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Abstract Quantitative tests were performed in order to
explore the practical limits of FLCS. We demonstrate that:
a) FLCS yields precise and correct concentration values
from as low as picomolar to micromolar concentrations; b)
it is possible to separate four signal components in a single
detector setup; c) diffusion times differing only 25% from
each other can be resolved by separating a two component
mixture based on the different fluorescence lifetimes of
both components; d) most of the inherent technical
limitations of conventional FCS are easily overcome by
FLCS employing a single detector channel confocal
detection scheme.
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Introduction

Fluorescence correlation spectroscopy (FCS) provides
information about the concentration and on the dynamics

of single or few molecules in a confined observation
volume. Since its introduction by Magde et al. [1–3] and
especially after its combination with confocal microscopy
by Rigler and Widengren [4] (for overview see [5] and [6])
it has proven to be a powerful and versatile tool for
biophysical research.

During the decade long history of application, however,
several shortcomings have been identified:

(i) Although a single diffusion time can be measured
correctly and with relatively high precision, resolving
two or more species is generally difficult. The diffusion
time must differ at least by a factor of 1.6 to be
resolved in a two-component mixture under suitable
conditions [7]. To overcome this problem e.g. for
experiments measuring reaction kinetics, dual-color
and two-photon cross-correlation experiments have
been performed [8–17].

(ii) Unavoidable uncorrelated signal components (e.g.
Raman scattering) on FCS time scales may signifi-
cantly reduce the correlation amplitude and therefore
introduce systematical errors that need to be corrected
for. This influence is especially strong at low concen-
trations and for dyes of low molecular brightness. To
account for this systematic error, calculation of a
background correction factor [18, 19] has proven
successful, as has the use of time-gated detection
[20, 21].

(iii) Since the total number of photons a single molecule
can emit during its life is limited, high quantum yield
avalanche photodiodes operated in photon-counting
(Geiger-) mode are frequently used in FCS. In
counting experiments, several detector artifacts play
a non-negligible role [22]. Particularly, dark counts
and afterpulsing are disturbing because the former
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damps the correlation amplitude whereas the latter
manifests as a fast decaying component at short
correlation times [23]. It is difficult, if not impossible,
to account for the systematic errors caused by the
dark counts and afterpulsing because of their depen-
dence on the signal-to-background ratio and on the
total count rate. Contemporary FCS detection
schemes eliminate the effect of afterpulsing by
cross-correlating the signal split between two inde-
pendent detectors. Alternatively, the afterpulsing
contribution to the resulting correlation function is
approximated by a (multi-) exponential decay term
during the statistical analysis (fitting) [24]. However,
the effect of dark counts and scattering still has to be
corrected separately.

All the common approaches to overcome the above-
mentioned problems require a more complicated optical
setup (experiment), at least two detectors, additional
measurements, and/or the introduction of additional adjust-
able parameters into the analysis of the FCS results.
Multiple labeling with spectrally different fluorophores
may or may not be feasible. Dual-color FCS suffers from
spectral cross talk and from non-ideal overlap of the
confocal detection volumes. And even when perfect overlap
is achieved they still would differ in size because the
confocal volume depends on both, excitation and detection
wavelength. Mutual influence of adjustable model param-
eters is a well-known, general problem in multi parameter
fitting.

Fluorescence lifetime correlation spectroscopy (FLCS),
first proposed in 2002 [25], is a powerful tool to solve the
above-mentioned problems in a different way. In that first
report, the complete mathematics behind this approach is
explained and quantitative separation of the signal of two
freely diffusing compounds has been demonstrated. A
further step ahead is the cross-correlation of separated
signal components (two labels with different lifetimes) in
order e.g. to study dye exchange between unilamellar
vesicles [26]. The technique has been also used to remove
the effect of afterpulsing on the autocorrelation [23]. When
FLCS is combined with lifetime tuning, diffusion coef-
ficients of identical molecules in different environments can
be determined simultaneously. This has been demonstrated
using solid (quenching) surfaces supporting phospholipid
bilayers [27]. A change of lifetime as a result of
conformational change has been utilized to reveal the
dynamics of DNA condensation [28, 29].

In this paper we present results which—to the best of our
knowledge—prove for the first time quantitatively that
FLCS yields correct and precise correlation amplitudes
even in the case of very low concentrations (<50 pM),
where uncorrelated background significantly hampers the

extraction of correct particle numbers in conventional FCS
analysis schemes. Furthermore, we show the first quantita-
tive decomposition of the FCS curves and the resulting
concentrations and diffusion times of components in a
binary mixture, although both fluorophores have almost
identical emission spectra and similar size. This has been
achieved with a simple single color, single detector
confocal setup under non-ideal conditions, where detector
afterpulsing and scattered excitation light cannot be
neglected. Our findings point out the resolution capabilities
and limits of FLCS which are relevant for application of
this method.

Method

FLCS combines standard FCS with time correlated single
photon counting (TCSPC), therefore it relies on pulsed
excitation instead of CW light. The primary result of an
FLCS experiment is a data file containing a chronological
list of detector events. These records consist of: a) an
identifier of the detector that caused the event; b) the time
elapsed from the start of the experiment; c) the time elapsed
from the prior excitation pulse. These pieces of information
will be referred to as routing, time-tag and nanosecond-
delay (ns-delay), respectively, in the following.

In the conventional FCS approach the correlation
function is calculated from time-tags regardless of the ns-
delay. In conventional TCSPC, on the other hand, the
fluorescence decay curve is obtained by histogramming the
ns-delays regardless of their time-tags. FLCS analysis
combines both, i.e., the information content of time-tags
and ns-delays. A detailed recipe has been published in
reference [30], and exact mathematical treatment can be
found in references [25, 31]. Only the basic concept is
outlined here.

The separation of signal components in FLCS is based
on the knowledge of their characteristic TCSPC histograms,
referred to as TCSPC patterns hereafter. There are various
ways to obtain these patterns, and several suitable methods
are described in the Results section. The TCSPC patterns of
each of the individual signal components together with the
total TCSPC histogram of the combined signal contribu-
tions from the whole measurement file (a primary experi-
mental observable, always readily available after a FLCS
experiment) serve as the input for the calculation of FLCS
filter functions. For each signal component an associated
FLCS filter is calculated, which acts as a particular
weighting function upon the experimental data. For
example, the detection probability of a scattered excitation
photon is high during the presence of the excitation pulse
but effectively zero after and before that. Hence, the filter
function for scattering increases the weight of events with
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the appropriate ns-delays, and decreases the weight for
other delay times. A filter function for fluorescence takes
into account the likelihood of scattering at short ns-delays
and also the exponentially decaying detection probability of
a fluorescence photon event.

The appropriate filter function applied during software
correlation [32] yields the separated autocorrelation func-
tion of the selected signal component. Theoretically, a
“pure” fluorescence intensity autocorrelation function can
be obtained, with shape and amplitude unaffected by the
above discussed unwanted contributions in this way.

Finally, it is prudent to point out the differences between
the FLCS method and the older and less sophisticated time-
gated FCS method [20, 21]. Time-gating, for example,
excludes the scattered excitation photons by processing
only events with ns-delays longer than a preset value.
However, owing to the exponentially decaying behavior of
fluorescence, such a time-gate unavoidably suppresses a lot
of fluorescence photons at the same time, reducing the
number of events that can be analyzed. In the context of
FLCS, time-gating represents a binary weighting scheme:
“yes”, photon will be included in the correlation with a
weight = 1 or “no”, photon will be neglected, weight = 0).
In contrast, FLCS uses a sophisticated continuous filter
function to determine the contribution of each event to the
selected signal component.

Experimental setup

Experiments were performed with a MicroTime 200
confocal time-resolved microscope [33, 34] based on
PicoHarp 300 timing electronics (PicoQuant GmbH, Berlin,
Germany) (see Supplemental Material and ref. [35]). To
compare FLCS results with conventional cross-correlation
analysis, the measurements were actually performed using
both detectors with a 50/50 beam splitter cube between
them. However, it is to be stressed, that the two detectors
were solely used for validation purposes whereas FLCS
does not require two detectors. During the analyses reported
here the routing information was neglected (i.e. the events
from different detectors summed) which is equivalent to a
single detector setup. FLCS calculations were performed
with the SymPhoTime software ver. 4.7.2 (PicoQuant
GmbH, Berlin, Germany) and as a second independent
test, with a home written MatLab (The Mathworks, Natick,
MA, USA) script.

Sample preparation

Dilution series measurements described in the following
were performed with the dye ATTO-655 (ATTO-TEC,

Siegen, Germany) in aqueous solutions. The dye was
chosen for its negligible triplet state contribution to the
FCS curve [22, 36].

Samples of known dye concentration for the calibration
approach were prepared as a dilution series by subsequently
diluting with PBST buffer (Sigma-Aldrich) by pipetting.

For the Cy5-Atto655 mixture, pure ATTO-655 and Cy5
solutions were subsequently diluted until the particle
number concentration in the confocal volume equaled
approx 1. Mixtures were then prepared by mixing these
two stock solutions according to the required mixing ratio.

For a more detailed description please see the
Supplemental Materials.

Results and discussion

Rüttinger et al. [37, 38] investigated an ATTO-655 dilution
series covering a concentration range from pM to µM by
conventional FCS. The study aimed at finding the concen-
tration range in which FCS can be used to measure
diffusion coefficients and sample concentrations, and
evaluated the dilution series as an alternative, model free
method to precisely determine the confocal volume size.
The use of the background correction factor [18] was
mandatory for dye concentrations below 100 pM, but
the expected concentration values have been recovered
[37, 38].

For the study reported here, we investigated a similar
dilution series in order to compare the previous results with
the outcome of the FLCS method. A typical analysis
procedure is demonstrated in the following using experi-
mental data obtained for a 10 pM ATTO-655 solution. The
outcome corresponds to one data point in Fig. 3.

The first step is the identification of the signal
components. The black line in Fig. 1 shows the TCSPC
histogram of the FLCS measurement. Due to the very low
concentration, ATTO-655 molecules diffusing through the
confocal volume are rare events. Most of the time only dark
counts and scattered excitation photons are detected,
resulting in the high offset (background) and the bump at
the beginning of the fluorescence decay curve. Due to the
high excitation repetition rate (40 MHz) in this experiment,
the flat background contains also the contribution of
detector afterpulsing [23, 30]. Thus our assumption is that
the measured signal consists of the following five compo-
nents: i) fluorescence from our target molecule; ii) scattered
excitation light; iii) residual room light; iv) detector dark
counts; and v) detector afterpulsing.

The second step is to obtain the pure, separated TCSPC
patterns of the components. Stray room light, dark counts
and afterpulses are entirely random events on the 25 ns
histogram time-scale [23, 30]. They are evenly distributed
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in the time span of the histogram; their common pattern is a
flat line. The scattering pattern is well approximated by a
background-subtracted histogram of the backscattering
from a clean glass cover slip or a mirror. One gets this
histogram by replacing the detection band pass filter with a
suitable neutral density filter and setting the count rate to a
value comparable to the signal intensity during the actual
FLCS measurement. Finally, the pure fluorescence pattern
can be obtained by measuring a higher concentrated
solution of the same dye. For example, in a decay curve
of a 100 nM ATTO-655 solution, the scattering contribution
is entirely negligible. Of course, the background level is
subtracted again. If the assumptions are correct, the total
TCSPC histogram for any ATTO-655 concentration should
be a linear combination of these three patterns.

As a quick test and a means of improving the patterns,
we used a simple iterative algorithm to reconstruct the
measured TCSPC histogram. The optimizer varies only the

amplitudes and determines the occasional small time shifts
of the normalized patterns. A representative result is shown
in Fig. 1. The residuals in the bottom panel indicate that the
decomposition is correct, i.e., the reconstructed histogram is
virtually the same as the measured (except for the noise, of
course). While this step is in fact not absolutely necessary
for FLCS filter calculation, the results are very informative.
The area under each scaled pattern is proportional to the
fraction of the detected intensity contributed by the
corresponding signal component. The total TCSPC histo-
gram in Fig. 1 has the following composition: 44%

Fig. 3 Dependence of recovered particle number on prepared
concentration. Red dots: FLCS results of two independent dilution
series. Black triangles: conventional two-detector cross-correlation
analysis with background correction. The red curve is actually a linear
fit in this log-log plot

Fig. 2 Correlation functions for a 10 pM ATTO-655 solution.
Comparison of conventional autocorrelation (black) and cross-
correlation (red) with FLCS filtered correlation (blue). The blue curve
corresponds to the autocorrelation of pure fluorescence intensity, thus
representing the correct result

Fig. 1 TCSPC decomposition into patterns and FLCS filter functions
for 10 pM ATTO-655 solution. Three distinct patterns are identified in
the measured TCSPC histogram: pure fluorescence (red), scattering
(green) and the sum of afterpulsing, dark counts and residual room
light (grey). The fluorescence pattern is a background subtracted
TCSPC histogram of a 100 nM ATTO-655 solution. The scattering
pattern was recorded putting a mirror on top of the objective and
replacing the detection bandpass filter with an OD3 filter. The 3rd
pattern is a horizontal line at the average background level of the
TCSPC histogram. The middle panel shows the calculated FLCS
filters for these signal components. The bottom panel shows the
weighted residuals of the decomposition
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fluorescence photons, 11% scattered excitation photons,
and the remaining 45% of counts belong to dark counts,
residual room light and afterpulsing.

FLCS filter functions for the identified components are
calculated from the same patterns and total TCSPC
histogram, but the procedure now involves a matrix
pseudo-inversion [25, 30, 31]. Comparison of patterns with
the corresponding FLCS filters (middle panel of Fig. 1)
clarifies the meaning of weighting. An event has the largest
positive weight when the probability of registering it is
high, and other events are unlikely at the same time. As an
example, detection of a scattered excitation photon is most
likely at early times. This is reflected in the filter function
for this component by weights greater than 1 for ns-delays
around the onset of the excitation pulse. Slightly later,
fluorescence photons start to prevail. The weighting factor
provided by the filter for scattering therefore decreases,
whereas events with the same ns-delay receive higher weights
via the fluorescence filter. A flat TCSPC pattern means ns-
delay independent detection probability. However, the shape
of the corresponding filter function reflects the time dependent
likelihood of other possible (photon) events. It needs to be
stressed that the sum of all three weighting factors
always equals 1 at any ns-delay. This means that all
events are equivalent, none is discarded, but a single
event contribution is specially distributed between the
signal components.

Using the filter function for pure ATTO-655 fluorescence
(red curve in the middle panel of Fig. 1) during a software
autocorrelation [32] of all events , the blue curve depicted in
Fig. 2 was obtained. This is the FLCS-filtered autocorrela-
tion function, providing the expected particle number.

Bearing in mind the composition of the detected
intensity as revealed by decay curve decomposition, it is
not surprising that a conventional FCS approach (i.e. simple
autocorrelation of all detected events without filtering or
time-gating) yields a complex correlation function (black
curve in Fig. 2). Using two detectors working in parallel,
we can cross-correlate their signal by making use of the
routing information stored for every event. The result (red
in Fig. 2) indicates that the fast decay at the beginning of
the black curve was caused by detector afterpulsing.
However, the cross-correlation amplitude is still damped
by uncorrelated signal components. Dark counts and
scattering are always uncorrelated on the lag time span of
our interest. Afterpulses of one detector are completely
independent of the other detector’s signal, i.e. they behave
as uncorrelated events in cross-correlation analysis. It is
therefore possible to correct the amplitude by multiplying it
with a factor of (1+<b>/<f>)2 where <b> and <f> are
average background and pure fluorescence detector count
rates, respectively [18]. For 10 pM ATTO-655 we get a
correction factor of 4.3. The corrected cross-correlation

amplitude finally reproduces the FLCS filtered result (blue
curve).

A proof that FLCS indeed yields the correct correla-
tion amplitudes is the linear dependence of the recovered
particle number on the prepared concentration in the
range from as low as 2 pM up to 10 nM, as shown in
Fig. 3. The red dots represent FLCS results of two
independent dilution series experiments performed within
2 weeks. Patterns were recorded at the beginning of each
measurement day.

Black triangles represent the outcome of conventional
two-detector cross-correlation analysis of data files
obtained during the second dilution series. In this case,
we also performed additional blank experiments to deter-
mine the background correction factors.

Both independent analysis methods yielded the same
results. We emphasize here that by using FLCS, this
quantitative study did not require two detectors and any
additional correction factors. Rather, only two TCSPC
histograms that can be easily obtained were required.

To further demonstrate the outstanding capabilities of
FLCS, we separated the autocorrelation functions of Cy5
and ATTO-655 dyes in diluted aqueous solution, under
non-ideal conditions i.e. in the presence of light scattering
and detector afterpulsing. These molecules are well-known
fluorescence labels, popular in FCS studies. Due to their
overlapping emission spectra, however, it is impossible to
spectrally separate their signal contributions.

