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Abstract

Stoichiometry of molecular complexes plays a crucial role in biology. Moreover, for
quantitative fluorescence studies, it is often useful to know the number of fluorophores
labeled onto the molecules studied. In this work, we propose an approach to determine the
number of independent fluorescence emitters on fluorescent molecules based on fluorescence
blinking caused by photo-induced triplet state formation, photo-isomerization or charge
transfer. The fluorescence blinking is measured under two different excitation regimes, on the
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same setup, and in one and the same sample. By comparing the fluorescence fluctuations
under continuous excitation using Fluorescence Correlation Spectroscopy (FCS), when all the
fluorophores are blinking independently of each other, with those occurring under squarepulsed excitation using Transient State (TRAST) spectroscopy, when all fluorophores are
blinking in a synchronized manner, the number of fluorophores per molecule can be
determined. No calibration sample is needed and the approach is independent of experimental
conditions and of the specific environment of the molecules under study.
The approach was experimentally validated by labeling double stranded DNA (dsDNA)
with different concentrations of the intercalating dye YOYO-1 Iodide. The sample was then
measured consecutively by TRAST and FCS and the number of fluorophores per molecule
was calculated. The determined numbers were found to agree well with the number of
fluorophores per dsDNA, as determined from FCS measurements using additional calibration
samples.
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1. Introduction

For many functional units, including membrane receptors, ion channels, molecular motors
and enzymatic complexes, stoichiometry of molecular complexes plays a crucial role in
biology. Also, for quantitative fluorescence studies, it is often useful to know the number of
fluorophores labeled onto the molecules studied. Fluorescence methods offer several ways to
determine the stoichiometry of such complexes. Fluorescence correlation spectroscopy (FCS)
and other fluorescence fluctuation methods allow diffusion and interaction properties of
fluorescent molecules to be addressed in e.g. live cells, without the need to physically separate
the molecules or molecular interaction complexes of interest1. Likewise, average fluorescence
brightness values for the independently moving fluorescent entities can be obtained, often
referred to as the detected fluorescence count rate per molecule (CPM). By analyzing
distributions of detected fluorescence photons over time by so-called Fluorescence Intensity
Distribution Analysis (FIDA)2, or Photon Counting Histograms (PCH)3 it is possible to
determine average fluorescence brightness values, or even distributions of brightness values,
for the analyzed molecules or molecular complexes. However, to be properly translated into
absolute molecular stoichiometry, the measured brightness values must be calibrated against a
corresponding sample with pure monomers. In the calibration, any differences in the
brightness per dye upon complex formation of the molecules to which they are labeled need to
be considered. The brightness can depend not only on the experimental conditions (e.g.
excitation intensity, alignment), but also on the specific fluorophore microenvironment (e.g.
viscosity, pH, ionic strength) and on presence of quenchers.
As an alternative to a CPM-based assessment, molecular stoichiometry can also be obtained
from fluorescence measurements by exploiting the antibunching effect4. This effect states that
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a single fluorophore unit can only emit one fluorescence photon at a time. Following photon
emission, the probability to detect yet another fluorescence photon from the same fluorophore
recovers from zero within a characteristic lag time, which is typically in the nanosecond time
range, and which is determined by the fluorescence lifetime of the molecule5 and the
excitation rate6. However, if fluorescence photons from several independent emitters are
analyzed, the coincidence probability at zero lag times is no longer zero, but determined from
the exact number of emitters within the detection volume7. Based on this effect, the number of
independently emitting molecules within molecular complexes on immobilized8 as well as on
freely diffusing molecules9 can be determined.
In contrast to the molecular brightness assessments above, the anti-bunching approach
offers a calibration-free determination of molecular stoichiometry. However, photostable,
bright fluorophores with high count rates and/or long measurement times are needed to obtain
good antibunching data. Moreover, detector after-pulsing effects and photo-physical
relaxation involving photo-induced transient states of the fluorophores complicate the
analysis.
Similar to fluorescence anti-bunching, fluorescence blinking caused by photo-induced
triplet state formation, photo-isomerization or charge transfer can reflect the number of
independent emitters present in the detection volume. Since transitions to and from these
states take place on a much longer time scale, they can be properly characterized by FCS
within much shorter measurement times, and detector after-pulsing effects are of lesser
importance. In FCS measurements, these blinking events result in relaxation processes in the
FCS curves, where for a sample with freely diffusing single emitters the relative amplitude of
the relaxation processes corresponds to the average fraction of the emitters that are in the dark
transient state(s) involved10,11. For a sample with several independent fluorescence emitters
per diffusing unit however, this amplitude will decrease in proportion to the number of
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emitters per diffusing unit. This effect has been proposed as a measure of the length and
amount of DNA labeled with intercalated dyes12, and can be used as a control of the extent of
fluorophore labeling onto biomolecules13. However, the transient states can be strongly
influenced by the microenvironment. The absolute value of the relative amplitude of the
transient state relaxation process in the FCS curves is therefore by its own not a fully reliable
measure of molecular stoichiometry. For quantitative use, calibration measurements on
separate reference samples would then typically be required.
In this work, we show that this can be overcome by comparing the relative amplitude of the
transient state relaxation, as measured with two different excitation regimes on the same
setup, and in one and the same sample. First, when measured with continuous excitation by
FCS, all fluorophores are blinking independently of each other and the relative amplitude
depends on the number of independent emitters per diffusing unit. Second, when measured
with square-pulsed excitation by Transient State (TRAST) spectroscopy14, all fluorophores
are blinking in a synchronized manner, and the relative amplitude of the transient state
relaxation is not influenced by the number of emitters. By comparing the transient state
amplitudes,

measured

consecutively

by

FCS

and

TRAST,

the

number

of

fluorophores/molecule can be determined from a single sample, making the approach
independent of experimental conditions and the specific environment of the molecules under
study. The approach was validated by labeling double stranded DNA (dsDNA) with different
concentrations of the intercalating dye YOYO. The sample was then measured consecutively
by TRAST and FCS and the number of fluorophores/molecule was calculated. The result was
compared to the number of fluorophores calculated from the brightness of the sample
obtained from the corresponding FCS measurements.
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2. Theory

Electronic state model to describe the transient state blinking. YOYO is a DNA
intercalating dye, which can be described by an electronic state model including photoinduced trans-cis isomerization and triplet state transitions. The model, with the definition of
the states involved and their transition rates, is shown in Figure 1A.
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Figure 1. A: Electronic state model of YOYO consisting of the ground and excited singlet
state of the fluorescent trans (
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and
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can be neglected due to its fast deactivation rate,
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, back to

.

denote the excitation-driven isomerization and back-isomerization rates, and

is the thermal back-isomerization rate. B: Simplified model based on that equilibration
between the singlet states occurs on a time scale (ns) much faster than the isomerization or
triplet state build-up (

)15. The model includes a combined singlet state for the trans

(N) and cis-isomer (P) and the triplet state T.
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,

and

denote the effective

rates for intersystem crossing, isomerization rate and back-isomerization (see main text for
further details).

In the model, and for the excitation intensities applied in this study, excitation into higher
excited singlet and triplet states can be neglected. Further, equilibration between
/

/

, and

, can be expected to occur within ns, i.e. on a time scale much faster than the transitions

to and from the triplet state or the isomerization processes (µs−ms). The electronic state
model of Figure 1A can then be simplified into that of Figure 1B, by assuming combined
singlet states for the trans and photo-isomerized cis state,

and

, the triplet state T, and

with the following effective rates of intersystem crossing, isomerization and backisomerization:

,

,

.

(1)

Applying the model of Figure 1B to analyze the transient state relaxation processes in the
FCS and TRAST experiments, the analysis was further simplified by assuming a spatially
uniform excitation, with a constant excitation rate

in each point of the detection

volume10,16. The resulting average populations of the states at steady-state,

,

,

,

and their relaxation times can then be determined from the corresponding set of differential
equations and their eigenvalues λ1, λ2, and λ3, as described in the supplementary part.
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Fluorescence Correlation Spectroscopy. In FCS fluorescence intensity fluctuations from
molecules in a confocal detection volume under continuous wave excitation are analyzed. The
detected fluorescence intensity is given by:

F(t)   cΦF ΦDCEF( r )k10 N1(r ,t)dV   cΦF ΦDCEF( r )k10

k N 01(r )
N(r ,t)dV
k N 01(r )  k N 10

(2)

Here, c is the concentration of fluorescent molecules, assumed to remain constant under the
conditions and measurement times used in this study. CEF is the collection efficiency
function of the confocal setup, and

and

denote the fluorescence and the detection

quantum yields, respectively. The fluorescence fluctuations are caused by changes in the
excited singlet state population and changes in concentration due to translational motion of
the fluorescent molecules in and out of the confocal detection volume. If fluorescence
fluctuations arise only from translational diffusion, assuming a 3-dimensional Gaussian
distribution of the detected fluorescence, the time-dependent part of the correlation function
takes the form

GD ( ) 



1
1  4 D / 12
Nm

 1  4D /  
1

2 1 / 2

2

(3)

Here, ω1 and ω2 are the distances from the center of the laser beam focus in the radial and
axial direction respectively at which the collected fluorescence intensity has dropped by a
factor of 1/e2 compared to its peak value. Nm is the mean number of fluorescent molecules
within the effective volume of observation 3/2122 (the detection volume), and D is the
translational diffusion coefficient of the fluorescent molecules.
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Since the transitions of Figure 1B can be assumed to take place on a considerably faster time
scale than translational diffusion, and not to influence the diffusion properties of the
fluorescent molecules, the fluctuations in fluorescence generated by the transitions given in
Figure 1, denoted by δFfast, can be treated separately from those due to translational diffusion,
denoted by δFD11,17:

G ( ) 

F (t ) F (t   )
F



2

 F  FD (t)  F fast (t) F  FD (t   )  F fast (t   )
F



2

 FD (t)FD (t   )    F fast (t)F fast (t   )   1
F

2

 GD ( )  G fast ( )  1

(4 )

Here, < > brackets denote time average, and Gfast() signifies the part of the correlation
function originating from the photophysically generated fluctuations in fluorescence,
governed

by

the

model

1 / 2 , 1 / 3   D  12 / 4D ,
G ( ) 


of

Figure

1B.

The

full

correlation

function,

using

can then be expressed15,18:
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(5 )

, where the components of the eigenvectors and the eigenvalues all are functions of the rate
parameters in the schedule of Figure 1B (see supplementary material), and where

P  T  A2  A3

(6)
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From the FCS experiments, the brightness of freely diffusing units (CPM) can be determined
from

FNm 

F
Nm

(7)

For the case the fluorescent molecules contain NF fluorophores, which are undergoing transcis isomerization and transitions to and from the triplet state independently of each other, the
relative amplitude of the relaxation terms in

G fast ( )

will be diminished by a factor of

Nf

, with

the relative amplitudes A1 and A2 in the full correlation curve of Eq. 5 then given by:

Ai ( N f ) 



Ai
, i  2,3 corresponding to P  T  N f A2 ( N f )  A3 ( N f )
Nf



(8)

Transient State (TRAST) spectroscopy. In TRAST spectroscopy, the average
fluorescence intensity from a sample subject to an excitation pulse train is recorded. We
applied a square-wave excitation pulse train in the same setup as used for the FCS
measurements, with n pulses of duration w and period TP. Following Eq. 2, the detected timeaveraged fluorescence,
1
 F ( ) 
n  TP

 F (w)  ,

can then be expressed as14:

w


dV (9)
cΦ
Φ
CEF(
r
)k
N
(
r
,t)dt

D
F
10
1
,i



i 1  0

n

Here n·TP is the total duration of the excitation pulse train. The term N1,i (r , t ) denotes the
probability that a fluorophore is in the excited singlet state of the trans form at time t after the
on-set of the i:th excitation pulse. Dividing

 F (w) 

with the pulse train duty cycle (= w/T)

yields the average fluorescence intensity within the excitation pulse:
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 Fexc (w)  F (w)  /

(10)

For low η (≤ 1%), we can assume that only state N in Figure 1B is populated at onset of
excitation (t = 0), and we define the normalized  Fexc (w)  as:

 Fnorm ( w) 

 Fexc ( w) 
lim
 0

 Fexc ( w) 

(11)

This corresponds to normalizing  Fexc (w)  to unity for excitation pulse durations much
shorter than the transient state relaxation times of the fluorophores (w << 1/λ2, 1/λ3).
While the pulse duration dependence of  Fnorm (w)  (the so-called TRAST-curves) can be
used to extract transient state rate parameters from fluorescent molecules in solution14,19–21 as
well as in live cells22–24 using confocal14,19,21, total internal reflection20, wide-field22,24 and
single-plane illumination23 imaging techniques, we are in this study mainly focusing on the
relative changes of the dark states in the confocal detection volume of our FCS setup. The
sum of the transient state relaxation amplitudes A1 and A2 are obtained by fitting  Fnorm (w) 
to Eq. 9, using the transient state relaxation model derived from Figure 1B (supplementary
part), and then from the difference in  Fnorm (w)  for w1  1/ 2 ,1/ 3 (where no transient
state build-up has occurred) and w2  1 / 2 ,1 / 3 (where both transient states are completely
built up):
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P  T  A2  A3
 Fnorm ( w1 )    Fnorm ( w2 ) 
 1  Fnorm ( w2 ) 

(12)

While the relaxation amplitudes of

G fast ( )

in the FCS curves are inversely proportional to

the number of independently blinking fluorophores per diffusing unit, Nf, the amplitudes in
the TRAST-curves are the same irrespective of Nf. As a consequence, combining Eq. 8 and
12, Nf can be determined by consecutive FCS and TRAST measurements, on the same sample
and within the same setup, from:

Nf 

A2 ( N f )  A3 ( N f )
1  Fnorm ( w2 ) 

.

(13)

3. Materials and Methods

Instrumental Setup. Measurements were performed on a home-built setup, based on an epiilluminated, confocal microscope (Olympus stand IX-70)14. Briefly, 488 nm light from an
argon-ion laser (Lasos LGK 7812 ML; excitation filter Z488/10X, Chroma Technology
Corp.) was focused by an objective (UPlanApo Olympus, 60x, NA 1.2) to a spot with a 1/e2
radius of 400 nm. The fluorescence was collimated by the same objective and separated from
excitation light by a dichroic mirror (z488/594rpc, Chroma Technology Corp.). The
fluorescence was then focused onto a 50 µm pinhole by a 150 mm focusing lens, spectrally
bandpass filtered (530AF50, Omega Optical; HQ532/70M, Chroma Technology Corp.) and
split (50/50 beamsplitter, BS010, Thorlabs) onto two avalanche photodiodes (SPCM AQR14/16, Perkin-Elmer Optoelectronics). For FCS experiments, the detector signals were
processed with a multiple-tau correlator (Flex02-12D, correlator.com) and analyzed with
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Matlab-based software (The MathWorks, Inc.) developed in house. For TRAST experiments,
the excitation light was modulated in an on-off fashion by an acousto-optic modulator (AOM;
AA.MT.200/A0,5-VIS, AA Opto-Electronic) in the excitation beam path. The AOM was
controlled by a PCI-6602 counter/timer card (National Instruments Corp.) that also
simultaneously managed the data acquisition. The data was analyzed with customized Matlab
software20,21.

Sample Preparation. Rhodamine 110 (Life Technologies) was diluted in double-distilled
water to nM concentration and used for setup calibration and reference measurements.
YOYO®-1 Iodide was purchased from Life Technologies and diluted in buffer (20 mM Tris,
50 mM NaCl, 10 mM MgCl2, pH 7.5) to 1 µM concentration. To achieve different labeling
ratios of YOYO/DNA, YOYO was added in concentrations of 1-1000 nM to dsDNA (~10
nM, 356 base pair, random sequence) and incubated at 23ºC for 20 min directly on a cover
slip. Then, FCS and TRAST measurements were performed consecutively.

Measurement settings.
TRAST. TRAST curves were obtained by recording

 F (w) 

for approximately 35 pulse

trains with pulse widths w varying from 500 ns to 1 ms. The pulse height, i.e. the excitation
irradiance (

= 40 kW/cm2), and the total illumination time per pulse train (~ 2 – 8 s) were

kept constant during the recording of the TRAST curves. In the pulse trains, each excitation
pulse was followed by a dark period (

= 0 kW/cm2) 100 times longer than the excitation

pulse (η = 1 %) to ensure completely relaxed fluorophores at the onset of the next excitation
pulse. After every third measurement, a reference measurement was taken with the smallest
w, which was used to correct for concentration changes in the sample. