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Abstract This study introduces a newly developed frequen-
cy segmentation and recombination method for frequency-
domain fluorescence lifetime measurements to address the
effects of changing fractional contributions over time and
minimize the effects of photobleaching within multi-
component systems. Frequency segmentation and recom-
bination experiments were evaluated using a two component
system consisting of fluorescein and rhodamine B. Com-
parison of experimental data collected in traditional and
segmented fashion with simulated data, generated using
different changing fractional contributions, demonstrated
the validity of the technique. Frequency segmentation and
recombination was also applied to a more complex system
consisting of pyrene with Suwannee River fulvic acid
reference and was shown to improve recovered lifetimes
and fractional intensity contributions. It was observed that
photobleaching in both systems led to errors in recovered
lifetimes which can complicate the interpretation of lifetime
results. Results showed clear evidence that the frequency
segmentation and recombination method reduced errors
resulting from a changing fractional contribution in a multi-
component system, and allowed photobleaching issues to be
addressed by commercially available instrumentation.
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Introduction

Time-resolved measurements are commonly used in fluo-
rescence spectroscopy, especially for biological applications
[1]. Fluorescence lifetime measurements are also used in
analytical applications as a tool for selectivity enhancement
and determinations in multi-component systems [2]. These
measurements provide important information such as the
rates of excited-state reactions, energy transfer between
donor and acceptor molecules, and fluorescence quenching
in bimolecular processes [3]. In addition, fluorescence life-
time measurements are a powerful tool for distinguishing
static from dynamic quenching.

One problem often encountered in fluorescence spectrosco-
py is the effect of photobleaching. Photobleaching is a chemical
transformation of an excited fluorophore into a non-fluorescent
component [4, 5]. Many studies have reported that photo-
bleaching or photodegradation can affect the observed probe’s
fluorescence lifetime [6–12]. For example, Rueck et al. [11]
used time-correlated single photon counting to investigate
5-aminolevulinic acid metabolites in solutions and cell
cultures and observed a significant decrease in recovered
lifetimes during illumination. Nakamura et al. [6] examined
chlorophyll A in a droplet of n-octanol using time-resolved
fluorescence microscopy and noted an increase in the shorter
lived fraction with increasing exposure to radiation, but
observed no effect on the recovered lifetimes of two decay
components. Connelly et al. [12] used time-resolved fluores-
cence imaging to investigate photosensitiser distributions in
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mammalian cells. Their results suggested that photobleaching
of meta-tetra(hydroxyphenyl) chlorine (m-THPC) led to
artifacts in the lifetime analysis which shortened the recovered
lifetime of m-THPC. Thus, photobleaching within multi-
component systems can complicate the interpretation of
fluorescence lifetimes and fractional intensity contributions
by directly affecting the recovered values.

Photobleaching can also affect fluorescence lifetime
measurements of complex fluorescent molecules having
more than one fluorophore, such as collagen and elastin
[13, 14]. Marcu et al. [9] investigated the photobleaching
characteristics of the major fluorescent components (elastin,
collagen, and cholesterol) of the arterial wall during prolonged
exposure to nitrogen laser pulses at various fluence levels. It
was observed that photobleaching of cholesterol was significant
while that of elastin was less significant. The authors also
reported that the fluorescence decay parameters of collagen and
cholesterol varied with time when the fluence level of the
excitation source was 21.75 μW/mm2. A progressive decrease
in the fluorescence lifetime with exposure time was observed.
The photobleaching effect in time resolved measurements has
generally been minimized by controlling the fluence level of
the excitation source [9, 12]. In addition, photobleaching has a
large effect in fluorescence lifetime imaging microscopy
investigations [15–18]. The problem has also been addressed
by reducing the fluence level but the issue has not been fully
resolved. Decreasing the fluence level of the excitation source
reduces signal intensity and may not be practical in all cases.

Problems with photobleaching have also been encoun-
tered in environmental applications of fluorescence, as
exemplified by the application of fluorescence to studies of
the association mechanism between hydrophobic organic
compounds (HOC) and dissolved humic materials (DHM)
[19–21]. Despite time-resolved fluorescence lifetime mea-
surements [22, 23], the seemingly simple question of
whether the quenching mechanism of HOC with DHM is
static, dynamic, or both, is still open as the role of photo-
bleaching has not been fully resolved.

In this study, the effect of photobleaching in multi-
component systems was examined by frequency-domain
fluorescence lifetimemeasurements using a newly developed
frequency segmentation and recombination method. This
technique is applicable on currently available frequency-
domain lifetime instruments, and can be viewed as an
alternative to specialized multi-harmonic frequency instru-
mentation (no such instrument is currently commercially
available, e.g. SLM-Amico 48000 MHF) in terms of
overcoming photobleaching. This method was investigated
by simulation of a two component dye system consisting of
fluorescein (Fl) and rhodamine B (RhB) and comparison of
experimental data collected in traditional and segmented
fashion. Additionally, the newly developed method was
applied to a more complex system containing pyrene and

Suwannee River fulvic acid reference (SRFAR) in order to
carefully quantify recovered lifetimes and fractional intensity
contributions.

Theory

Lifetime measurements In frequency-domain fluorescence
lifetime measurements, sinusoidally modulated radiation
excites the sample at high frequency. As a result, the emis-
sion response of the sample is also sinusoidally modulated
at the same angular modulation frequency, w, but out of
phase with the excitation light. For a multi-component
system, containing multiple discrete components, the fluo-
rescence lifetime is the sum of exponential decays. The
phase (�) and demodulation (m) are functions of the w, the
lifetimes of each component (t i), and the fractional
intensity contributions (αi) of terms i:

φ ¼ tan�1 Nw;=Dwð Þ ð1Þ

m ¼ N2
w þ D2

w

� �1=2 ð2Þ
where

Nw ¼
Xn
i

aiwt i
1þ w2t2i

ð3Þ

Dw ¼
Xn
i

ai

1þ w2t2i
ð4Þ

The sum in Eqs. 3 and 4 corresponds to a system consisting
of a finite number of components (n). By substituting Eqs.
3 and 4 into Eqs. 1 and 2, one can obtain both φ and m as a
function of w for a single exponential decay, containing one
discrete component, as follows:

φ ¼ tan�1 wtð Þ ð5Þ
and

m ¼ 1þ w2t2m
� ��1=2 ð6Þ

where t is the lifetime of the fluorophore. From Eqs. 5 and
6, it can be noted that short lifetimes require higher
frequencies to interrogate the region of greatest change in
φ and m. The opposite is true for long lifetimes [1, 24].

Fluorescence lifetime data analysis Non-linear least squares
(NLLS) analysis is one of the most reliable and widely used
methods for curve fitting. It allows one to obtain the
parameters that minimize the quantity causing the mismatch
between the measured and calculated values of the phase
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and modulation. This can be achieved by minimizing the χ2

parameter, which is obtained as follows:

χ2 ¼ 1

v

X
w

φ� φcw

σφ;w

� �2

þ m� mcw

σm;w

� �2
" #

ð7Þ

where v is the number of degrees of freedom, φcw and mcw

denote the calculated phase shift and demodulation value,
and σφ;w and sm;w are the errors associated with phase and
modulation, respectively. Constant error values are often
assumed for consistency and ease of day-to-day data
interpretation. A valid model should usually provide a χ2

value between 1 and 2. However, it is not possible to obtain
χ2 values within this range for some models of many
complex systems. In such cases, χ2 values alone cannot be
used to statistically reject a model and residuals must be
taken into consideration in model discrimination [1, 25].

Experimental section

Materials Fl (99%), RhB (∼95%), and pyrene (≥99%) were
obtained from Sigma-Aldrich (Milwaukee, WI) and used as
received. SRFAR was purchased from the International
Humic Substances Society (IHSS), Department of Soil,
Water, and Climate, University of Minnesota (St. Paul, MN).

Sample preparation Standard reference solutions of 0.02μM
Fl, 1 μM RhB, and their mixture at the same concentrations
were prepared in 0.1 M NaOH. Fluorescence measurements
of Fl, RhB, and their mixture were collected on air-saturated
samples to increase photobleaching as compared to deoxy-
genated systems.

Standard reference solutions of 0.1 ppm pyrene and 12 ppm
SRFARwere prepared in 18.2 MΩ·cm distilled deionized water.
The pyrene-SRFAR mixture, containing 0.04 ppm pyrene and
12 ppm SRFAR, was also prepared as above and stored in the
dark at 4°C. The mixture was allowed to equilibrate in the dark
for at least 7 days. Solutions were allowed to equilibrate
overnight in a quartz fluorometer cell with septum cap and
rinsedwith fresh solutions prior to fluorescencemeasurements to
reduce losses of pyrene to the cell wall. Individual reference
solutions and mixture of pyrene and SRFAR were purged with

argon gas for exactly 15 min followed by 5 min of equilibration
time in the sample compartment with a flow of the argon gas
prior to fluorescence measurements. The sample compartment
was purged with argon gas during all measurements for such
deoxygenated systems.

