
PNAS  2023  Vol. 120  No. 4  e2211896120 https://doi.org/10.1073/pnas.2211896120   1 of 10

RESEARCH ARTICLE | 

Significance

Quantification of dynamic 
information is fundamental to 
the understanding of many 
biological processes. However, 
extraction of quantitative 
information is often difficult due 
to mathematical ambiguities or 
the separation of conformation 
dynamics from photophysical 
processes. Here, we present a 
general approach that analyzes 
fluorescence intensity 
fluctuations and fluorescence 
lifetime information to perform a 
quantitative analysis of two-state 
systems without prior knowledge 
regarding the dynamics. This 
approach can also distinguish 
between photophysical on-off 
processes and dynamic changes 
between states with different 
fluorescence lifetime states (e.g., 
conformational states with 
different Förster resonance 
energy transfer (FRET) 
efficiencies). We demonstrate the 
power of this method, referred to 
as shrinking gate (sg)-FCS, by 
unravelling the mechanism of a 
FRET-based membrane-charge 
sensor.
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Fluorescence correlation spectroscopy is a versatile tool for studying fast conformational 
changes of biomolecules especially when combined with Förster resonance energy transfer 
(FRET). Despite the many methods available for identifying structural dynamics in FRET 
experiments, the determination of the forward and backward transition rate constants and 
thereby also the equilibrium constant is difficult when two intensity levels are involved. 
Here, we combine intensity correlation analysis with fluorescence lifetime information by 
including only a subset of photons in the autocorrelation analysis based on their arrival time 
with respect to the excitation pulse (microtime). By fitting the correlation amplitude as a 
function of microtime gate, the transition rate constants from two fluorescence-intensity 
level systems and the corresponding equilibrium constants are obtained. This shrinking-gate 
fluorescence correlation spectroscopy (sg-FCS) approach is demonstrated using simula-
tions and with a DNA origami-based model system in experiments on immobilized and 
freely diffusing molecules. We further show that sg-FCS can distinguish photophysics from 
dynamic intensity changes even if a dark quencher, in this case graphene, is involved. Finally, 
we unravel the mechanism of a FRET-based membrane charge sensor indicating the broad 
potential of the method. With sg-FCS, we present an algorithm that does not require prior 
knowledge and is therefore easily implemented when an autocorrelation analysis is carried 
out on time-correlated single-photon data.

time-gated fluorescence correlation spectroscopy | autocorrelation analysis |  
Förster resonance energy transfer | biophysics | DNA origami

Fluorescence correlation spectroscopy (FCS) is a widely used tool to determine physical 
parameters such as concentration (1–3) and kinetic properties such as diffusion constants 
(4–7), biomolecular dynamics (8–10), reaction kinetics (11–13) and photophysical pro-
cesses (14, 15). Time correlation of the fluorescent signal of freely diffusing molecules 
through a focused laser beam reveals the time scales of the underlying characteristic signal 
fluctuations. With the aid of physical models, these time scales can be assigned to the 
different kinetic processes, the most common process being the diffusion of molecules in 
and out of the laser focus.

Many variants of FCS such as Förster resonance energy transfer-FCS (FRET-FCS) 
(16, 17), fluorescence lifetime correlation spectroscopy (FLCS) (18, 19), time-gated FCS 
(20), and single-molecule burst-selective FCS (21, 22) have evolved improving the spec-
ificity for underlying processes as well as the deduced information content (23, 24). Beyond 
diffusion constants and bimolecular binding constants, the fluorescence intensity corre-
lation function g (2)(Δ�) is also a widely employed algorithm to extract kinetic processes 
within diffusing molecules as well as from immobilized single quantum emitters (25–29). 
For immobilized molecules, the autocorrelation analysis has been used, for example, to 
quantify physical and biomolecular processes ranging from antibunching (30, 31) to 
intersystem crossing (32, 33) and photo-induced electron transfer (34–36) to slower 
molecular dynamic of DNA hybridization switching (9, 37, 38).

The extraction of kinetic information from binned intensity trajectories acquired from 
immobilized molecules in single-molecule FRET experiments was recently benchmarked 
(39). Algorithms based on hidden Markov modeling or line fitting recover kinetic infor-
mation of the studied system as long as the kinetics is slower than the binning of the 
intensity trajectory (39). Intensity correlation, on the other hand, can theoretically extract 
kinetic rate constants from fluctuations faster than the inter-photon time, but it is rarely 
used to study biological systems. In our lab, we were confronted with the problem that 
we suspected a correlation component induced by the fluctuating distance of a tethered 
dye to the quenching surface by graphene energy transfer (GET) (40) in a similar time 
regime where also photophysical processes (on–off, e.g., triplet transitions) occurred (38). 
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The problem to separate both contributions arose and we realized 
that this problem was not sufficiently addressed by other 
approaches including FLCS and FRET-FCS. FLCS, for example, 
extracts separate correlation functions when mixtures of species 
are involved but requires prior knowledge of the fluorescence life-
times of the species involved (18, 19). FRET-FCS separates bio-
molecular dynamics from on–off processes but is underdetermined 
for extracting equilibrium constants. Furthermore, it requires 
fluorescent acceptors (16).

On–off switching by photophysical processes and distance- 
dependent quenching by, for example, GET or by a FRET accep-
tor both induce intensity fluctuations that appear as a correlation 
in the intensity correlation function g (2)(Δ�). The two processes 
differ in that only the dynamic quenching processes induce a 
change of the fluorescence lifetime. Thus, we reasoned that it 
required an algorithm to correlate the fluorescence lifetime infor-
mation with the amplitude of the correlation function without 
prior assumptions. These considerations motivated us to revisit 
the influence of time-gating on the bunching amplitudes in FCS 
and for the correlation analysis in general.

In this paper, we present a simple and versatile method to connect 
the fluorescence lifetime with the autocorrelation information, 
termed shrinking-gate FCS (sg-FCS), which enables the separation 
of dynamic quenching processes from on–off processes. By acquiring 
time-correlated single photon counting data, we have, on the one 
hand, the information on the number of laser pulses emitted since 
the beginning of the experiment until the photon was detected, 
which is commonly referred to as macrotime. This information is 
used to calculate the binned intensity trajectory and the intensity 
correlation function. On the other hand, we record the time between 
laser pulse and photon detection, which is commonly referred to as 
the microtime. The microtime contains the information regarding 
the excited state lifetime. In sg-FCS, we calculate the fluorescence 
intensity correlation function using different subsets of photons 
depending on their time lag with respect to the laser pulse (i.e., their 
microtime). Plotting the correlation amplitude as a function of the 
microtime threshold shows how the correlation amplitude is increas-
ingly dominated by the long-lifetime component. We present a 
model for this dependence based on a two-state system that yields 
further important parameters such as transition times and the equi-
librium constant that are not directly obtainable from ordinary auto-
correlation functions. The analysis can be carried out without prior 
knowledge of fluorescence lifetimes and it directly reveals whether 
the correlation amplitudes are of photophysical (on–off) origin or 
whether states of different fluorescence lifetimes are involved. Using 
simulations and DNA origami-pointer model systems, we show that 
the algorithm works even when the dwell times in the individual 
states are unbalanced (K ≪ 1 or K ≫ 1). We exemplify the strength 
of this approach using graphene quenching as well as in single-mol-
ecule FRET experiments of a novel membrane surface potential 
sensor. The method is robust within the defined limits and easy to 
implement suggesting that it should be considered whenever FCS 
and related autocorrelation analyses are combined with time-corre-
lated single-photon counting (TCSPC) information.

Results

Intensity fluctuations on different time scales, e.g., caused by dif-
fusion, photophysics (pp) or distance changes of a FRET pair, 
are commonly analyzed with the normalized second-order inten-
sity correlation given by:

 
[1]g (2)(Δ�) =

⟨I (t ) ⋅ I (t +Δ�)⟩
⟨I (t )⟩2 ,

which correlates the measured intensity I (t ) with the measured 
intensity as a function of the lag time, Δ�.

A process that undergoes stochastic switching between a fluo-
rescent state A and a non-fluorescent state B results in a monoex-
ponential decay component of the g (2)(Δ�) function (15).

 [2]
A

kB

⇌

kA

B.

Here, kA and kB represent the transition rate constant into state A 
or state B, respectively. For diffusing molecules, the relaxation 
kinetics is superimposed with the diffusion correlation function 
according to the following equation of g (2)(Δ�).

 
[3]

g (2)(Δ�)=
�FCS

N
⋅

1

1+
Δ�

�diff

1√
1+

Δ�

w2
⋅�diff

⋅

⋅

(
1+Adyn ⋅ e

−
Δ�

�CRT

)
+1.

Here, �FCS accounts for the approximated Gaussian illumination 
profile and corresponds to 2−

3

2, N  denotes the average number of 
molecules in the detection volume, �diff  the diffusion dwell time 
and w accounts for the different axial dimension of the three- 
dimensional confocal volume (w =

wz

wxy
). The dynamic bunching 

amplitude Adyn accounts for the photon bunching due to fast 
fluorescence intensity fluctuations on short time scales and is equal 
to the equilibrium constant in the case of on–off switching with 
the correlation relaxation time (CRT) �CRT .

To simplify the discussion, we first consider immobilized mol-
ecules undergoing fluctuations between different intensity states. 
However, we note that sg-FCS is applicable whenever there are 
two components with different fluorescence lifetimes that 
exchange due to various quenching mechanisms. With the fitted 
CRT and bunching amplitude, the dwell times for each state can 
be calculated according to �CRT =

1

kA +kB
 and Adyn =

kB
kA

 also yield-

ing the equilibrium constant K. When dynamic quenching with 
nonzero intensity states are involved such as in FRET experi-
ments, the calculation of the donor bunching amplitude Adyn is 
“convoluted” with the intensity contrast of the two FRET states 
(17, 20, 41, 42).

 [4]Adyn = K

(
IA− IB

IA+K ⋅ IB

)2

,

where IA and IB represent the fluorescence intensity of state A 
(high-intensity, long fluorescence lifetime state) and state B 
(low-intensity, short fluorescence lifetime state). K  denotes the 
equilibrium constant as the ratio of the switching rate constants 
between the high- and low-intensity states K =

kB
kA

.  As Eq. 4 
shows, the donor bunching amplitude Adyn for a two intensi-
ty-state model relies on the fractional intensity difference. Due to 
the quadratic intensity difference dependence of the intensity 
correlation function, no unique solution for K  is obtained even 
when both intensity levels are known (which is commonly not the 
case or there is some uncertainty involved). We demonstrate this 
by simulating two intensity trajectories of immobilized molecules, 
which are shown in Fig. 1A (see SI Appendix, section 1 for detailed 
information on the simulations). Both intensity trajectories have 
the same intensities for the high- and low-intensity states, 
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respectively. It is obvious from the trajectories that the switching 
kinetics are different and that the red trajectory shows a longer 
dwell time in the fluorescence-quenched state.

Despite the different equilibrium constants, K , of the trajecto-
ries in Fig. 1A, the autocorrelations in Fig. 1B are virtually iden-
tical. They have the same bunching amplitude Adyn

(
tg

)
 and CRT 

�CRT . With a single g (2)(Δ�) correlation, it is impossible to extract 
the switching rate constants and describe the kinetics quantita-
tively. This important information is, however, accessible by con-
necting the autocorrelation with the fluorescence lifetime 
information. We do this using sg-FCS, where subsets of photons 
are correlated depending on the arrival time of the photon with 
respect to the laser pulse (the microtime). By varying the threshold 
for the microtime, the relative intensity of the two states are 
changed and thereby their influence on the amplitude of the inten-
sity correlation function. Hence, the intensity correlation function 
becomes a function of delay, Δ�, and microtime gate, tg: 
g (2)

(
Δ�, tg

)
. The effect of the microtime thresholding on the 

fluorescence intensity trajectory and on the autocorrelation func-
tion is depicted in Fig. 2 A−C using the simulated data from Fig. 1, 
Fig. 2A shows the biexponential fluorescence lifetime histogram 
of the simulated data with �A = 4.0 ns and �B = 0.8 ns. The 
shaded area indicates the subset of photons selected for different 
microtime gates. Fig. 2B shows the corresponding intensity time 

traces and Fig. 2C shows the corresponding g (2)
(
Δ�, tg

)
 

correlation.
When considering all photons in this simulation, i.e., when 

the microtime threshold is set to tg = 0 ns, the fluorescence 
intensity trajectory and autocorrelation function are the same as 
the ones shown in Fig. 1A (blue trajectory). When only photons 
after tg = 1.5 ns are considered, the intensity of the fluorescence 
intensity trajectory is reduced. The intensities of the two fluo-
rescent states, however, are not affected equally. The microtime 
gate preferentially excludes photons from the quenched intensity 
state IB because it has the shorter fluorescence lifetime. The result 
is a higher intensity contrast between the two states, which results 
in a higher bunching amplitude Adyn

(
tg

)
 of the autocorrelation 

in accordance with Eq. 4. For a higher microtime threshold of 
tg = 6 ns after laser excitation, almost no photons from the 
quenched state remain and the trajectory is dominated by bursts 
of photons from the bright fluorescent state. With the microtime 
gating, the situation has changed from a “high-intensity” – 
“low-intensity” fluorescent trajectory to an “on” – “off” trajectory 
similar to photophysical blinking. Therefore, the bunching 
amplitude Adyn

(
tg

)
 is maximized and represents the equilibrium 

constant K.
Applying shrinking-gate FCS with a stepwise increase of the 

gating threshold to the trajectories of Fig. 1A now yields distin-
guishable correlation functions (Fig. 2D). When considering all 
photons, the bunching amplitude Adyn

(
tg = 0 ns

)
 is the small-

est and is identical for the two trajectories. By applying sg-FCS 
from tg = 0.0 ns to tg = 8.0 ns with a step size of 0.5 ns, the 
amplitudes increase differently and saturate at the respective equi-
librium constants that were fed into the simulation.

Each sg-FCS curve is fitted by a monoexponential model yield-
ing the bunching amplitude Adyn

(
tg

)
.

 [5]g (2)
(
Δ� , tg

)
= 1 + Adyn

(
tg

)
⋅ e

−

(
Δ�

�CRT

)
,

The extracted bunching amplitudes, Adyn

(
tg

)
, are plotted as a 

function of the microtime threshold tg in Fig. 2E. To fit the data, 
we first consider how the intensity of each state is changing 
depending on the microtime gate tg. We assume that both inten-
sity states decay with their characteristic fluorescence lifetime, 
which is inversely proportional to the excited state decay rate 
constant.

 [6]
IA

(
tg

)
= I0 ∫

∞

tg

e−(kr + knr)⋅t
�

dt � =
e−(kr + knr)⋅tg(
kr + knr

) ,

 

 [7]IB

(
tg

)
= I0 ∫

∞

tg

e−(kr+knr+kΔET )⋅t
�

dt � =
e−(kr+knr+kΔET )⋅tg(
kr +knr +kΔET

) .

Here, kr denotes the radiative rate constant and knr all non- 
radiative decay rate constants of the low FRET state, IA, which 
includes possible energy transfer to an acceptor dye. 
kΔET = kET , high FRET − kET , low FRET  denotes the additional 
energy transfer rate constant of the high FRET state, IB. I0 is a 
scaling factor. Considering the different fluorescent decays for 

Fig. 1. The ambiguity of the intensity autocorrelation function. (A) A short 
section of the simulated intensity trajectories where the respective intensity 
levels for the bright and quenched states are the same but with different 
equilibrium constants, K . The rate constants for switching in the blue and red 
trajectories are given in Table 1. (B) The autocorrelation of the full simulated 
trajectories, portions of which are shown in a).



4 of 10   https://doi.org/10.1073/pnas.2211896120 pnas.org

both intensities in Eq. 4, we obtain the microtime threshold- 
dependent bunching amplitude Adyn

(
tg

)
:

 [8]Adyn(tg )=K
⎛⎜⎜⎝

1−
kr+knr

kr+knr+kET
e−kΔET ⋅tg

1+K ⋅

kr+knr
kr+knr+kET

e−kΔET ⋅tg

⎞⎟⎟⎠

2

.

Eq. 8 enables us to extract two parameters from sg-FCS. First of 
all, the exponential term describes the rising intensity contrast 
between the intensity states with respect to the beginning of the 
microtime gate, which allows the recovery of kΔET . Secondly, at 
high-intensity contrast, the bunching amplitude Adyn

(
tg

)
 satu-

rates at the value of the equilibrium constant K . Eq. 8 is deter-
mined assuming that the excitation pulse is a delta function at 
tg = 0 ns. In a real experiment, the arrival of the laser pulse is 

not exactly synchronized to the start of the TAC bins. Hence, we 
also have to include an offset of the electronics with respect to the 
arrival of the laser pulse, tshift.

 [9]Adyn

(
tg

)
=K

(
1− e−kΔET⋅(tg−tshift)

1+K ⋅ e−kΔET⋅(tg−tshift)

)2

.

tshift aggravates fitting and extraction of the parameters of interest 
(see SI Appendix, sections 2 and 3 for a detailed discussion of the 
fitting model). With Eq. 9, we can fit the bunching amplitudes 
A
(
tg

)
 in Fig. 2E and extract the equilibrium constants, K, and the 

additional energy transfer rate constant of the high FRET state, 
k�ET  (Table 1). Both functions in Fig. 2E start with an initial 
intensity contrast of IA

IB
=

�A

�B
= 5 with fluorescence lifetimes of 

�A = 4 ns and �B = 0.8 ns, respectively. The function saturates 

Fig. 2. Applying sg-FCS to the simulated data from Fig. 1. (A) Histograms of simulated photon arrival times in a pulsed-laser excitation experiment. The shaded 
area indicates the applied microtime gate for sg-FCS. (B) Extracted intensity trajectories according to the selected photons from the fluorescence lifetime data. 
(C) The corresponding g(2)

(
Δ�, t

g

)
 of the respective intensity trajectories. (D) The autocorrelation function is plotted as a function of the shrinking-gate in sg-

FCSs for the simulated intensity trajectories of Fig. 1A. The sg-FCS correlation functions are indicated with a color gradient from black g(2)
(
Δ�, t

g
= 0 ns

)
 to 

blue (Left, K = 3) or red (Right, K = 8.3) g(2)
(
Δ�, t

g
= 8 ns

)
 with a 0.5 ns step size. Correlations shown in C) are highlighted in the corresponding bold blue 

color. The g(2)
(
Δ�, t

g

)
 correlation functions are fitted with a monoexponential model and the obtained correlation amplitudes A

dyn

(
t
g

)
 are plotted in E). The 

data points are fitted with the model of Eq. 9 to extract the equilibrium constant K and kΔET. The full circles represent the amplitude of the correlation functions 
in colors corresponding to panels C and D.
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around a microtime threshold of tg = 6 ns. At this point, the long 

component contributes by a factor of 
IA

(
tg = 6 ns

)

IB

(
tg = 6 ns

) = ekΔET ⋅tg ∼ 400 

more (for kΔET = 1 ns−1) to the autocorrelation function than 
the short component. The two graphs saturate at the two different 
amplitudes representing the different equilibrium constants.

When changing from simulations to real data analysis, we have 
to consider uncorrelated background, e.g., from detector dark 
counts and/or luminescence from the immersion oil. Uncorrelated 
background leads to a decrease in the correlation amplitude (43, 
44). As the fluorescence signal decays after pulsed laser excitation, 
the signal-to-background ratio decreases for long microtime gates 
tg resulting in a decaying bunching amplitude Adyn

(
tg

)
. To extract 

the correct equilibrium constant K, each bunching amplitude has 
to be background-corrected, which we describe in detail in the 
supporting information SI Appendix, section 4 when dealing with 
experimental data.

For sg-FCS, the fluorescence lifetime information is used and 
hence pulsed laser excitation is required. We use an amplified 
picosecond pulsed laser to excite the donor dye at 532 nm. The 
laser is focused on the sample by an objective, which also collects 
the fluorescence of a single structure of interest. The fluorescence 
signal is split into the donor and acceptor fluorescence signal by 
a dichroic beamspliter. A single-pixel single-photon-counting 
module in each channel detects the fluorescence and a TCSPC 
module correlates the detection events with respect to the last 
laser pulse and the beginning of the experiment. For more details 
of the confocal setup see SI Appendix, section 11 and Materials 
and Methods.

To test sg-FCS with real data, we used a two-state molecular 
model system with well-controllable transition rate constants. 
A Cy3B-labeled pointer DNA strand is tethered to an L-shaped 
DNA origami (38, 45, 46) structure and transiently binds to 
two protruding strands as depicted in Fig. 3A. Next to the 
lower binding site, an acceptor dye, ATTO647N, is placed so 
that a high FRET signal is observed when the pointer strand 
binds to the complementary staple strand placed near the 
acceptor dye. Hence, switching between a low-FRET state and 
a high-FRET state is observed and the kinetics can be tuned 
by the number of bases and the sequence of the complementary 
strand (for sequence information, see SI Appendix, section 5). 
For example, 7-nt complementary bases correspond to binding 
times on the millisecond to second timescale (38, 46). The 
DNA origami structures were immobilized on a BSA-biotin 
NeutrAvidin passivated glass slide and fluorescence intensity 
trajectories from single structures were acquired with a confocal 
microscope. A representative fluorescence intensity trajectory 
of the donor dye (blue) and the corresponding sensitized accep-
tor signal (orange) is shown in Fig. 3B. The donor and acceptor 
signal exhibit anticorrelated behavior due to the switching of 
the protruding pointer strand between the two binding 
positions.

For the sg-FCS analysis, we first calculate the g (2)(Δ�) autocor-
relation function including all photons (g (2)

(
Δ�, tg = 0 ns

)
) 

(Fig. 3C) to extract the CRT, �CRT . In this case, 
�CRT = 0.67 ± 0.02 s. Next, sg-FCS is applied with a step size of 
0.2 ns and the background corrected bunching amplitudes 
Adyn

(
tg

)
 (see SI Appendix, section 4 for details) are extracted from 

a monoexponential fit (Eq. 4) to the autocorrelation function. The 
bunching amplitudes Adyn

(
tg

)
 are plotted in Fig. 3D where the 

error bars correspond to the fit error of the bunching amplitude term 
Adyn

(
tg

)
. The first data points do not show a change in the 

 bunching  amplitude Adyn

(
tg

)
 because the laser pulse arrives at 

∼1 ns. Therefore, only data points arriving after 1.2 ns are considered 
for the fitting, yielding kΔET = 0.811 ± 0.008 ns−1 and an equilib-
rium constant of K = 0.547 ± 0.001. The extracted  additional energy 
transfer rate constant of the sg-FCS approach matches the value 
extracted from the lifetime trace of kΔETlifetime

= 0.8 ± 0.2 ns−1 
(SI Appendix, Fig. S6 and section 6). With �CRT  and K , we calculate 
the dwell times as tsg−FCS , low FRET = 1.90 ± 0.06 s and 
tsg−FCS , high FRET = 1.04 ± 0.04 s. We compared our sg-FCS results 
with a hidden Markov model (HMM) analysis, which is used to 
analyze real-time trajectories of slow transitions such as those 
observed for Holliday Junction-kinetics (47, 48). A HMM trajectory 
of an example trajectory is plotted as black line on top of the donor 
signal in Fig. 3B and the extracted dwell times are 
tHMM , low FRET = 2.1 ± 0.3 s and tHMM , high FRET = 1.2 ± 0.2 s. 
This is in good agreement with the sg-FCS results. The dwell times 
of the high- and low-FRET state for several molecules are registered 
in a scatter plot in Fig. 3E for the 7-nt sample (black dots). 
Interestingly, the median from 67 trajectories yields K  = 0.55, i.e., < 1 
although both FRET positions have equal complementary sequences. 
This is a real difference in the kinetic rates, which we attribute to 
details of the DNA origami itself (SI Appendix, section 6).

To explore the dynamic range of kinetics that can be assessed 
by sg-FCS, we vary the protruding binding sites of the DNA 
origami structure and measure different combinations of comple-
mentary sequences (see SI Appendix, section 5 for sequence infor-
mation). By removing one G-C stacking interaction, for example, 
the switching kinetics become ~50-fold faster and a loss of A-T 
stacking by introducing an A-C mismatch accelerates the kinetics 
~fivefold (Fig. 3E). With 5-nt complementary bases, the binding 
times are shifted into the hundred-µs regime and cannot be 
extracted using an HMM analysis.

When the difference between the transition rates becomes too 
drastic, the signature of the short-lived state gets lost in the sta-
tistical correlation analysis. Nevertheless, sg-FSC is still able to 
extract a K ∼ 0.01 for the 6-↔7-nt binding construct (see the 
purple data points in Fig. 3E). This indicates a hundred times 
longer dwell time in the low FRET state compared to the high 
FRET state. Although the correlation amplitudes Adyn

(
tg

)
 are 

small, they are precise due to the high count rate in our experiment 
leading to a sufficient signal-to-noise ratio (SI Appendix,  section 7). 
The upper limit for our system is an equilibrium constant of K ∼ 8 
(see green data points in Fig. 3E), which corresponds to longer 
dwell times in the high-FRET state leading to less signal in the 
donor detection channel. Hence, the statistics suffer from low 
intensities at long thresholds. For shorter gates, the low sig-
nal-to-background ratio also limits the analysis (SI Appendix, 
section 7). Interestingly, HMM is able to extract the designed 
switching kinetics exemplifying its potential to analyze rare events 
in the regime of slow kinetics (SI Appendix, Fig. S5).

Table  1. The sg-FCS recovered rate constants from 
a least square fit to the data in Fig. 2E along with the 
corresponding errors given in the fit parameters

Simulation Fit Simulation Fit

K / 1 3 3.031 ± 0.001 8.33 8.352 ± 0.003

kA / s
−1 1,000 960 ± 10 428.5 432 ± 5

kB / s−1 3,000 2,900 ± 30 3,571.4 3,570 ± 40

kΔET / ns−1 1 1.001 ± 0.001 1 1.002 ± 0.001

http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
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We have demonstrated the effectiveness of the sg-FCS analysis 
on an immobilized model system. However, it can also be applied 
to diffusing molecules provided that the kinetics are faster than 
the diffusion time. Here, we compare the slow-kinetic 7-nt sam-
ple with the 5-nt sample. The average diffusion time through 
the confocal volume is �diff∼ 1.2 ms for the DNA origami struc-
ture (see SI Appendix, section 8 for details). In the surface exper-
iments, the CRT �CRT  of the 7-nt sample is on the 600 − 700 ms 
time scale, i.e., much slower than the diffusion time, whereas it 
is faster than the diffusion time (�CRT = 0.3 ms) for the 5-nt 
sample. Carrying out a single-molecule burst analysis at diluted 
concentration yields two FRET-populations for the 7-nt sample 
and one population for the 5-nt sample as the fast kinetics of 
the 5-nt sample yield an averaged FRET-value during the focal 
transit (see SI Appendix, section 8 for solution-based pulsed-in-
terleaved excitation FRET experiments and analysis).

Fig. 4A shows sg-FCS of the 7-nt sample normalized with 
respect to the diffusion amplitude G(0). A small bunching ampli-
tude App,7nt

(
tg

)
 at �pp = 46 �s is visible but does not change 

when the gate is varied indicating an on–off process, i.e., pp. The 
5-nt sample, on the other hand, shows an additional bunching 
amplitude Adyn, 5nt

(
tg

)
 at �dyn = 220 �s, which varies with the 

shrinking gate indicative of the expected dynamics (see Fig. 4B 
and SI Appendix, section 8 and Table S2 for fit results). The vari-
ation of the bunching amplitude Adyn,5nt

(
tg

)
 is illustrated by a 

color gradient from short (black) to late (blue and red, respec-
tively) microtime thresholds in Fig. 4 A and B. The extracted 
kinetics (see SI Appendix, section 8 for sg-FCS fit) of 
tl .FRET = 330 ± 30 �s and th.FRET = 700 ± 70 �s agree 
well with the mean kinetics measured on the surface 

Fig. 3. sg-FCS applied to analyze the dynamics of a DNA origami. (A) Sketch of the L-shaped DNA origami structure. The zoom-ins show the low-FRET (Top) 
and high-FRET (Bottom) binding conformations of the blue donor dye (Cy3B). The red acceptor dye (ATTO647N) position is fixed on the DNA origami structure. 
(B) A typical single particle fluorescence intensity trajectory with 7-nt complementary bases shows the donor intensity (D/D) in blue and the acceptor intensity after 
donor excitation (D/A) in orange. The black line indicates the most likely FRET trajectory generated by a hidden Markov model analysis. (C) The g(2)

(
Δ�, t

g
= 0 ns

)
 

correlation function of the donor fluorescence intensity trajectory (D/D) (black dots) with a monoexponential fit Eq. 4, red transparent line). (D) Background 
corrected amplitudes A

dyn

(
t
g

)
 from the sg-FCS analysis (black dots) fitted using Eq. 9 (red transparent line). (E) A scatterplot of the average binding times in the 

low- and high-FRET positions acquired from the sg-FCS analysis for a multitude of constructs given in the panel legend. The binding kinetics was tuned by the 
number of complementary bases. Only trajectories with at least ten transitions between different fluorescence intensity states were analyzed. The complementary 
bases for the high FRET and low FRET conformations were the same unless indicated otherwise. mm: mismatch.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials


PNAS  2023  Vol. 120  No. 4  e2211896120 https://doi.org/10.1073/pnas.2211896120   7 of 10

tl .FRET = 410 ± 10 �s and th.FRET = 770 ± 20 �s with a 
slight shift towards faster switching kinetics (Fig. 4C), which may 
be due to the challenges of extracting both the relaxation time and 
diffusion time from the fit to the autocorrelation function.

The application of sg-FCS is not limited to FCS experiments 
involving FRET, but proves to be very helpful in experiments 
where pp and dynamics appear simultaneously. FRET-FCS gives 
an anticorrelation for dynamic processes but this approach is only 
applicable when a fluorescent acceptor dye is present in the exper-
iment. In addition, negative bunching amplitudes of FRET-FCS 
are reduced by the influence of direct excitation of the acceptor 
and bleed-through from the donor into the acceptor channel (16). 
When a dark quencher is involved, we cannot simply assign the 

bunching amplitude to dynamics or pp using an ordinary g (2)(Δ�) 
correlation function.

sg-FCS enables this assignment directly and without a change 
in the experiment’s parameters, when the pp results in total 
quenching and not in a second, low-intensity fluorescence state. 
In this case, the intensity of the off-state does not change with the 
microtime gate. We demonstrate this using the same L-shaped 
DNA origami structure placed on top of a monolayer of graphene 
(Fig. 5A). A Cy3B labeled DNA tether of 44-nt-long dou-
ble-stranded DNA (dsDNA) is attached to the DNA origami 
structure by a 6-nt-long single-stranded DNA (ssDNA) such that 
it can undergo confined Brownian motion. In this experiment, 
graphene acts as a two-dimensional energy transfer acceptor result-
ing in an energy transfer distance dependency of r−4 with a broad-
band quenching efficiency of 50% at a distance of ~18 nm (40). 
The closer the dye gets to the graphene, the lower its quantum 
yield and the shorter its fluorescence lifetime. The DNA origami 
structure has two layers of dsDNA between graphene and the 
tether to avoid sticking of the dye to graphene.

The exemplary fluorescence intensity trajectory in Fig. 5B shows 
dark states on the seconds time scale that most likely originate 
from radical ion states (34). The autocorrelation function (Fig. 5C) 
reveals an additional component at 10 µs that is not easily assigned 
to pp or to the molecular dynamics of the tether movement in the 
graphene quenching field. However, as the amplitude of this com-
ponent clearly increases with the sg-FCS threshold (Fig. 5D), it 
is unequivocally ascribed to a process that is associated with a 
change in fluorescence lifetime, i.e., the Brownian motion of the 
tether and the subsequent GET quenching. The pp component 
at 1 s, on the other hand, is clearly not affected by the applied 
microtime gate. In the example shown in Fig. 5B, the time scales 
of the bunching components are well separated. However, pho-
tophysical and dynamic processes can still be distinguished even 
if they occur on similar time scales by using the appropriate subsets 
of photons for the fluorescence intensity correlation analyses (see 
SI Appendix, section 9 for details).

The graphene example demonstrates the ability of sg-FCS to 
distinguish photophysical on-off switching from energy transfer 
changes in combination with a dark acceptor. In the next example, 
we use sg-FCS to simultaneously determine the equilibrium coef-
ficients and changing FRET efficiencies in a novel FRET sensor 
(49) designed for measuring membrane surface charges. The mem-
brane surface charges of cells and changes thereof are involved in 
various cell signaling pathways (50, 51). Our sensor design 
(Fig. 6A) is based on a rectangular DNA origami structure 
equipped with cholesterol moieties for binding to lipid membranes 
and with biotin for surface immobilization (49). A FRET-based 
sensing unit is placed on the DNA origami structure consisting 
of the anionic donor dye ATTO542 on a flexible ssDNA leash 
and the acceptor dye ATTO647N, which localizes in the hydro-
phobic core of the membrane. The anionic sensing unit is expected 
to adapt its conformation depending on the charge of the mem-
brane surface. This conformational adaptation is monitored by 
changes in the FRET signal. We studied the mechanism of the 
charge sensor on large unilamellar vesicles (LUVs) with different 
compositions of the zwitterionic lipid DOPC (1,2-dioleoyl-sn-glyce-
ro-3-phosphocholine) and the anionic lipid DOPG (1,2-dioleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol)) yielding a series of LUVs 
with different surface charges.

Using a total internal reflection wide-field setup with continuous 
wave laser excitation, different uncorrected FRET-efficiencies 
(E0DOPG ∼ 0.52 and E80DOPG ∼ 0.42) were measured for the sen-
sor exposed to LUVs containing 0% and 80% of the anionic lipid 

Fig. 4. Solution-based sg-FCS. (A) Diffusion normalized sg-FCS curves of the 
7-nt DNA origami structure, which exhibits slower switching kinetics than 
the diffusion time in the focal volume. No change in bunching amplitude 
A
pp,7nt

(
t
g

)
 is observed. sg-FCS correlations are indicated with a color gradient 

from black g(2)
(
Δ� , t

g
= 0 ns

)
 to blue g(2)

(
Δ� , t

g
= 9 ns

)
 with a 0.2 ns 

step size. (B) Diffusion normalized sg-FCS curves of the 5-nt DNA origami 
structure, which has switching kinetics that is faster than the diffusion time 
in the focal volume leading to a change of the dynamic bunching amplitude 
A
dyn,5nt

(
t
g

)
 indicated by the color gradient from black g(2)

(
Δ� , t

g
= 0 ns

)
 to 

red g(2)
(
Δ� , t

g
= 9 ns

)
 with a 0.2 ns step size. (C) Histogram of the sg-FCS 

kinetics of the 5-nt DNA origami structure from surface experiments. The 
high-FRET dwell times (orange) and low-FRET dwell times (light brown) match 
the sg-FCS values from solution experiments, which are indicated above the 
histogram as circles with error bars representing the SEs.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
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DOPG (49). Intuitively, the decreased FRET signal suggests further 
separation of the two dyes when the DOPG content is higher. The 
question arises whether the Coulomb repulsion simply induces a 
higher average distance of the flexible signaling unit or the system 
is more complex. Thus, we investigated our DNA origami surface 
charge sensor on a TCSPC confocal microscope with pulsed laser 
excitation and higher time resolution by placing one molecule at a 
time in the laser focus. The g (2)(Δ�) intensity correlation function 
of an exemplary donor intensity trajectory reveals a mono-expo-
nential photon bunching behavior for both lipid compositions 
(Fig. 6B). The 0% DOPG sample (blue) shows a faster CRT of 
�0%DOPG = 0.45 ± 0.01 ms. With the higher DOPG (red corre-
lation) content, the intensity fluctuations are slowed down indicated 
by an increase in the CRT �80%DOPG = 2.29 ± 0.09 ms. The 
change in the bunching amplitudes Adyn,0%DOPG

(
tg

)
 and 

Adyn,80%DOPG

(
tg

)
 observed in the sg-FCS analysis (Fig. 6C) shows 

that the origin of the intensity fluctuations is not pp related but 
rather a dynamic process where the system switches between two 
FRET states on the 100 µs time scale (the acceptor signal upon 
direct acceptor excitation does not show any intensity fluctuations 
on this timescale, see SI Appendix, section 10). From these data, a 
two-FRET state model evolves in which, for both lipid composi-
tions, the donor dye switches between a membrane bound and a 
membrane unbound state. Further analysis shows that the FRET 
efficiency of the membrane bound state is the same for both LUV 
compositions and that the low-FRET efficiency is slightly decreased 
further for the negatively charged LUVs (49). This is, however, not 
the only cause of the decreased average FRET value but sg-FCS also 
reveals a shift in the equilibrium constant for 80% DOPG content 

(K0%DOPG = 0.630 ± 0.006 and K80%DOPG = 0.246 ± 0.002), 
which indicates a longer dwell time in the low-FRET state com-
pared to the high-FRET state. The resulting free energy diagram 
with the calculated dwell times is depicted in Fig. 6D. Overall, a 
model arises where the sensor works by both a decreased FRET 
efficiency of the low FRET state and a shift of the equilibrium 
towards the low FRET state when the LUVs are negatively 
charged (49).

Conclusion

Building on an extensive body of previous FCS and fluorescence 
lifetime work, we present here sg-FCS, an algorithm that combines 
correlation spectroscopy with fluorescence lifetime information to 
extract microscopy reaction rates and equilibrium constants. Without 
making any assumptions, the algorithm can easily be implemented 
when TCSPC data is available. sg-FCS directly reveals terms in the 
correlation function that are related to fluorescence lifetime changes 
and distinguishes them from photophysical processes. For two-state 
systems, analysis of the amplitudes as a function of the shrinking 
microtime threshold in sg-FCS makes it possible to extract the pre-
viously hidden equilibrium constants of the switching kinetics. 
Combining simulations and a robust model system based on a DNA 
origami pointer system, we prove the versatility by extracting equi-
librium constants over a range of 2.5 orders of magnitude. Here, 
sg-FCS is applied to both immobilized structures and structures 
freely diffusing in solution.

In our experiments, we determine equilibrium constants from 
~0.01–10. The asymmetry with respect to K = 1 is related to the 

Fig. 5. Sg-FCS applied to a dynamically quenching system. (A) Sketch of the L-shaped DNA origami structure on a single layer of graphene which acts as 2D 
FRET quencher. At the tip of the tether, a Cy3B dye (blue dot) is attached, which changes its fluorescence intensity and fluorescence lifetime on the �s timescale 
due to Brownian fluctuations in the distance between the dye and graphene. Pyrene molecules (in purple) were attached to the DNA origami to better align the 
DNA origami on the graphene (40). (B) A single-molecule fluorescence trajectory from a DNA origami on graphene showing variations in fluorescence intensity 
due to distance fluctuations as well as off states [most likely due to radical ion states (35)] on the second timescale. (C) FCS intensity correlation analysis of 
the fluorescence trajectory in (B). What gives rise to the fast-bunching amplitude is not clear from a single autocorrelation function. (D) sg-FCS analysis of the 
fluorescence trajectory in (B). The beginning of the microtime gate is indicated by the color gradient from black g(2)

(
Δ� , t

g
= 0 ns

)
 to red g(2)

(
Δ� , t

g
= 3 ns

)
 

with a 0.2 ns step size. From the gate dependence of the correlation amplitude, we can attribute the fast bunching term to diffusion of the tether with respect 
to the graphene surface.

http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
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reduced signal-to-noise ratio when the equilibrium is on the side 
of the high FRET states. In the future, a model that also incor-
porates a global fit to the acceptor correlation function could help 
to overcome this asymmetry and increase the dynamic range of 
the equilibrium constants. Interestingly, the distinction of pho-
tophysical on–off processes or diffusion, and biomolecular 
dynamics can even be achieved when both processes happen on 
similar time scales by using different subsets of photons for the 
correlation.

The fact that sg-FCS could directly reveal new insights for two 
projects of the laboratory, including a fluctuating tether on 
graphene and a new lipid-surface membrane-potential sensor, 
indicates the broad applicability of the method and suggests imple-
mentation of the method whenever TCSPC-data are available in 
combination with the autocorrelation analysis. Recent develop-
ments of commercial lifetime cameras suggest this approach can 
also be applied to widefield illumination where several molecules 
can be measured in parallel (52). In addition, smFRET experi-
ments are now being performed in living cells (e.g., ref. 53) where 
sg-FCS promises to help extract quantitative dynamic information 
in more complex environments.

Materials and Methods

Simulations. We performed Monte Calo simulations of a dynamic two-fluores-
cence-intensity-state system. The system switches stochastically between the 
two states A⇌B, where A denotes the fluorescence state and B the quenched 

state. Simulations were performed with a self-written python script and detailed 
information on the rate constants and simulation length are described in 
SI Appendix, section 1.

Sample Preparation. The L-shaped DNA origami structures were prepared 
as described in ref.  38. After annealing, the DNA origami structures were 
gel purified with a 1 % agarose gel to isolate correct-folded structures and 
to get rid of all excess staples. Details of the sequences of all DNA origami 
structures used are described in the SI Appendix, section 5. The same proto-
col was used for the FRET-based membrane charge sensor and is described 
in ref. 49. After purification, the origami structures were stored at −20 °C 
until further use.

Single Molecule Surface Experiments. The DNA origami structures were immo-
bilized in a LabTek-chamber by BSA-Biotin-NeutrAvidin chemistry. A concentration 
of 120 pM DNA origami structures was sufficient to find 20 to 30 single structures 
in a 10 × 10 µm area without overlapping point spread functions. In order to 
reduce pp and photo bleaching, a reducing and oxidizing buffer system with 
1× TAE, 12.5 mM MgCl2, 2 mM Trolox (UV radiated until 13% of the Trolox was 
oxidized to Troloxquinone) and 1% (w/v) D-(+)-glucose was used in combination 
with an enzymatic oxygen scavenger system (250 U/mL glucose oxidase and 
2,000 U/mL catalase). The LabTek chamber was sealed with Tough-Tag for 2 mL 
Eppis to hamper oxygen diffusion into the buffer. The LabTek chamber was placed 
on a home-built scanning confocal microscope. For fluorescent intensity trajec-
tories, single DNA origami structures were picked from a 10 × 10 µm area-scan. 
The single-molecule trajectories were acquired until one of the dyes bleached 
irreversibly. Detailed information of the setup as well as on the experimental 
parameters are provided in SI Appendix, section 11.

Fig. 6. Application of sg-FCS to a FRET-based membrane-voltage nanosensor. (A) Sketch of an immobilized charge-sensing DNA origami structure with a protruding 
donor acceptor dye pair attached to a LUV. (B) The g(2)

(
Δ� , t

g
= 0 ns

)
 autocorrelation function of two representative donor trajectories for vesicles containing 

0% DOPG/100% DOPC (blue) and 80% DOPG/20% DOPC (red). (C) The sg-FCS extracted bunching amplitudes A
dyn,0%DOPG

(
t
g

)
 (blue circles) and A

dyn,80%DOPG

(
t
g

)
 (red 

circles) as a function of gate width and fit to a two-state model (bold transparent line) to extract the equilibrium constant K  and the quenching rate constant 
kΔET. (D) A free energy landscape describing the two states for the sensor with 0% (blue) and 80% DOPG LUVs (red).

http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211896120#supplementary-materials
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Single Molecule Solution Experiments. For solution experiments, the LabTek 
chamber was passivated with a 2 mg/mL BSA solution. The buffer system was 
identical as for the surface experiments with additionally 100 pM DNA origami 
concentration. Detailed information like the repetition rate, excitation intensity 
and data analysis are described in SI Appendix, section 8.

We provide all raw data used in this manuscript, as well as the python code 
for the analysis of the raw data on the zenodo.org platform: DOI:10.5281/
zenodo.7254095 (54).

Data, Materials, and Software Availability. Raw TCSPC data (.ptu files) data 
have been deposited in zenodo.org (10.5281/zenodo.7254095) (54).
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