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Abstract This article explains the basic principles of FLCS,
a genuine fusion of Time-Correlated Single Photon Counting
(TCSPC) and Fluorescence Correlation Spectroscopy (FCS),
using common terms and minimum mathematics. The use-
fulness of the method is demonstrated on simple FCS ex-
periments. The method makes possible to separate the auto-
correlation function of individual components of a mixture
of fluorophores, as well as purging the result from parasitic
contributions like scattered light or detector afterpulsing.

Keywords FCS - TCSPC - Lifetime - Correlation -
Multichannel detection - Scattering - Afterpulsing

Introduction

The combination of Time-Correlated Single Photon Count-
ing (TCSPC) and Fluorescence Correlation Spectroscopy
(FCS), called Fluorescence Lifetime Correlation Spec-
troscopy (FLCS), is a method that uses picosecond time-
resolved detection for separating different FCS contribu-
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tions. The emphasis is on the word separating. FLCS does
not involve fitting of a multiple-parameter model to a com-
plex autocorrelation function. Instead, a separate autocorre-
lation function is calculated for each fluorescence lifetime
component, emitted for example by various species in the
sample. The only assumption is that the various components
have distinct and non-changing lifetime signatures. The core
of the method is a statistical separation of different fluores-
cence contributions on a single photon level.

An essential requirement for FLCS is a sub-nanosecond
pulsed excitation instead of continuous wave (CW) illumina-
tion. The second requirement is the ability to simultaneously
measure the fluorescence photon arrival time on two different
time scales: relative to the excitation pulse with picosecond
resolution (TCSPC) and relative to the start of the experiment
with nanosecond precision.

The experimental and analysis technique outlined is an
important extension of standard FCS. The core idea ap-
peared in 2001 [1] but received only a little attention until
now, although recent publications [2, 3] present exciting new
applications of this method.

The principle

FLCS is best understood in comparison with conventional
FCS using CW excitation and single channel detection. The
standard result of an FCS experiment is the autocorrelation
function (ACF) of the fluorescence intensity fluctuations.
This can be calculated by a hardware autocorrelator, but the
recent state-of-the-art is to use more versatile software pro-
cessing of recorded individual photon arrival times [9]. The
core problem of FCS is that if the detected signal contains
more than one component, the resulting ACF is a linear com-
bination of the contributions from the different components.
A trivial example is a sample with two kinds of diffusing

39 Springer



44

J Fluoresc (2007) 17:43-48

fluorophores, both contributing to the detected intensity fluc-
tuations. Taking into account the ubiquitous triplet dynam-
ics, scattered excitation light, impurity fluorescence etc., the
analysis of the resulting ACF becomes challenging due to
the number and mutual influence of adjustable parameters
in the model equation used for fitting. Resolving an ACF is
difficult [4].

In FLCS data acquisition, the excitation is pulsed and two
independent timings are performed for every detected pho-
ton event. The macroscopic arrival measured with respect to
the start of the experiment on a continuous time axis con-
tains information related to e.g. translational motion, triplet
lifetime etc., and is used just like in conventional FCS. The
delay time measured relative to the excitation pulses contains
information about the fluorescence decay on a nanosecond
timescale. It is the simultaneous availability of these two in-
dependent timings that makes possible to calculate separate
ACEF for the selected lifetime component.

Let us start with a simple example. Consider a sample with
two fluorescent components, A and B, which have different
fluorescence decay kinetics. Let us assume that, say, 60% of
all photons captured during an FLCS experiment were emit-
ted by compound A and the rest by B. After each excitation
pulse, the photon detection probability decays on a nanosec-
ond time scale, as shown in Fig. 1. In TCSPC, this time scale

Typically 20 - 100 ns
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D(i), decay curve of a mixture of A and B.

/This histogram is always readily available in FLCS.

A(i), decay component contributed
by fluorophore A. (60% of all photons.)

B(i), decay component contributed
by fluorophore B. (40% of all photons.)

Relative photon detection probability
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Delay time (channel number, i)
——
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Photons with these channel numbers are
most likely emitted by B. As the channel
number increases, there is less and less
probability that such a photon was emitted
by A, but this probability never decreases
to zero.

Photons with channel
numbers in this range
are more likely emitted
by A, rather than B.
However, there is a
considerable probability
of origin from B.
Fig.1 A hypothetical TCSPC histogram of a two-component mixture,
D(i), and its component decays, A(/) and B(i). The histogram D(i) is
readily available after any FLCS measurement, while the shape of A(i)
and B(i) can be obtained from independent TCSPC measurements or
from the analysis (e.g. fitting) of D(i)
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is binned into N channels indexed by their number 7, so that
i=1,...,N. Typically, N is on the order of 100—1000. By
histogramming the frequency of various channel numbers
encountered and neglecting their macroscopic arrival times
one gets the conventional TCSPC decay curve D(i).

The measured decay histogram is a superposition of con-
tributions from A and B, but if the decay characteristics of
both components are known a priori, the relative contribu-
tions of each component can be extracted by deconvolving
the measured histogram. FLCS uses this ability to separate
contributions based on their lifetime signature, a feat impos-
sible when using CW excitation.

Next, we will explain how to use the TCSPC information
for calculating lifetime-specific ACFs. Let us assume that the
TCSPC histograms of the pure components are known (e.g.
from a priori measurements on pure samples, or from decay
curve analysis) and are denoted by A(i) and B(7). Let us nor-
malize A(/) and B(i) as a(i) = A@)/ZA@), b(i) = B@{)/ZB(),
so that Xa(i) = Xb(i) = 1. We will refer to these normal-
ized curves as decay patterns. The experimentally obtained
decay curve of a mixture, D(i), can then be expressed as the
linear combination

D(i) = wq - a(i) + wp - b(7) ey

where w, and wy, are the numbers of photons stemming from
compound A and B, respectively. Let us now define two filter
functions, f,(i) and f},(i), with the following property:

(Bfa(@) - D@) = wa  (Zfp(0) - D)) = wy @

The brackets (- - -) denote averaging over an infinite num-
ber of measurements. In addition, let f, (i) and f;,({) minimize
the relative errors expressed as

(Zfa(i) - D) — wa)?) ((Zfp(i) - D() — wp)?) A3)

As can be seen from the above expressions, the f, (i) and
f»(7) act indeed like statistical filters or weighting functions
applied to the total decay histogram, D(i). They recover the
number of photons contributed by each decay component.

Such filters can be numerically calculated from D(i) and
from the decay patterns a(i) and b(i) with simple matrix
calculations [1]. To simplify the notation we introduce the
abbreviations a = a(i), b = b(i), f;, = f,(i) and f, = [, (D).
The decay patterns and filter functions are thus understood
to be row vectors of length N. It was shown in previous work
[1, 3, 5] that, if the photon counting data obey a Poissonian
statistics (which is usually the case for photon counting data),
the two filter functions which fulfill the requirements of Egs.
(2) and (3) can be calculated as:

.~
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where the dot -, superscript 7 and —1 denote matrix mul-
tiplication, transposition and inversion, respectively. D is a
diagonal N x N matrix constructed from the reciprocal val-
ues of counts in the histogram D(i).

1

—_— 0
D(1)
1
0 ... 0
1
0 0 —_—
D(N)

All involved calculations are standard matrix manipula-
tions, supported by many mathematical software packages
and even spreadsheet applications.

Note that in Eq. (4) the two filters are calculated together,
involving only one matrix inversion. Ensuring the orthonor-
mality of decay patterns with the resulting filter functions,
ie.fora=fr-b=1andf,-b = f,-a = 0, is essential in
order to fulfill the simultaneous requirements of Egs. (2) and
(3). In contrast, if f, and f;, would be calculated separately
asf, = (a@a-D-a")'-a-Dand f, = (b-D-b")"'-b-D,
they would be useless. Equation (4) is a special case of a
more general formula for an arbitrary number x of decay
components:

s al"\"
fo

=\l |'D| | |-D (6)
fx x x x

It is valuable to have a look at the shape of f,(i) and
J»(i) calculated for our hypothetical example. The filters cor-
responding to the decays depicted in Fig. 1 are plotted in
Fig. 2.

The key point is that using f,, (i) and f,(i) makes possible to
statistically separate the contributions of A and B, photon by
photon. In other words, the sign and magnitude of a single
photon contribution to the autocorrelation can be determined
from the photon’s channel number using the corresponding
filter function.

When correlating the photon records by a conventional
FCS approach, every photon contributes equally and the cal-
culation involves only zeros and ones. In FLCS, the filter
value corresponding to the photon’s channel number is used
instead. The numbers entering the ACF calculation are there-
fore not integers, their absolute value can exceed one, and
their sign can even be negative. However note that the sum

L B B B B o

Filter value (weight)

sl b r——
0 50 100 150 200 250 300 350 400

Delay time (channel number, i)

Fig. 2 Filter functions (‘weights”) calculated from D(i), A(i) and B(i)
according to Eq. (4)

of the filter values corresponding to a given channel number
is always one.

The statistical interpretation of Fig. 2 is as follows: Due
to the high fractional intensity of A at the beginning of the
decay, photons with small channel numbers contribute to the
ACF of compound A with an increased weight (> 1). Since
every photon carries a unit intensity, they must simultane-
ously contribute with negative weight to the ACF of B. The
vast majority of detected photons have small channel num-
bers (see Fig. 1) and it may be puzzling how one can get a
physically meaningful ACF of compound B. The initial bias
towards compound A will be compensated by the remaining
photons. For example those with i > 110 contribute with
an increased weight to the ACF of compound B and with
negative weight to the ACF of A. Because such photons are
rare, the absolute values of f,(i) and f,(i) for these channels
are accordingly higher.

In brief, owing to the orthonormality of the filter functions
with respect to the decay patterns, applying the f,(i) filter
during software correlation of all photons one obtains the
separate ACF of compound A. The same holds for f;,(i) and
compound B. Because the weighting is statistical in princi-
ple, a sufficient (time-)averaging is necessary: the more pho-
tons one has, the better is the accuracy of the resulting ACF.
Of course, this also depends on how large the difference be-
tween decay patterns is. Typical FCS measurements collect
more than 10° photons and the separation works reliably,
as demonstrated in papers [1-3] and also in the following
sections.

Instrumentation
The measurements reported below were performed with a

MicroTime 200 confocal time-resolved fluorescence micro-
scope [6] equipped with LDH635 pulsed red diode laser
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driven by PDL800-B driver. The timing electronics of this
system is based on the TimeHarp 200 PC board operated
in a so-called Time-Tagged Time-Resolved (TTTR) mode
[7, 8]. (All mentioned devices: PicoQuant GmbH, Berlin,
Germany). Experimental data were processed and the calcu-
lations were performed on a PC using MatLab (MathWorks
Inc., Natick, USA) and the fast correlation algorithm pub-
lished in [9].

Application example 1: Suppression of scattered light and
various parasitic contributions

At very low concentrations as encountered in FCS, a con-
siderable portion of the detected intensity may come from
Rayleigh and Raman scattered excitation light. In this exam-
ple the sample was a 10 pM solution of Atto655 in ethylene
glycol. Analysis of the TCSPC histogram (Fig. 3a) reveals
that only approximately 60% of the photons are emitted by
Atto655 molecules. The decay pattern of “pure” Atto655
was obtained in a separate measurement of a 1 nM solution,

where the fraction of parasitic contributions can be neglected.
First, the histogram of parasitic contributions was determined
by subtraction of the appropriately scaled Atto655 pattern
from D(i) (Fig. 3a). As can be seen in Fig. 3c, filtering out
the scattered photons has a striking impact on the resulting
ACFE.

Theoretically, the reciprocal value of the ACF in the limit
of zero lag time gives the average particle number within the
detection volume, that is, the concentration. The black curve
was calculated without filtering and represents the standard
FCS result. FLCS yields the correct particle number con-
sistent with the sample concentration and detection volume
size. The amplitude of non-filtered ACF is much smaller,
because the influence of scattered photons is strongly non-
linear. Their contribution to the total detected intensity is only
about 40%, but the apparent particle number is increased by
a factor of more than 3. Standard FCS clearly fails to recover
the correct sample concentration.

1 05 T T T T T T T T T 2.0 T T T T T T T T T T T
D(i), decay curve from FLCS a: 15 b
/ | T Filter function for ]
1 04 E Atto655 emission
3 1.0 E
%) ©
= >
5 =
° 3 scaled decay | o) | |
c 10 pattern of Atto655 E T 0.5
B(i) = D(i)-A(i) 0.0 Filter function for the 7]
102 __ remaining contributions
Scattered light, E
parasitic contributions, 0.5+ T
most of the background
1 01 . 1 . 1 . 1 . 1 . 1 . -1.0 . 1 . 1 . 1 . 1 . 1 .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Channel number, i Channel number, i
40 bk IR B |
35 [ A FLCS with a statistical filter Ci
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I Classical FCS yields
5 | an apparent particle
|l number of N=0.094
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Fig. 3 Suppression of the scattered light contribution. (a) TCSPC histograms, (b) Calculated filter functions, (c) Comparison of FCS and FLCS

results
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In the above example, the only additional information
gathered from an independent measurement was the undis-
torted decay pattern of Atto655. FLCS was used to obtain
the ACF of the intensity contribution matching that decay
pattern. The other filter, f,(7) is useless in a sense that using it
one obtains only the ACF of scattering and dark counts, that
is, a very noisy fast decaying ACF. However, for a mixture
of fluorophores it is possible to obtain two decay patterns, so
that both filters are useful. The ability of FLCS to separate
the ACFs of two components (for example for simultaneous
measurement of concentrations) was demonstrated in refer-
ences [1] and [2]. A logical step further is cross-correlation
analysis as described in [2].

Application example 2: Suppression of detector
afterpulsing

Detector afterpulsing is a very common and often over-
looked instrumental artifact that leads to a distortion of the

10°

D(i), decay curve from FLCS a

10*
3
o 10
1S
>3
o .
&) 5 B(i)
10 Background level
10’ D(i)-B(i)
Background subtracted
decay curve
100 s 1 L 1 L 1 L 1 s 1 o
0 100 200 300 400 500 600
Channel number, i
3.5 B B
30 FLCS: C
: N <«——— The effect of afterpulsing
I A is suppressed. The ACF can
25 b \ be fitted with the model of
| / a single diffusing particle.
w 20 /
(6]
< A \\
15

10k Conventional FCS:
The detector afterpulsing
[ causes a fast initial decay \
0.5 |- of the ACF.

10 10° 102 107

Lag time/s

0.0
107 10°® 10°

Fig. 4 Suppression of the effect of detector afterpulsing. (a) TCSPC
histograms, (b) Calculated filter functions, (c) Comparison of FCS and
FLCS results, (d) Detailed comparison of the ACFs at short lag times

ACF at short lag times, typically on a microsecond time
scale. The resulting initial decay of an ACF can be easily
misinterpreted as a triplet contribution. The suppression by
means of FLCS is based on the fact that, at high excitation
repetition rates, the spurious afterpulsing events are evenly
distributed over the TCSPC histogram, appearing as a con-
stant offset [3]. This very simple temporal behavior makes it
easy to obtain the two patterns (Fig. 4a) and the correspond-
ing statistical filters (Fig. 4b). Here the sample was a 100 pM
water solution of Atto655 and the laser pulse repetition rate
was 80 MHz. Of course, only the filter corresponding to the
“pure” decay is suitable for correlation analysis.

The resulting ACF obtained with afterpulsing suppression
by means of FLCS is shown in Fig. 4c. As can be seen, any
fast decay on the microsecond time scale is eliminated when
using FLCS, reflecting the fact the Atto655 does not have
any discernible triplet state dynamics (Fig. 4d).

Filter function for "pure" decay

151 }/ [)t

1.0}

Filter value

Filter function for the background

0 100 200 300 400 500 600
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3.0 Y Y
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N
)
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showing the agreement of the single particle diffusion model with the
FLCS result
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Conclusions and outlook

It was demonstrated that FLCS is an elegant extension of
conventional FCS. The method can be regarded as an ad-
vanced form of time-gated FCS [10]. However, FLCS goes
far beyond that, because it uses all the detected photons and
separates the ACFs of different signal components quantita-
tively. Furthermore, the method represents a versatile quasi-
multichannel detection scheme. In this sense, FLCS is a life-
time analogy of a multicolor FCS measurement, with several
advantages.

Owing to the separation principle based on TCSPC decay
behavior, distinct ACFs of two emitters can be obtained even
if they have completely overlapping fluorescence spectra. For
example, an ensemble of identical fluorophores localized in
two different environments can display a double exponential
decay. If a single lifetime can be associated with a certain
environment, it is possible to quantitatively separate the two
ACFs, or to cross-correlate the two lifetime components [11].

Even more contributions can be resolved provided that
their decay patterns are sufficiently different. Looking at a
real TCSPC histogram, the flat decay background and the
sharp scattered light contribution are easily recognized. This
makes an automatic suppression of these artifacts feasible,
provided that there are no unresolved fast or exceedingly
slow fluorescence decay components. In general, the func-
tional form of the decay (single or multiple exponential,
non-exponential) is irrelevant. Similarly, no assumptions are
made on the form of the resulting ACFs. One can continue
the analysis with the usual fitting of standard FCS models.

Unlike conventional FCS, concentrations of two com-
pounds with very similar or even equal diffusion times can
be monitored simultaneously. Once the intensity contribu-
tions are separated, cross-correlation is also straightforward
[1, 2]. Note that the photon signal containing these contribu-
tions is recorded by a single detector. Hence the separately
calculated ACFs correspond to the same detection volume,
which can be interpreted as two (or more) perfectly overlap-
ping excitation/detection volumes. This is very difficult to
achieve in multicolor FCS experiments.

Finally, FLCS is easy to implement. It is not necessary to
change the optical hardware of a standard FCS setup, because
it contains almost all the required components. Affordable
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diode lasers are well suited for pulsed excitation. Of course,
other excitation system generating picosecond pulses, based
e.g. on a mode-locked laser, can be used as well. There are
also several commercially available solutions for the second
key component, the simultaneous measurement of the photon
arrival time on two different time scales.
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