Methods All fluorescence measurements were acquired
using a Spex Fluorolog-3 spectrofluorometer (model FL3-
22TAU3; Jobin Yvon, Edison, NJ, USA) equipped with a
450-W xenon lamp and R928P photomultiplier tube (PMT)
detector. Fluorescence measurements were made at room
temperature in a 10 mm quartz fluorometer cell with septum
cap. The excitation wavelength was 490 nm for Fl, RhB, and
their mixture. Pyrene, SRFAR, and their mixture were
excited at 333 nm. Time-based fluorescence steady-state
experiments used to investigate the photostability of Fl and
RhB were acquired with excitation bandpass set at 8.0 nm
and emission bandpass at 2.0 nm. The emission was moni-
tored at 512 and 576 nm for Fl and for RhB, respectively.
Frequency-domain fluorescence signals were passed through
370 and 500 nm long-pass filters for pyrene and dye
solutions, respectively. Frequency-domain fluorescence life-
time experimental details including frequency range, number
of frequencies, averages, and integration times for both long
and combined run segments are provided in Table 1. For the
long run, an integration time of 30 and 15 s were used for
Fl/RhB and Pyrene/SRFAR systems, respectively. The com-
bined runs are a combination of four individual segments,
with a fresh solution used for each segment. Frequency-
domain measurements were collected for all solutions versus
ludox—a scatter reference solution—which shows a lifetime
of zero. Frequency-domain phase and modulation decay
profiles were analyzed using the Globals software package
developed at the Laboratory for Fluorescence Dynamics at
the University of Illinois at Urbana–Champaign [26, 27].
Several initial guesses of parameters were implemented
using NLLS analysis to examine the stability of the χ2

minimization. Phase and modulation data sets were well fit
by appropriate models as indicated by visual inspection of
residual plots as well as by χ2 statistics. Constant errors of
0.5° and 0.005 were used in analyses for consistency and
ease of day-to-day data interpretation.

Table 1 Frequency-domain fluorescence lifetime experimental details of the LR and four CR segments

Set Range (MHz) Number Time (s) Averages Time exposed (min)

LR 0.5–275.4 39 15.0 or 30.0 5 29.25 or 58.50
CR (segment 1) 4.3–233.3 13 15.0 5 9.75
CR (segment 2) 0.5–19.3 12 15.0 5 9.00
CR (segment 3) 0.6–3.1 6 30.0 5 9.00
CR (segment 4) 26.9–275.4 8 7.5 5 3.00

The frequency range is in the logarithmic scale. Averages are calculated using the interleave function such that an average is generated each time
the automated sample turret rotates.
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Results and discussion

Photobleaching and lifetime measurements In frequency-
domain fluorescence lifetime measurements, the phase differ-
ence and demodulation of the sample are typically recorded at
several modulation frequencies as the frequency is sequen-
tially varied in a long run. The modulation frequency is
generally increased from the lowest to highest frequency.
Thus, measurements made at the highest frequency are
performed on a solution which has been exposed to the
greatest amount of radiation. Consequently, photobleaching
of one component in a multi-component system can change
fractional intensity contributions of all components over the
course of the measurement, leading to errors in both recovered
fractions and lifetimes. In order to reduce photobleaching one
must minimize the amount of light to which the sample is
exposed. This can be addressed to a certain level via hardware
improvements.

Conventional frequency-domain fluorescence lifetime
measurements, however, present a second possible strategy
in that one can divide a long run into a series of overlapping
segments. The total amount of time the sample is exposed to
radiation in a long run is determined by the number of
frequencies, integration time, and number of averages.
Complex mixtures require large numbers of data points in
order to recover the correct answer. As such, a total of 39
frequencies ranging from 0.5 to 274.5 MHz (allowing
measurement of both long and short lifetimes) was chosen
for this study. Five averages were collected at each frequency.
Two integration times were chosen for the long run. A longer
integration time of 30 s exposed the sample to 58.50 min of
light and was used in dyemixture validation studies in order to
increase the photobleaching. Dividing the integration time in
half reduced exposure to 29.25 min and was used in lifetime
measurements of the pyrene-SRFAR system in order to
minimize the photobleaching. In order to reduce the total
amount of time samples are exposed to radiation, the long run
was divided into four different overlapping segments. The
integration times were adjusted so that no point was exposed
to more than 10 min of radiation (Table 1). A fresh solution
was used in the measurement of each segment, and the data
from four segments were recombined onto a single frequen-
cy-domain data set for analysis. The reduction of errors
associated with photobleaching justifies the larger amount of
sample required. This work presents the realization of this
approach (1) in terms of a proof of concept on a model
system, and (2) in a real world application.

Proof of concept on a model system

The model system A simple two component model system
consisting of Fl and RhB was used to develop and evaluate

the segmental approach to frequency-domain fluorescence
lifetime measurements. The Fl and RhB dyes were chosen
because they fluoresce in the same solvent system, can be
excited at the same wavelength, photobleach differently,
and have different lifetimes. Figure 1 clearly shows dif-
ferent behavior for these two dyes in terms of their
susceptibility to photobleaching. Figure 1a also shows that
both Fl and RhB were slightly dimmer (92.34 and 94.68%
of their individual intensities, respectively) in the mixture
compared to individual components—an effect attributable
to the dynamic collision between these dyes [See Supple-
mentary information (SI), Fig. 1S]. Figure 1b illustrates the
progression of photobleaching for Fl and RhB within the
mixture over a 30 min time span (see discussion below) and
clearly shows that the intensity of Fl in the dye mixture
decreased by approximately 55% after exposure to radia-
tion, while the intensity of RhB shows minimal to no loss.

The results in Fig. 1 demonstrate that a Fl and RhB
mixture is a multi-component system with a relatively large

Fig. 1 a Fluorescence emission spectra of Fl (0.02 μM), RhB (1 μM),
and mixture in 0.1 M NaOH excited at 490 nm and b time-based
fluorescence steady-state experiments of the dye mixture excited at
490 nm and monitored at 512 nm (black solid line) and 576 nm (gray
solid line) of Fl and RhB emission wavelengths, respectively
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Fig. 2 a Exposure time as a
function of frequency for the LR
and four CR segments. b Simu-
lated frequency-domain LR and
CR data for Fl (t=4.07 ns,
αinitial=0.420) and RhB (t=1.30
ns, αinitial=0.580) mixture. A
20% Fl photobleaching was as-
sumed in the time the LR was
exposed to radiation. Solid
symbols in b represent phase.
Open symbols in b represent
modulation. Dashed lines in the
residual plot represent the 0.5°
and 0.005 modulation error val-
ues used in the NLLS
analyses
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amount of bleaching for one component and allows one to
study the effect of photobleaching on lifetime measure-
ments and the effectiveness of frequency segmentation and
recombination. Figure 2a graphically represents the expo-
sure of a sample to radiation as a function of integration
time during the acquisition of data for a single long run
(LR) or frequency segmentation and recombination, com-
bined run (CR). From this figure it can be seen that frequency
segmentation reduces the sample’s exposure to radiation,
while at the same time sampling the same frequency-domain.
It should be noted, however, that modulation of the
excitation light reduces the intensity of radiation that reaches
the sample as compared to a steady-state measurement.
Therefore, the mixture is exposed to less radiation in a
frequency-domain lifetime measurement than in a steady-
state measurement of equal time. The dye mixture used in the
LR lifetime measurement is exposed to radiation for nearly
twice as long as the mixture used in the steady-state
experiment. Accordingly, values of 20 and 50% fluorescence
intensity decrease were chosen for the simulations.

Simulations Figure 2b shows a simulated frequency-
domain data set (phase and modulation as a function of
frequency) for the LR dye mixture, assuming that Fl was
photobleached by 20%. Real and imaginary portions of
the signal were calculated using Eqs. 3 and 4, respectively.
Fl and RhB lifetimes used in the simulation were those

measured for the individual components, at 4.07 and 1.30 ns,
respectively (Table 2). The initial fractional intensity of Fl
was taken to be 0.420 based on the fractional intensity of Fl
calculated from the steady-state emission spectrum of the
mixture (Fig. 1a). An assumption was made that the
intensity of the bleached component would decrease linearly
with exposure time. The initial fractional intensity of Fl at
0.5 MHz (time=0 min) was 0.420 and decreased to 0.367 at
275.4 MHz (time=58.50 min). Therefore, a different set of
fractional intensity values was used in Eqs. 3 and 4 for each
modulation frequency. The outputs of Eqs. 3 and 4 were
used in Eqs. 1 and 2 to calculate phase and modulation as a
function of frequency. The individual segments of the CR
were also simulated as above, with the fractional intensity
contributions used in Eqs. 3 and 4, taking into account the
reduced exposure to light (<10 min).

The results for these simulations are plotted in Fig. 2b
along with their residuals (difference between unbleached
and simulated data). It is clear from Fig. 2b that the
simulated LR and unbleached run deviate from each other,
especially at the higher modulation frequencies where the
sample has been exposed to the greatest amount of light. A
comparison of the CR with LR and unbleached run shows
that errors resulting from photobleaching in the CR are
much smaller than those for the LR. In fact, the errors
caused by photobleaching in the CR are less than 0.5° and
0.005 modulation (the values used in our NLLS lifetime

Table 2 Recovered fluorescence lifetimes and fractional contributions obtained from NLLS analyses of the individual Fl and RhB components
and their mixture

Model Floating no. Set α1 t1 (ns) α2 t2 (ns) χ2

D (V) 1 Fl (LR) 1.000 4.07 – – 1.68
D (V) 1 RhB (LR) 1.000 1.30 – – 2.29
D (V) 1 Mixture (LR) 1.000 1.89 – – 32.81

Mixture (CR) 1.000 1.99 – – 23.40
DD (VVFV) 3 LR1 0.405 3.79 0.595 1.19 1.07

CR1 0.413 3.69 0.587 1.29 0.93
DD (FVFV) 2 LR2 0.420 3.71 0.580 1.17 1.05

CR2 0.420 3.65 0.580 1.29 0.92
DD (VFFF) 1 LR3 0.343 4.07 0.657 1.30 1.48

CR3 0.377 4.07 0.623 1.30 1.34
DD (VFFF) 1 LR4 0.393 3.76 0.607 1.23 1.25

CR4 0.430 3.76 0.570 1.23 1.34
DD (FFFF) 0 LR5 0.420 4.07 0.580 1.30 9.51

CR5 0.420 4.07 0.580 1.30 3.81
DD (FFFF) 0 LR6 0.420 3.76 0.580 1.23 2.19

CR6 0.420 3.76 0.580 1.23 1.45
DD (FFFF) 0 LR7 0.413 3.69 0.587 1.29 4.01

CR7 0.413 3.69 0.587 1.29 0.89
DD (VFFF) 1 LR8 0.374 3.69 0.626 1.29 2.33

CR8 0.413 3.69 0.587 1.29 0.90
DD (FVFV) 2 LR9 0.413 3.75 0.587 1.18 1.04

CR9 0.413 3.69 0.587 1.29 0.92

Bolded black parameters are fixed values.
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analyses for consistency and ease of day-to-day data inter-
pretation). These results strongly suggest that, in practice,
the frequency segmentation and recombination method will
reduce errors associated with changing fractional intensity
contributions within the multi-component system.

Measurements and NLLS analyses Simulations were com-
pared to experimental LR and CR data in order to examine
the effect of photobleaching. In addition to the 20% Fl
photobleaching described above, 50% Fl, 20% RhB, and
50% RhB photobleaching were simulated for comparison.
These simulations are shown together with experimental
LR and CR data in Fig. 3. The experimental LR data’s
deviation from simulated unbleached data is indicative of
the Fl component being photobleached, in agreement with
the steady-state data. In contrast, CR experimental data
matched more closely the simulated unbleached run,
indicating that the frequency segmentation and recombina-
tion method reduces the effect of photobleaching.

The NLLS analyses of experimental data further support
the above findings, as illustrated by the data presented in
Table 2 for Fl (LR) and RhB (LR) as well as LR and CR
data for their mixture. It is clear that a single-exponential
decay model (D) does not fit experimental data for either
the LR or CR of the mixture, as structured residuals and
unreasonable χ2 values were obtained. A double-exponen-
tial decay model (DD) was found to provide acceptable fits
of the mixture for both LR and CR data. NLLS fitting using
the DD model was examined by allowing some or all
lifetimes and fractional contributions to vary (V) or by
keeping these parameters fixed (F). Excellent fits and χ2

values were obtained for both LR and CR data when all

parameters were allowed to vary (LR1 and CR1). However,
recovered lifetimes and fractional contributions did not
match. The Fl fraction for LR1 was slightly lower than that
of CR1, possibly indicating the effect of photobleaching on
the LR. In addition, the recovered RhB lifetime is shorter in
LR1 than CR1 indicating that NLLS analysis may
compensate for bleaching of one component by changing
the recovered lifetime of the other.

In order to investigate the above effect, the data were
analyzed with the lifetimes fixed at the measured lifetimes
of individual components (LR3 and CR3). Reasonable χ2

values were obtained for both. However, the results show
that the NLLS analysis compensated for Fl photobleaching
by reducing the Fl fraction for the LR3 compared to CR3.
This was observed with the first trial, but more pronounced
with the lifetimes fixed.

In order to further investigate how NLLS analysis
compensates for photobleaching in frequency-domain life-
time measurements, the analyses were performed by fixing all
parameters (LR5 and CR5). The lifetimes remained fixed at
measured values for the individual components while the
fraction of Fl was fixed at 0.420 based on the emission
spectrum of the dye mixture (Fig. 1). An unacceptable χ2

value of 9.51 was obtained for the LR, while a better but still
high χ2 value of 3.81 was obtained for the CR. Figure 4a
and b show the fits and residuals for the LR and CR data,
respectively. The residuals for both data fits show structure.
This is likely caused by a mismatch between the lifetime
values fixed in the analyses and the true lifetime values for
the system. Recall that Fl and RhB were dimmer in their
mixture than their individual components (Fig. 1), indicating
that Fl and RhB lifetimes may have been affected by
collisional quenching in the dye mixture.

Derivation of the Stern–Volmer equation reveals that the
ratio of fluorescence lifetimes is equal to the ratio of
fluorescence intensities in the absence and presence of the
quencher, which can be expressed as follows [1]:

Fo

F
¼ to

t
ð8Þ

where Fo and F are fluorescence intensities and to and t
denote lifetimes of the fluorophore in the absence and
presence of the quencher, respectively. Consequently, Fl
and RhB measured lifetimes were corrected for dynamic
collisions in the mixture using Eq. 8. These corrected
lifetimes (Fl=3.76 ns, RhB=1.23 ns) are similar to lifetimes
recovered from CR1 with all parameters floating, further
confirming our assertion that more confidence should be
placed in the CR analysis than the LR analysis above. The
Fl fraction and corrected lifetimes were fixed in the
analyses of both LR6 and CR6 sets. NLLS analyses with
lifetimes fixed at values estimated considering the effect of
dynamic quenching result in better χ2 values and residual

Fig. 3 Experimental and simulated frequency-domain LR and CR data
for Fl (0.02 μM) and RhB (1 μM) mixture. Solid symbols represent
phase. Open symbols represent modulation. Simulated frequency-
domain LR data of the Fl (t=4.07 ns, αinitial=0.420) and RhB (t=1.30
ns, αinitial=0.580) mixture were simulated assuming (0%, 0%), (20%,
0%), (50%, 0%), (0%, 20%), (0%, 50%) photobleaching for Fl and
RhB, respectively
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plots, as illustrated in Table 2 and Fig. 4, particularly for
analyses with the CR.

Proceeding with the assumption that the results from the
CR analysis with all variables floating (CR1) most closely
represent the true values, these values were fixed for

comparison (LR7 and CR7). It is interesting to note that
the LR7 fit worsened as compared to LR6 described above,
as evidenced by an increase in the χ2 value (Table 2) as
well as the order within the residuals (Fig. 4a). The RhB
lifetime for LR7 was longer than that used in LR6, providing
more evidence that NLLS analysis compensates for Fl photo-
bleaching by shortening the recovered RhB lifetime. In
contrast, CR7 χ2 improved compared to CR6. Most
importantly, χ2 for CR7 was much lower (0.89) compared
to the LR7 (4.01), and the order within LR7 residuals in Fig.
4a was absent within CR7 residuals in Fig. 4b.

As a final test, Fl and RhB lifetimes were fixed at CR1
values, and the fractions were left to float (LR8 and CR8).
NLLS analyses gave more reasonable χ2 values with a
lower Fl fraction for the LR compared to the set 6 results
discussed above (Table 2 and Fig. 4). This LR8 fit,
however, was worse than that of the LR1 where all
parameters were allowed to float. These results indicate
that LR data can be fit well with NLLS analysis when all
parameters are left to float; however, recovered values may
not represent the correct answer. When fixing the lifetimes
(or fractions) at what were believed to be the correct values,
the analysis adjusted the fractions (or lifetimes) to give the
best fit possible. In both cases the resulting fits were worse
than fits allowing all parameters to float. Problems associ-
ated with fitting LR data were eliminated as seen in the CR
analyses presented in Table 2.

In general, residuals of the CR randomly oscillated
around zero in both phase and modulation data, while those
for the LR showed structure. The larger errors in residual
plots of the CR observed at higher frequencies may be due to
instrumental limitations. The largest standard deviations in
the five averages collected at each frequency were observed
at higher modulation frequencies for all LR and CR
experiments. It should also be noted that segments 1 and 4
were mixed together to interrogate the high frequency region
of the CR (Fig. 2a). Segment 4 has the shortest integration
time and is expected to yield the largest amount of noise. It
can also be seen in the simulated data (Fig. 2b) that despite
segmentation and recombination having nearly eliminated
the effect of photobleaching, the small remaining effect is the
greatest at highest frequencies. In aggregate, these errors
resulted in the largest residuals at highest frequencies in the
CR. The fact that CR errors oscillate about zero indicates
that no systematic errors were introduced.

“Real world” application: the association of pyrene
with SRFAR

Experimental data Frequency-domain lifetime measure-
ments via frequency segmentation and recombination were
also applied to a more complex system consisting of a
pyrene-SRFAR mixture. Individual component lifetimes

Fig. 4 a LR and b CR experimental frequency-domain data and
NLLS fits for Fl (0.02 μM) and RhB (1 μM) mixture. Solid symbols
represent phase. Open symbols represent modulation. Corresponding
fitting parameters are tabulated in Table 2
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(pyrene and SRFAR) in argon degassed aqueous solutions
were measured. The results are tabulated in Table 3 (See S1,
Figs. 2S and 3S). The pyrene lifetime of 193.74 ns is in
agreement with other reports of pyrene lifetime in an aque-
ous degassed solution [28]. The triple-exponential decay
model (DDD) used to fit the data for the SRFAR solution is
consistent with multi-exponential lifetimes reported for
dissolved organic materials [29–31].

