “real”
parameters that the estimate of the error obtained in this
way reflects the “rea” standard error on the recovered
parameter [16].

MATERIALS AND METHODS

Time-Resolved Fluorescence Spectroscopy

Time-resolved spectra were acquired on a ISS K2
multifrequency cross-correlation phase and modulation
fluorimeter (1SS Inc., Champaign, IL). Data at each fre-
quency were collected using the default settings as
defined by the instrument manufacturer. Quartz cuvettes
of 1 X 1-cm? cross section (Hellma GmbH & Co.) were
used. The emission polarizer was set at the magic angle
(54.7°), followed by a 530 nm long-pass filter (Omega
Opticdl, Inc.). Verticaly polarized excitation light at 488
nm was provided by a Sabre argon ion laser (Coherent
Inc., Santa Clara, CA).

The time-resolved spectra were analyzed with the
Globals Unlimited and Miniglobal softwares (Laboratory
for Fluorescence Dynamics, University of lllinois,
Urbana—Champaign) as well as with the CFS software
(Center for Fluorescence Spectroscopy, University of
Maryland, Baltimore).

Monte Carlo Error Estimation

To get independent error estimates on the recovered
physical parameters describing the time-resolved decay
of 5-carboxyfluorescein asafunction of pH, Monte Carlo
simulations were performed as follows. One thousand
copies of the original experimental data set (each con-
sisting of six spectrafrom pH 5.4to pH 8.7 to be analyzed
globally) were generated by the addition of noise. We
used the Splus 4.5 software (MathSoft, Inc.) to produce
the necessary 120,000 random phase and demodulation
errors from Gaussian distributions of the appropriate
experimentally determined width (see Results). These
errors were inserted in the files of the spectra by using
routines written in Visua Basic 5 (Microsoft) and using
the macro processing facilities of Word 7.0 (Microsoft)
for minor corrections. The 1000 copies were then treated
with the Globals Unlimited software using its batch pro-
cessing capabilities to recover the relevant parameters
from each simulated experiment. Result files produced
by this software were parsed with Visual Basic 5 routines
written for this purpose and the recovered parameter sets
were analyzed with Splus 4.5 to calculate the standard
errors.

Recently, the CFS software was made available to
usasafreeware. Its built-in Monte Carlo error estimation
capabilities were used for comparison.

Chemicals and Samples

5-Carboxyfluorescein (Molecular Probes Inc.), 10
nM, in 0.01 M NaOH was used as the lifetime reference
solution. This solution displays a single lifetime of 4.0
*+ 0.1 nswhen measured versus adiluted scattering glyco-
gen solution.

A 10 mM citric acid—sodium citrate buffer was used
to prepare the solutions of pH 5.4 and 6.0. A 10 mM
Hepes buffer was used for the solutions of pH 6.6, 7.2,
7.8, and 8.7. No pH adjustments were performed, to
minimize possible artifacts caused by variation of ionic
strengths. All solutions were degassed with helium prior
to measurements.

RESULTS

Preliminary Noise Analysis

The recovery of physical parameters from time-
resolved spectra demands first that the standard errors of
the phase and demodulation are known at each modula-
tion frequency. Indeed, these errors enter into the expres-
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Fig. 2. Standard deviation of the phase (solid line) and demodulation (dashed line) as a function of
the modulation frequency of the excitation light. The noise on the phase and demodulation were fitted
by straight lines to evaluate the noise at other acquisition frequencies.

sion [Eq. (5)] of the chi-square which isminimized during
the parameter recovery. To determine these errors experi-
mentally, we measured the time-resolved spectrum of a
reference fluorescein solution in 21 independent experi-
ments. We think that the standard deviations of the phase
and the demodulation at each frequency taken over these
independent experiments are the errors that should be
used by the recovery agorithm. Time-resolved spectra
were acquired from 5 to 200 MHz at eight equidistant
frequencies and the variances on the phase and demodul a
tion were calculated for each modulation frequency (Fig.
2) using Excel (Microsoft). Theseerrorswereinterpolated
by straight lines to provide estimates of the errors when
other modulation frequencies are used.

To investigate whether the results produced by our
instrument have a Gaussian character (this is implicitly
assumed by the recovery algorithm), the data produced
in the 21 independent experiments were reduced. This
was done to improve the statistics which would not have
been significant if, for example, 21 phases for a single
frequency only had been tested for normality. Hence, the
mean of the phase (demodulation) at each frequency was
subtracted and the result was divided by the correspond-
ing frequency-dependent standard deviation for each data
point. The histograms for these combined, reduced data
setswere compared with the normal distribution as shown
in Fig. 3. Reduced chi-squares for the phase and demodu-
lation data sets when tested against this distribution were
0.61 and 2.56, respectively.

In the 21 independent experiments described above,
the sample cuvette contained a fluorescein solution. The
reference cuvette contained the same solution. Because
the lifetime of the reference solution (4.0 ns) is used as
an input by the acquisition software to determine the

lifetime of the sample, thelatter should have amathemati-
cal expectation value of 4.0 ns. Based on this and on
Egs. (1) and (2), we computed a phase and demodulation
ratio at each frequency. Significant deviations of the
experimentally determined phase and demodulation val-
ues from these calculated values represent systematic
instrumental errors that must be subtracted before recov-
ering thelifetimes. However, here, systematic errorswere
aways found to be below the noise level, and such a
correction was not necessary.

Resolution by FD-TRFS of the 5-Carboxyfluorescein
Prototropic Forms

To resolve the individua prototropic forms of 5-
carboxyfluorescein by FD-TRFS, six time-resolved spec-
tra (10 equidistant frequencies ranging from 10 to 200
MHZz) were acquired for six pH values, ranging from 5.4
to 8.7. These spectra were analyzed globally assuming
that only two prototropic formswere present. The concen-
trations of the two species, but not the lifetimes of the
individual forms, are expected to change with the pH
value. Hence, we linked the lifetime of each prototropic
form across the experiments, leaving the preexponential
factors free to vary individualy. The standard deviations
used during the chi-square minimization were the errors
determined experimentally earlier. The global chi-square
was 0.36 and local chi-squares for each experiment are
listed in Table |. The spectrum obtained at a pH value
of 5.4 is shown as a representative result in Fig. 4, with
its associated global fit and the residues. The global life-
time of the trianionic form of carboxyfluorescein was
4.01 ns and that of the dianionic form was 3.03 ns.
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Fig. 3. Reduced noise (see text for details) for the phase (solid line) and demodul ation (dashed
line) data compared to the normal distribution showing the approximate Gaussian character
of the data. Reduced chi-squares for the phase and demodulation when tested against this

distribution were 0.61 and 2.56, respectively.

Tablel. Loca (Reduced) Chi-Square Values Relative to the Global
Analysis Biexponential Fit Describing the Time-Resolved Decay of 5
Carboxyfluorescein as a Function of the pH Value

pH

8.7 7.8 7.2 6.6 6 54

X2 0.42 0.22 0.15 0.39 0.90 0.33

ot MODULATION (%)

~
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Fig. 4. Time-resolved spectrum of 5-carboxyfluorescein measured a a
pH vaue of 5.4. Smilar results were obtained for the measurements
performed at pH valuesof 6.0, 6.6, 7.2, 7.8 and 8.7. Thefit and theresidues
(bottom) result from a biexponential decay fitted by globa anayss.

The preexponential factors were dependent on the
pH value and those of the trianionic form are reported
in Fig. 5. To determine the influence of the errors used
during the chi-square minimization, we have compared
the parameter recovery both with frequency-independent
errors (0.2° for the phase and 0.004 for the demodul ation)
and with the experimentaly determined errors. The
resultsare showninFig. 5, and to our eyes, the differences
are not sufficient in this case to exclude the use of these
frequency-independent errors. Figure 5 shows a titration
curve which was fitted based on the Henderson—
Hasselbach equation,

_ [A]
pH = pK, + log [HA] (6)

where [A7] is the concentration of the trianionic and
[HA] is the concentration of the dianionic form of 5-
carboxyfluorescein. The values[17] of the quantumyield
and extinction coefficient for the dianionic (0.93 and
87,700 M~ cm™%, respectively) and monoanionic (0.36
and 16,425 M~ cm™2, respectively) form of fluorescein
were used in Eq. (4) to calculate the theoretical preexpo-
nential factors for a given pK, value. Based on this, we
could fit the data, and a pK, value of 6.9 = 0.3 for the
trianion-dianion equilibrium was obtained.
Errorsrelativeto the recovered parameterswere then
investigated. We first used our implementation of the
Monte Carlo method described under Materialsand Meth-
ods. As a typical result of these simulations, the two
recovered lifetimes obtained from each simulated experi-
ment areshown in Fig. 6. The standard deviationson these
recovered parameters as well as the errors determined
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Fig. 5. Preexponential factors for the trianionic form of 5-carboxyfluorescein as a function of
the pH of the solution recovered using frequency-dependent noise (W) with associated Monte
Carlo error bars. The same parameter recovery was performed for comparison with frequency-
independent noise (¢). The pK, of the trianion—dianion transition was 6.9 = 0.3.

by other methods and softwares are listed in Table II.
Obviously, the differences in these errors are important.
However, it can be noted that the errors that we have
determined agree well with those determined by the CFS
recovery software using the Monte Carlo option.