ATTO-655 and Cy5 stock solutions having an average
particle number of 1 in the confocal volume were prepared.
Figure 4a shows their corresponding autocorrelation curves,
together with that of their 1:1 mixture (Fig. 4b). While the
Cy5 correlation signal (Fig. 4a—blue curve) exhibits a
pronounced off state fraction caused by cis-trans isomer-
ation (T∼30%), with a characteristic time of τcis-trans=4µs,
ATTO-655 is virtually free from isomeration kinetics and
does not show triplet-like states (Fig. 4a-red curve). Both
dyes show slightly different diffusion times owing to
different diffusion coefficients (DATTO-655=424µm

2/s,
DCy5=255µm

2/s). Note, that these diffusion constants are
not resolvable in a mixture by means of a FCS model
fitting [7]. Fitting a two component model to the correlation
curve, the diffusion times of the two components must be
fixed in order to extract the remaining parameters, i.e.,
extracting the diffusion times from the fit is not possible. A
model assumption of single diffusing particle with a triplet
term sufficiently describes the correlation curve, even
though the extracted parameters are obviously false (see
Fig. 4b and the supplement for a detailed discussion of the
fits). For comparison the FLCS separated correlation curves
of ATTO-655 and Cy5 of the 1:1 mixture are shown in
Fig. 4c. Note that the separated curves are almost identical
to the pure ATTO-655 and Cy5 curves (Fig. 4a). Only the
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correlation amplitudes have doubled as expected due to
their now halved specific concentrations (see also Table 1).

In order to separate the autocorrelation functions of the
components, we use the background subtracted decay

curves of 100 nM solutions as pure fluorescence patterns.
The scattering pattern was obtained as described above by
replacing the sample with a mirror and the fluorescence
bandpass by an OD3 filter (IRF method). The resulting
patterns including the flat background line are shown in
Fig. 5a. The amplitudes of the patterns represent their
relative contribution to the measured signal. In essence, the
TCSPC histogram of the mixture (black line in Fig. 5a) is
reproduced quantitatively.

The separated autocorrelation functions of the identified
signal components are shown in Fig. 6. Figure 6a and b
prove that FLCS is indeed able to decompose the signal of
a binary mixture of two spectrally irresolvable dyes in the

�Fig. 4 a Correlation curves and their respective fits of the pure Cy5
and ATTO-655 stock solutions. b Correlation curve of a 1:1 mixture
of the two stock solutions of Cy5 and ATTO-655 together with a fit of
a single component diffusion model including a triplet term. Note that
this model—although false—is able to reproduce the correlation curve
of the mixture. c FLCS separated correlation curves of the same
mixture give—apart from the doubled correlation amplitudes due to
the halved specific concentrations—almost identical correlation curves
as for the pure stock solutions depicted in (a). The extracted fitting
parameters are listed in Table 1

a

b

c

Fig. 5 Decay curve decomposition and FLCS filters for a 1:1 Cy5
and ATTO-655 mixture. a Scaled patterns of the four signal
components (ATTO-655: red, Cy5: blue, light scattering: green,
background plus afterpulsing: grey) and the TCSPC histogram of the
measurement (black). The scaling factors of the normalized patterns
represent their respective contributions to the measured TCSPC curve
(black line): 48.5% Cy5, 48.5% ATTO-655, 0.8% Scattering, 2.2%
background and afterpulsing. b Filter curves for these signal
components. c Residuals indicating that the four chosen patterns are
able to reconstruct the measured histogram of (a)
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presence of other, unwanted contributions, as long as their
TCSPC patterns differ. Figure 6c and d serve as a test to
ascertain that the decomposition was successful. Ideally, the
scattering signal should be completely uncorrelated due to
the high number of water molecules causing the scattering.
However, we observed a residual correlation even for the
decomposed scattering part of the signal with a character-
istic time in the range of the diffusion times of the dye
molecules. Apparently, a small fraction of fluorescence
photons are falsely assigned to the scattering contribution.
The correlation amplitude, however, is three orders of
magnitude higher than that of the two fluorescence
components (Fig. 6a and b, ) and the introduced error is
therefore very small. This observation is a result of the
statistical nature of the weighting schemes (filters), and can
be regarded as a time domain analogy of the spectral cross
talk. Figure 6d displays another advantage of FLCS,
showing the detector afterpulsing dynamics extracted by
this method. Parameters of the measuring setup such as
system dead time and detector afterpulsing probability can
be extracted from this correlation curve, but this goes
beyond the scope of this article.

We have repeated the above FLCS procedure for
mixtures with a varying ratio of Cy5 and ATTO-655
molecules, keeping the overall concentration constant
(c = 1 molecule/confocal volume). Figure 7 shows the
results. The diagonal lines indicate the expected findings
according to the prepared mixture while the data points are
particle numbers retrieved by FLCS. The error bars are
estimations based on repeated measurements. (Several
mixtures were measured more than three times.) Figure 7
also reflects the expected (see Supplemental Materials)
degradation of Cy5 manifested as a decrease in concen-
tration with time (Cy5 concentration for the 0.75 mixture)
when measured consecutively.

Once the autocorrelation functions of each dye compo-
nent are separated as described above, it is possible to
recover their diffusion parameters by standard model
fitting. Figure 8 summarizes the result. The autocorrelation
function of ATTO-655 has a simple shape, indicating that
the model of single particle diffusion is sufficient. Conse-
quently, the recovered diffusion times for this dye are quite
precise. The larger uncertainty of Cy5 parameters is
expected taking into account the need to consider an
additional cis-trans isomeration term in the fit model.
However, Fig. 8 proves that resolving a diffusion time
difference as small as 25% is feasible using FLCS.

Conclusions and outlook

The results discussed in this paper demonstrate the
robustness of FLCS in comparison to conventional
FCS. Efficient use of the TCSPC information allowed

Fig. 7 FLCS separation of Cy5 and ATTO-655 for a varying
concentration ratio mixture of both. The overall concentration was
kept constant. The black lines indicate the expected concentration

a

b

c

d

Fig. 6 FLCS filtered correlation functions of the identified signal
components in the 1:1 mixture of diluted Cy5 and ATTO-655. a Cy5,
b ATTO-655, c scattering, d afterpulsing, dark counts and residual
stray light. Note that the amplitudes of both fluorescence components
(triplet corrected in the case of Cy5) equal half of the amplitudes of
the pure components shown in Fig. 4, as expected for a 1:1 mixture
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us to overcome most of the inherent limitations of FCS.
We have shown that common sources of errors like
detector afterpulsing and/or scattered light can be
dramatically reduced—if not avoided completely—by
the FLCS method applied.

We presented an example in which a complete, quanti-
tative separation of four signal components was achieved
using only a single excitation wavelength and a single
detector line. Even taking into account the efforts and needs
to perform TCSPC, the simplicity of such method is in
striking contrast to the complexity of advanced FCS setups
based e.g. on dual-color FCS, alternating laser excitation,
etc., heretofore employed to solve similar problems.
Multicolor excitation/detection schemes always suffer from
problems related to non-ideal confocal volume overlap or
spectral cross talk. FLCS is limited only by the similarity of
the TCSPC patterns.

Because the signal separation in FLCS is based on
temporal features and information of the signals provided
by TCSPC, this method can be used to study complex
multi-component samples where spectral separation of
the components is difficult (e.g. due to strong spectral
overlap leading to cross talk in the detector channels) or
impossible (two forms or environments of the same
fluorophore).

In contrast to dual-color cross-correlation experiments,
FLCS also allows cross-correlation experiments with
perfectly overlapping and exactly the same size (since there
is only one) confocal volumes.

The demonstrated power and accuracy of FLCS offers a
multitude of biologically very interesting experiments that
may greatly benefit from the virtues of this method. It is,
for example not necessary, to have precise prior experi-
mental knowledge about patterns that contribute to the
measured signal. Coarse assumptions about the temporal
(on the ns-timescale) behavior of the different signal
components might already be sufficient, e.g. to measure
the relative concentrations of a binary system with two
distinct fluorescence lifetimes. The two lifetime compo-
nents needed could be estimated with a two-component
lifetime fit. The resulting theoretic patterns from this fit
model can then be used instead of experimentally deter-
mined patterns to separate the two contributions to the
correlation. One might also envision using FLCS to oppress
cellular background fluorescence by only calculating the
correlation for the fluorescence lifetime expected from the
target fluorophore. Another option is to take advantage of
the change in fluorescence lifetime of several commonly
used dyes induced by changes in polarity of their
neighborhood, e.g., to separate membrane diffusion from
free diffusion.
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Fig. 8 Recovered diffusion times of Cy5 and ATTO-655 at various
mixing concentration ratios. Note that the diffusion times to be
resolved differ only by 25%

Table 1 Parameters extracted by fitting diffusion models to the correlation curves shown in Fig. 4

Parameter Pure Cy5 Pure Atto665 50:50 mixture

Unfiltered Cy5 filtered Atto655 filtered

N 1.01±0.02 0.990±0.002 0.929±0.004 0.44±0.01 0.456±0.002

τ (ms) 0.0976±0.0009 0.0702±0.0003 0.081±0.0003 0.093±0.001 0.0688±0.0007

κ 7.4±0.3 5.7±0.1 5.98±0.07 6.4±0.2 5.5±0.2

T 0.420±0.007 0.2796±0.0002 0.33±0.02

τcis-trans (ms) 0.00417±0.00008 0.0030±0.0001 0.0043±0.0003
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