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We present a thorough introduction into the recently developed fluorescence lifetime correlation
spectroscopy (FLCS). The theoretical basis of FLCS is explained, and the method is applied to the
study of a dynamic transition between two fluorescence lifetime states in a dye–protein complex.

Introduction

Fluorescence correlation spectroscopy (FCS) was originally in-
troduced by Elson, Magde and Webb in the early seventies1–3

and has seen a tremendous revival of attention over the last
decade. Today, FCS has become an important spectroscopic
technique that is used in numerous biophysical studies and has
found many applications in analytical chemistry and biochemistry.
Excellent introductions and overviews to FCS can be found in
ref. 4 and 5 and in a book (ref. 6); for recent reviews see ref. 7–
9. A particular variant of FCS that has shown great potential
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for studying intermolecular interactions in vitro as in vivo is
dual-colour fluorescence cross-correlation spectroscopy (FCCS).
In dual-colour FCCS, two molecular species are labelled with
two spectrally different fluorescent dyes, and by cross-correlating
the fluorescence signal from the two emission colours, the co-
diffusion of the two molecular species is measured. FCCS has been
successfully applied in studies of DNA,10 prion proteins,11 vesicle
fusion,12 gene expression,13 DNA–protein interactions,14 protein–
protein interactions,15 enzyme kinetics,16 and high-throughput
screening;17 for more details and references see ref. 18. However,
dual-colour FCCS, is technically challenging due to the necessity
of simultaneously exciting two spectrally different fluorescent
labels by either two different excitation sources, or by employing a
single-wavelength, femtosecond-pulsed high-repetition and high-
power laser for using the broad absorption bands of many fluores-
cent dyes upon two-photon excitation.19 Recently, the emergence
of quantum dots with broad overlapping absorption bands by
distinct narrow emission bands has also shown promise to simplify
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dual-colour FCCS.20 Another problem is the always imperfect
overlap of the detection volumes at the two emission wavelengths,
due to chromatic aberrations of the used optics. A few years ago, we
proposed an alternative cross-correlation spectroscopy technique,
fluorescence lifetime correlation spectroscopy (FLCS), that uses
fluorescence lifetime for calculating auto- and cross-correlation
curves in a similar manner as dual-color FCCS uses two emission
colours.21 The core advantage of FLCS is that one has only a
single excitation and a single emission channel, so that optical
pathways and detection volumes are identical for all involved
fluorescent labels, whereas the distinction between different labels
is done solely on the basis of their fluorescence lifetime. The present
paper gives a thorough introduction into the theory of FLCS and
presents the first experimental application of FLCS for studying
the conformational dynamics of a molecular complex.

Theory

Fluorescence lifetime correlation spectroscopy

In a typical FLCS measurement set-up, a high-repetition pulsed
laser is focused by an objective with high numerical aperture (N.A.)
into a sample solution containing the fluorescing molecules at
low concentration. Fluorescence is collected through the same
objective and separated from the excitation light via a dichroic
mirror that it is reflective at the laser’s wavelength and transmit-
ting for the Stokes-shifted fluorescence emission. The collected
fluorescence is focused onto a circular confocal aperture and,
behind that aperture, refocused onto a single-photon counting
detector. In FLCS, detected photons are processed by a time-
correlated single-photon counting (TCSPC)22 electronics in so-
called time-tagged time-resolved (TTTR) mode,23 so that both
the macroscopic detection time of the photons on an unbounded
time scale with ca. 100 ns temporal resolution as well as the time
delay between the last laser pulse and the detected photon on a
picosecond time scale are recorded.

Let us consider a sample emitting fluorescence with two different
lifetime signatures, so that the measured intensity signal I j has the
form

I j(t) = w(1)(t)p(1)
j + w(2)(t)p(2)

j (1)

where the index j refers to the jth discrete TCSPC time channel
used for timing the photon detection events with respect to the
exciting laser pulses, p(1,2)

j are the normalized fluorescence decay
distributions over these channels for the two different fluorescence
decay signatures of the sample (e.g. two mono-exponential decays
with different decay constant), and the w(1,2)

j ) are the total
intensities of both fluorescence contributions measured at a given
time t of the macroscopic time scale. When inspecting eqn (1), it
should be emphasized that two completely different times scales
are involved: the macroscopic time scale of t, on which the auto-
correlation function (ACF) is calculated, and the (discrete) TCSPC
time scale labelled by the numbers j of the corresponding TCSPC
time-channel. Fluorescence decay-specific auto-(ACF) and cross-
correlation (CCF) functions can now be defined by

gab(t) = 〈w(a)(t0)w(b)(t0 + t)〉t0 (2)

where the a, b can take either the values 1 or 2, and the angular
brackets denote averaging over time t0. Please take into account

that no reference to the TCSPC time scale is any longer present.
The question now is how to extract the weights w(a)(t) from the
measured photon count data. Let us rewrite eqn (1) in matrix
notation as

I = M·w (3)

where I and w are column vectors with elements I j and w(a),
respectively, and the elements of matrix M are given by Mja =
pj

(a). The most likely values of w(a)(t) at every moment t are found
by minimizing the quadratic form24,25

(I − M̄w)T·V−1·(I − M̄w) (4)

where M̄ is the average of M over many excitation cycles, and V
is the covariance matrix given by

V = 〈(I − M̄w)·(I − M̄w)T〉 − 〈(I − M̄w)〉·〈(I − M̄w)〉T =
diag〈I〉 (5)

Here, the angular brackets denote averaging over an infinite
measurement time interval of t. In the last equation, it was assumed
that the photon detection obeys a Poissonian statistics so that 〈I j

Ik〉 − 〈I j〉 = djk 〈Ik〉. The solution of the above minimization task is
given by using a weighted quasi-inverse matrix operation and has
the explicit form

w = [M̄T·diag〈I〉−1·M̄ ]−1·M̄T·diag〈I〉−1·I = F·I. (6)

Thus, u = [M̄T·diag〈I〉−1·M̄ ]−1·M̄T·diag〈I〉−1 is the sought filter
function that recovers w(a)(t) from the measured I j(t),

w(a)(t) =
N∑

j=1

u(a)
j Ij(t) (7)

Notice that u is a 2 × N matrix, with elements uj
(1,2), 1 ≤ j ≤ N,

and a visualization of the meaning of the filter functions uj
(a) is

depicted in Fig. 1. Finally, the auto- and cross-correlations are
calculated as

gab(t) =
N∑

j=1

N∑
k=1

u(a)
j u(b)

k 〈Ij(t0 + t)Ik(t0)〉t0 (8)

The just described concept can be expanded to an arbitrary
number of more than only two different fluorescence components
in a straightforward way. It is often advisable to include, besides
the distinct fluorescence contributions of the sample, an additional
component with uniform distribution among the TCSPC diagram
corresponding to uniform background (e.g. dark counts, elec-
tronic noise, detector afterpulsing). This automatically eliminates
background contributions from the finally calculated fluorescence
ACFs and CCFs, see e.g. ref. 26.

Four state model for the conformational and photophysical
dynamics of a dye–protein complex

One of the most exciting applications of FLCS can be the study
of molecular conformational changes of a biomolecule (protein,
DNA, RNA etc.) that are reflected as lifetime changes of a
fluorescence label. In the experimental example described in the
next section, a fluorescing molecule is covalently attached to a
protein, and one observes two distinct fluorescence decay times
that supposedly reflect two different states of the protein–dye. In
many cases, one has also to take into account fast photophysical
processes of the fluorescent label itself, such as triplet state
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Fig. 1 Visualization of the meaning of the filter functions uj
(1,2): At the

top of the table, the fluorescence decay curves of the two states 1 and 2
are depicted. The filter functions, shown at the left side of the table, are
designed in such a way that element-wise multiplication and summation
of these functions with the fluorescence decay curves yields the identity
matrix. In the table, we used the abbreviation ‖xj‖ = ∑

j xj .

dynamics (intersystem crossing from the excited singlet state to
the first triplet state with subsequent phosphorescence back to
the singlet ground state) or conformational transitions between a
fluorescent cis- and a non-fluorescent trans-state (as happens for
many cyanine dyes).

Thus, we will consider the general case of a system depicted
in Fig. 2: A dye-molecule complex undergoes major transitions
between states A and B (from left to right and back in Fig. 2),
whereas the dye itself makes transitions between a fluorescent
(S) and a non-fluorescent (N) state (from top to bottom and
back in Fig. 2). In the general case, the photophysical transition
rate constants ksn and kns may themselves depend on whether the
complex is in state A or B. Thus, the essential model parameters
are the two transition rate constants kab and kba for the transition
from A to B and from B to A, respectively, and the transition
rate constants k(a)

sn , k(b)
sn , k(a)

ns , and k(b)
ns describing transitions of the

Fig. 2 Schematic of the four-state model for a dye–protein complex. The
whole complex toggles back and forth between states A and B (left to
right and back). In both states, the fluorescent dye can reside either in
a fluorescent state S or a non-fluorescent state N. The fluorescent decay
in states SA and SB is distinct and is used for FLCS. Transitions between
fluorescent and non-fluorescent states may be light-driven (indicated by
the wiggled lines with hm on top).

label between a fluorescent and a non-fluorescent state. The rate
constant of most interest are kab and kba, which may describe e.g.
conformational changes of a protein or a DNA complex.

Let us denote the four probabilities to find the molecular
complex in state SA, SB, NA, and NB by sa, sb, na, nb, respectively,
which have all to take values between zero and one, all adding up
to one. By introducing the column vector v = (sa, sb, na, nb)T, where
the superscript T denotes transposition, the rate equations for the
temporal evolution of these states are given by

dv
dt

= M̂ · v (9)

where the matrix M̂ has the explicit form

M̂=




−kab − k(a)
sn kba k(a)

ns 0
kab −kba − k(b)

sn 0 k(b)
ns

k(a)
sn 0 −kab − k(a)

ns kba

0 k(b)
sn kab −kba − k(b)

ns


 (10)

This linear system of differential equations can be solved in a
standard way by finding the eigenvalues kj and eigenvectors êj of
matrix M̂ obeying the equation M̂ êj = kj êj. Then, the general
solution for v(t) takes the form

v(t) =
4∑

j=1

[v0d̂j]êj exp(−kj t) (11)

where the vectors d̂ j form a conjugate basis to the eigenvectors êj,
i.e. obey the relation d̂ j·êk = djk, and v0 is the initial value of v at
t = 0. Knowing this general solution of the rate equations, the fast
part of the ACFs and CCFs of the fluorescence emerging from
states A and B are explicitly given by

gfast
ab (t) = kakbvb

(
t
∣∣v0,c = dac

) =
4∑

j=1

gab,j exp (−kj t) (12)

where the coefficients gab,j have the form

gab,j = jajbd̂ j,a êj,b (13)

and ja and jb are coefficients accounting for the relative brightness
of the different fluorescent states. “Fast part” of the ACFs and
CCFs means that one considers correlation lag times much
shorter than the typical diffusion time so that one may assume
that a molecule is not moving significantly within the spatially
inhomogeneous molecule detection function, and the temporal
dynamics of the ACFs and CCFs is dominated by the fast
photophysical and molecular transitions.

For the matrix M̂ given in eqn (10), the eigenvalues are given by

k1 = 0, k2 = kab + kba and k3,4 = r ± d

2
(14)

where the abbreviations

r = kab + kba + k(a)
sn + k(a)

ns + k(b)
sn + k(b)

ns (15)

and

d = {r2 − 4[kba(k(a)
sn + k(a)

ns ) + (k(b)
sn + k(b)

ns )(kab + k(a)
sn + k(a)

ns )]}1/2 (16)

where introduced. The zero value of the first eigenvalue, k1, reflects
the conservation of the sum of all state occupancies (neglect of
any photobleaching effects on the considered short time scale).
The second eigenvalue, k2, is solely dominated by the transition
dynamics between A and B, whereas k3,4 are determined also by
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the transitions between fluorescent and non-fluorescent state of the
label. The quantities of interest are the transition rate constants kab

and kba. The second eigenvalue k2 yields their sum; for separating
this sum one can use the amplitude coefficients gab,j from eqn
(12). After some tedious algebraic calculations one finds the two
relations

gab,2gaa,2

gba,2 gbb,2

=
(

kab

kba

ja

jb

)2

(17)

and

gab,1gaa,1

gba,1 gbb,1

=
(

ja

jb

)2

(18)

allowing the determination of the brightness ratio ja/jb and,
together with eqn (14), the separate values of kab and kba.

Of course, for fitting experimentally obtained ACFs and CCFs
one has also to consider the long-time behaviour of these functions
that is determined by the diffusion of the molecules out of the
detection volume. This can be done in a standard way by assuming
a three-dimensional Gaussian profile of the molecule detection
function leading to the complete result

gab(t) = g∞
ab + gfast

ab (t)(
1 + 4Dt

/
a2

) (
1 + 4Dt

/
b2

)1/2
(19)

where g∞
ab is a constant offset, D is the diffusion coefficient, and

a and b are the half-axes of the Gaussian profile perpendicular
to and along the optical axis, respectively. For fitting purposes,
it is also important to notice that all amplitude coefficients gab,j

are non-negative except gab,2 and gba,2 that are connected with the
transition from A to B and back (and thus with k2) and generate
rising terms in the CCFs. It should also be noted that the particular
model used for describing the diffusional part of the ACFs and
CCFs is unimportant because we are not interested in determining
any diffusion coefficient by extracting rate constants acting on a
much faster time scale.

Experimental application: conformational dynamics of a
dye–protein complex

The experimental set-up was described in detail in ref. 23. The
used excitation laser was a pulsed diode laser at 640 nm wavelength
(PDL 800, PicoQuant) generating pulses with ca. 50 ps pulse width
and 40 MHz repetition rate. The light of the laser was send through
a single-mode glass fiber and subsequently collimated to form a
beam with Gaussian beam profile of ca. 5 mm beam waist radius.
The beam was then focused through an apochromatic water-
immersion objective (1.2 N.A., 60×, Olympus) into the sample
solution. Fluorescence is collected by the same objective (epi-
fluorescence set-up), and then separated from the excitation light
by a dichroic mirror (650 DRLP, Omega Optical). After passing
two additional bandpass filters (670DF40, Omega Optical), a tube
lens with 180 mm focal length focused it onto a circular pinhole
with 100 lm diameter. After the pinhole, the light was split into
two channels and refocused onto two single-photon avalanche
diodes (SPAD) (SPCM AQR-13, Perkin Elmer). Fast electronics
(TimeHarp 200, PicoQuant) was used for recording the detected
photons in time-correlated time-tagged recording mode. From
these raw data, the autocorrelation curves were calculated by cross-
correlating photons from the two different SPADs. This cross-

correlation prevented distortions of the autocorrelation curve due
to SPAD afterpulsing.27

FCS measurements were performed on a ca. 10−9 M solution
of Cy5–streptavidin (Molecular Probes) in bi-distilled water. FCS
measurement times ranged between 20 min and 1.5 h, depending
on the excitation intensity. The excitation power was measured
with a power meter (S120 A, Thorlabs) at the back entry aperture
of the objective. The power was adjusted with a gray filter wheel
(STA-EAM 2, Laser 2000) and ranged between 1 and 400 lW for
the diode laser. All measurements were performed at 20 ◦C.

Results and discussion

Measurements were performed at three different values of cw-
excitation power, 80, 198, and 400 lW. Fig. 3 shows the TCSPC
histogram obtained from one of these measurements showing the
bi-exponential fluorescence decay of the measured fluorescence.
The time region between the vertical lines was used for fitting
a bi-exponential distribution to the measured curve (tail-fitting),
and photons from this time window were also subsequently used
for calculating the lifetime-specific ACFs and CCFs. The reason
for limiting our analysis to this time window is the intensity-
dependent shifting of the temporal response of the used SPADs:
With increasing photon count rate, the temporal response of
a SPAD can shift by more than half a nano-second to longer
TCSPC times compared with its response at low photon count
rates.

Fig. 3 Measured TCSPC curve for the Cy5–streptavidin complex (light
grey dots). Black and dark grey lines are the fitted short and long lifetime
components used as fluorescence decay patterns in the FLCS. The thin
vertical lines delimit the time window used for the FLCS calculations.