DISCUSSION

As recognized by others [3] the instrumental errors
for the phase shift and demodulation ratio should be
determined for every instrument at each modulation fre-
guency. It is apparent that assuming a constant phase and
demodulation error throughout the frequency range (0.2°

4.4 —

4.2 4

3.8

3.6

for the phase and 0.004 for the demodulation ratio are
commonly used in the literature) does not adequately
describe the characteristics of our instrument (Fig. 2).
However, as can be seen from our results, choosing to
use a priori errors or experimentally determined errors
haslittleinfluence, in our situation at |east, on the parame-
ter recovery.

The acquisition software of our instrument also pro-
vides, for each spectrum and at each frequency, a mea-
sured error on the phase and demodulation ratio. We did
not use these values, as we found that they strongly
underestimate the variance as measured with our method.
We attribute this discrepancy to the limited time during
which data at a specific frequency are acquired to deliver

| I
2.6 2.8

| ] I
3.0 3.2 3.4
2

Fig. 6. Typical results of the Monte Carlo simulation showing the two recovered lifetimes T,
[ns] and 7, [ns] for each simulated experiment. The averages = standard deviations were 4.01
+ 0.06 and 3.03 = 0.09 ns for the trianionic and dianionic carboxyfluorescein, respectively.
Similar graphs (not shown) were obtained for the preexponential factors.
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Tablell. Errors of the Lifetimes and Preexponential Factors Describing the Time-Resolved Decay of 5-Carboxyfluorescein as a Function of the

pH Value?
Method

MC
MC MC F test F test F test F test Exp.

Errors Software Exp. CFS Fixed CFS Exp. CFS Fixed CFS Exp. Mini Fixed Mini This article
T 011 0.07 0.02 0.03 0.24 0.16 0.12
T2 0.16 0.10 0.06 0.06 0.42 0.35 0.18
a3, pH = 54 0.11 0.06 0.03 0.03 0.33 0.49 0.13
ay, pH = 6.0 011 0.07 0.03 0.03 0.30 0.38 0.13
ay, pH = 6.6 0.11 0.07 0.03 0.03 0.18 0.25 0.13
ag, pH = 7.2 0.11 0.08 0.03 0.03 0.16 0.21 0.12
a3, pH = 7.8 0.11 0.08 0.03 0.04 NN NN 0.13
oy, pH = 87 0.13 0.10 0.04 0.05 NN NN 0.14

2 Several methods, softwares, and choices of the errors on the phase and demodul ation were used to determine the errors in the recovered parameters.
NN means that the Miniglobal software did not provide a value at the corresponding pH. MC, Monte Carlo.

the estimate of the error, making slowly varying noise
invisible. In contrast, these instrumental drifts are repre-
sented in our estimation of the error as they result from
independent experiments, well separated in time. I nterest-
ingly, Gratton et al. [3] have observed the same phenome-
non for their instrument.

The protonation of 5-carboxyfluorescein was studied
by FD-TRFS as a function of the pH value. Data could
befitted assuming only the trianionic and dianionic forms
to be present. Thisis surprising at first sight since there
are already three possible protonated formsfor the dianio-
nic 5-carboxyfluorescein (Fig. 1). However, it has been
shown for fluorescein that the pK,'s of the xanthene and
benzoic group differ by at least two orders so that the
species bearing a protonated benzoic group represent only
minor components. It is reasonable to expect that 5-car-
boxyfluorescein behaves similarly. Considering that the
fit could be done with a two-species model, our results
also support this view.

A pK, value of 6.3 has been published for the dia-
nion—monoanion equilibrium of fluorescein [17], which
is significantly lower than the pK, value of 6.9 that we
have determined by FD-TRFS for the corresponding 5-
carboxyfluorescein trianion—dianion equilibrium. We
explain this difference by the greater electrostatic
attraction felt by the interacting proton due to the extra
negative charge on the benzoic ring of 5-carboxyfluores-
cein compared to that of fluorescein. An estimation of
this increase can be made by considering the change in
free energy dueto thisinteraction. Evaluating the distance
between the xanthene hydroxyl group and the 5-carboxyl
group on the benzoic ring as 1 nm, the el ectrostatic poten-
tial energy between the two charged groups can be calcu-
lated, corresponding to an increase in the pK, vaue of

0.3 unit. The thermodynamic equation linking the Gibbs
free energy with the pK, of an acid—base couple: AG =
—2.303RTInpK,was used here[18]. Thiscalculated value
of the pK, shift is smaller than the experimentally deter-
mined one. In our estimation above, we have used the
dielectric constant of water to estimate the electrostatic
energy, whereas, in reality, the polarizability of fluores-
cein modifies the effective dielectric constant between
the two charges. Estimating this dielectric constant theo-
retically isatask that would require evaluating the polar-
izability of fluorescein, a molecular dynamic simulation
to place the water molecules around the chromophore
taking into account exclusion effects, and, finally, com-
puting an average. We did not address this calculation
here but suspect that this effect isthe cause of the discrep-
ancy.

In deriving the pK, of the trianion—dianion transition
for 5-carboxyfluorescein, we assumed that the values of
the quantum yield and extinction coefficient were equal to
those of fluorescein. The protonation state of the xanthene
group is the main determinant of the absorption proper-
ties. Indeed, the value reported by the manufacturer for
the extinction coefficient of thetrianionic carboxyfluores-
cein is only slightly below (81,000 cm™* M~1) the value
corresponding to the dianionic form of fluorescein
(89,000 cm™* M~1). Concerning the quantum yield, we
observe that lifetimes are certainly the most sensitive
parametersto physicochemical changes. Considering that
our lifetime values agree closely with those, 4.1 and 3.0
ns, measured by Sjoback et al. [19] for fluorescein, we
expect the quantum yield of 5-carboxyfluorescein not
to differ much from that of fluorescein, thus justifying
our assumption.
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If errors are estimated accurately and if a chosen
model is effectively ableto describe a data set, chi-square
values should be close to one. Here they were signifi-
cantly smaller (Table I). Errors are dependent on many
parameters such as the time given for the instrument to
stabilize before performing the measurement, the inten-
sity of the light collected by the detector, or the gain of
the latter. Hence, they can vary from one day to the next,
but according to our experience, the ratio of the errors
at two frequencies does not change. Multiplying all errors
by a constant factor has no effect on the parameter recov-
ery, and hence, we are not concerned by the small chi-
square values observed. However, the latter lose their
absolute character in deciding on the validity of amodel.

We have determined the errors on the lifetimes and
preexponential factors using several methods and several
softwares. The important differences found in the magni-
tude of these errors deserves some comments. First, com-
paring the results provided by our implementation of the
Monte Carlo method with those provided by the Monte
Carlo method as it is implemented by the CFS software
(both using the experimentally determined errors), we
find that they agree well. The small differences that are
observed are due to the difference in the definition of the
errors. Inthe CFS software, the 68.2% confidenceinterval
contains 68.2% of the recovered values from the simu-
lated experiments. In our implementation of the method,
the error reported is the standard deviation on the recov-
ered parameter. The interval limited by plus or minus the
standard deviation must contain exactly 68.2% of the data
only if the distribution is normal.

Concerning the errors determined with the F test by
the Miniglobal and the CFS software, one can see that
they differ much from the Monte Carlo errors and differ
still more between each other. We have no explanation
for these discrepancies. However, in light of the results
presented here and because we find the Monte Carlo
method conceptualy satisfying, we will rely mostly on
this approach in the future to determine errors.

CONCLUSION

FD-TRFS was applied to the resolution of the proto-
tropic forms of 5-carboxyfluorescein. The lifetimes of
thetrianion and dianion formswere 4.01 = 0.06 and 3.03
+ 0.09 ns, respectively. The pK, of the trianion—dianion
equilibrium was 6.9 = 0.3. Interestingly, the recovery
did not depend appreciably on whether we were using
frequency-dependent or frequency-independent errors.

Vallotton and Vogel

We determined the errors on the recovered parameters
with a Monte Carlo simulation where the characteristics
of the added noise were studied experimentally. Except
for the higher pK, vaue for the acid—base equilibrium
of 5-carboxyfluorescein compared to that of fluorescein,
the properties of both probes are remarkably similar. We
believe that the results presented here will be of impor-
tance for probing the microenvironment of biological
macromolecules, in particular, in thefield of fluorescence
lifetime imaging.
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