Table 3 summarizes a series of different discrete models
used in NLLS analyses of experimental LR and CR data for
the pyrene-SRFAR mixture. The most reasonable fits were
obtained with models containing four lifetime components.
It is reasonable to expect the mixture to display a minimum
of four lifetimes consisting of the three SRFAR and one
pyrene lifetime. A four-exponential decay model (DDDD)
allowed a total of seven fitting parameters to float. A second
simpler model (DfDfDfD) kept SRFAR lifetimes fixed (f)
reducing the number of variable parameters to 4. The final
model, (D+D+D)FD, held both the SRFAR fractions and
lifetimes fixed (F) at measured values for SRFAR alone
within the sum of three-exponential decays (D+D+D)F and
allowed the pyrene fraction and lifetime to vary as a discrete
(D) component model. This model reduced the total number
of floating parameters to two. The (D+D+D)FD model was
taken to be the most suitable model, assuming that SRFAR
bulk fluorescence behavior is independent of pyrene’s
presence, and hence can be considered as a single component
within a two component system.

As with the dye validation study, both LR and CR
yielded different results. The validation study demonstrated
that photobleaching of one component in a multi-component
system gave misleading results for both lifetimes and

fractions for analysis of the LR. The NLLS analyses of the
pyrene-SRFARmixture produced longer pyrene lifetimes for
the LR compared to CR for all models evaluated (Table 3).
Analyses using the DDDD model yielded nearly equal
pyrene fractional contributions for both LR and CR. In
addition, both SRFAR fractions and lifetimes of the CR
were different from those obtained with the LR (See SI,
Fig. 4Sa). Similar pyrene fractions were likely the result of
the large number of floating parameters allowing SRFAR
components to be adjusted to fit the LR data, as SRFAR
lifetimes obtained from the CR were nearly the same as
those for SRFAR individual component. The DfDfDfD
model, where SRFAR lifetimes were fixed, recovered
similar pyrene and SRFAR fractions for the LR and CR,
but the floating SRFAR fractions again dominated the fit as
indicated above (See SI, Fig. 4Sb). The (D+D+D)FD
alleviated this problem by keeping all SRFAR parameters
fixed. The experimental frequency-domain data for both LR
and CR were fitted well with reasonable residual plots
(Fig. 5a). The NLLS analyses of this model resulted in
different lifetimes for both runs. The recovered pyrene
lifetime (192.14 ns) with the LR was approximately 10 ns
longer than that (181.89 ns) of the CR. The pyrene fraction
was slightly lower for the LR compared to the CR
indicating that pyrene photobleaching may be responsible
for the different results. The difference in the measured
pyrene lifetime between both runs can complicate the
interpretation of the fluorescence quenching mechanism of
pyrene in the presence of SRFAR.

Simulations Simulations were performed to confirm that a
reduction in the pyrene intensity between the beginning and

Table 3 Recovered fluorescence lifetimes and fractional contributions obtained from NLLS analyses of pyrene, SRFAR, and their mixture

Model Floating no. Set αSRFAR α1 t1 (ns) α2 t2 (ns) α3 t3 (ns) α4 t4 (ns) χ2

D 1 Pyrene – 1.000 193.74 – – – – – – 0.72
D 1 SRFAR – 1.000 3.07 – – – – – – 466.59
DD 3 SRFAR – 0.472 1.05 0.528 7.61 – – – – 12.05
DDD 5 SRFAR – 0.281 0.57 0.483 3.43 0.236 13.71 – – 1.93
D 1 LR – 1.000 6.66 – – – – – – 1987.38
D 1 CR – 1.000 6.74 – – – – – – 1936.79
DD 3 LR – 0.531 2.12 0.469 138.55 – – – – 87.29
DD 3 CR – 0.531 2.16 0.469 131.69 – – – – 84.07
DDD 5 LR – 0.266 0.90 0.335 6.38 0.399 178.93 – – 3.78
DDD 5 CR – 0.254 0.88 0.345 6.11 0.401 168.89 – – 4.78
DDDD 7 LR – 0.162 0.51 0.239 2.75 0.208 9.21 0.391 183.77 2.80
DDDD 7 CR – 0.173 0.56 0.281 3.34 0.157 11.02 0.389 175.84 3.55
DfDfDfD 4 LR – 0.179 0.57 0.297 3.43 0.142 13.71 0.382 189.27 3.02
DfDfDfD 4 CR – 0.172 0.57 0.306 3.43 0.140 13.71 0.382 179.76 3.57
(D+D+D)FD 2 LR 0.622 0.281 0.57 0.483 3.43 0.236 13.71 0.378 192.14 3.17
(D+D+D)FD 2 CR 0.621 0.281 0.57 0.483 3.43 0.236 13.71 0.379 181.89 3.55

The f subscripts indicate the fits where SRFAR lifetimes were fixed during NLLS analyses. The F subscripts denote the fits where both SRFAR
fractional intensity contributions and lifetimes were fixed during NLLS analyses. Bolded black parameters are fixed values.
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end of the LR experiment resulted in differences between
the LR and CR experimental data described above.
Assuming the results from the (D+D+D)FD analysis of the
CR experiment (Table 3) most closely represents the true
values, these values were used to simulate this system in the
same manner as previous simulations. The fluorescence
intensity of pyrene was assumed to decrease linearly by
20%, while the fluorescence intensity of SRFAR remained
constant. Simulated LR, CR, and unbleached run data are

shown in Fig. 6a. A close examination reveals that there
was a mismatch between the unbleached and LR simulated
data. Once again, errors resulting from photobleaching in
the LR are greatly reduced in the CR.

The NLLS analyses of simulated data files after addition
of random noise (0.5° and 0.005) allowed the investigation
of how pyrene photobleaching would affect the recovered
parameters in a LR experiment. The simulation was
performed ten times with different random noise of

Fig. 5 a Experimental frequency-
domain data and NLLS fits for
pyrene (0.04 ppm) and SRFAR
(12 ppm) mixture. Solid symbols
represent phase. Open symbols
represent modulation. b Nor-
malized χ2 surfaces for NLLS
analyses of the experimental
data. Horizontal dashed lines:
one standard deviation from the
minima of the χ2 surface.
Corresponding fitting parame-
ters are tabulated in Table 3
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equivalent magnitude added to each simulation (See SI for
examples of simulated data with noise added). Recovered
parameters for unbleached, LR, and CR simulations (ten
simulated data files each) using the (D+D+D)FD model are
tabulated in the SI (Table 1S). Results for global analyses of
all files within each set are plotted as the χ2 surfaces shown
in Fig. 6b. Recovered parameters for the CR simulation

matched more closely those of the unbleached simulated
data than did those of the LR. For both experimental and
simulated data, pyrene lifetimes recovered from the LR
were approximately 10 ns longer than those recovered from
the CR, while the pyrene fractions were lower. The
agreement between the simulated and experimental data is
shown by the similarity of Figs. 5b and 6b. Together, the

Fig. 6 a Simulated frequency-
domain LR and CR data for
pyrene (t=181.89 ns, αinitial=
0.379) and SRFAR (αinitial=
0.621, t1=0.57 ns, α1=0.281,
t2=3.43 ns, α2=0.483, t3=
13.71 ns, α3=0.236) mixture. A
20% pyrene photobleaching was
assumed in the time the LR was
exposed to radiation. Solid
symbols represent phase. Open
symbols represent modulation.
Dashed lines in the residual plot
represent the 0.5° and 0.005
modulation error values used in
the NLLS analyses. b Normal-
ized χ2 surfaces for NLLS
analyses of the simulated data
after 0.5° and 0.005 random
noise was added. Horizontal
dashed lines: one standard devi-
ation from the minima of the χ2

surface. Corresponding fitting
parameters are tabulated in SI,
Table 1S

J Fluoresc (2007) 17:687–699 697697



experimental and simulated LR and CR data illustrate that a
decrease in the pyrene intensity over the course of the LR
measurement affect the recovered parameters.

Conclusions

The concept of frequency segmentation and recombination
was demonstrated through both simulated and experimental
data. The results from our experiments provide clear evidence
that the frequency segmentation and recombination method
reduced errors that result from a changing fractional contribu-
tion in a multi-component system. NLLS analyses of the dye
mixture further confirmed these findings. Better fits, more
reasonable χ2 values, and more random residual plots were
obtained from the CR compared to the LR.

In addition, this newly developed method was applied to
a more complex system consisting of pyrene and SRFAR to
improve recovered lifetimes and fractional contributions in
a real-world multi-component system. Comparison of
experimental data collected in traditional (LR) and seg-
mented (CR) fashion with simulated results revealed that a
mismatch between lifetimes recovered from LR and CR
data was consistent with a decrease in pyrene intensity over
the course of the experiment. This decrease is likely due to
pyrene photobleaching, wall adsorption, or both, within the
multi-component system. Frequency segmentation and
recombination experiments appeared to minimize these
potential factors and provide more reliable results. Finally,
these results showed considerable promise for use of
frequency-domain fluorescence lifetime measurements via
frequency segmentation and recombination in a range of
applications, including biological and environmental.
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