That complicates the analysis of single molecules where huge
fluctuations of photon count rate occur between times where no
molecule is present within the detection volume and times where
molecules diffuse through the detection volume. New generations
of SPADs, so called PDMs (Microphoton Devices, Bolzano, Italy),
do not show this kind of temporal response behaviour and will
significantly improve FLCS data analysis, allowing to use photons
over the whole TCSPC time range. Fig. 3 shows also the fitted
mono-exponential contributions, having a fluorescence decay time
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of 0.71 and 1.72 ns, respectively. The two mono-exponential
components of the fluorescence decay where taken as the separate
fluorescence states A and B for which the ACFs and CCFs where
calculated according to eqn (8) and using a dedicated algorithm
for calculating correlation functions from asynchronous single
photon counting data.28 In the FLCS calculations, we have taken
a uniform TCSPC distribution as a third state for eliminating any
background contributions from the fluorescence ACFs and CCFs.
The obtained ACFs and CCFs for the long and short decay time
fluorescence at an excitation power of 400 lW are depicted in
Fig. 4. One can clearly see the rising components in the CCFs
between the short decay time and long decay time fluorescence,
being the result of a dynamic transition between the two states. For
a static distribution of decay times, i.e. if a given molecule would
never change its fluorescence decay time behaviour, no rising terms
could occur in the CCFs. Next, we fitted the obtained ACFs and
CCFs with a global fit of eqn (19) to all four ACFs and CCFs using
the kj, gab,j and a/4D and b/4D as fit parameters. In these fits, the
value k1 was kept zero, and all gab,j where allowed to take only
non-negative values except for gab,2 and gba,2 which were forced to
adopt negative values, thus assuring that k2 is indeed the eigenvalue
equal to kab + kba. The obtained values of k2, gab,1 and gab,2 where
then used to calculate the rate constants kab and kba and as well as
the ratio ja/jb using eqn (14), (17), and (18). The results for the
three measurements at the excitation powers 80, 198, and 400 lW
are shown in Fig. 5, together with a linear least-square fit of the
obtained rate constants against the excitation power.

Fig. 4 Calculated (circles) and fitted (lines) ACFs and CCFs for the
measurements at 400 lW excitation power. L denotes the long lifetime
state, S the short lifetime state. The amplitude of the L × L auto-correlation
is divided by a factor of ten for better comparability with the other curves.

As can be seen from Fig. 5, the obtained transition rates ksn and
kns follow a linear relationship with excitation power, demonstrat-
ing that the transitions between the two observed lifetime states are
light-driven. Moreover, the forward and backward rate constants
are nearly equal, which is suspiciously similar to the measured
dynamics of the conformational cis–trans-changes in free Cy5.29

In contrast to free Cy5, one has thus two fluorescing states that
can be inter-converted by light and have both a lifetime different

Fig. 5 Obtained values of the transition rate constants ksn and kns for the
three excitation power values where FLCS measurements were performed.
Solid lines show linear least-square fits.

from the mono-exponential lifetime observed for free Cy5 (∼1
ns). Also, the FLCS curves cannot be satisfactorily fitted without
taking into account the two additional exponential terms with k2,3.
This shows that, in contrast to free Cy5, the Cy5–streptavidin is
a more complex multi-state system, with two fluorescing states
and two non-fluorescing states. The light dependency of the
transition rates indicates that the states are connected with the
complex photophysics of Cy5 that is modified by the presence of
streptavidin rather than with any conformational changes in the
protein itself.

Conclusions

We have presented a thorough introduction into the theory and
experimental application of FLCS. The analysis of the four-state
model as given in the second part of the Theory section is quite
general and applicable to many systems of practical interest. In
particular, for many fluorescent labels the conformational state
of the biomolecule influences the fluorescence lifetime, while the
dye itself shows transition dynamics between fluorescent and non-
fluorescent states (i.e. singlet/triplet states). We exemplified the
principle working of the developed concepts on studying the
transition dynamics between two fluorescent states with distinct
lifetime in a Cy5–streptavidin complex. It is hoped that FLCS will
find numerous applications in similar biophysical studies.
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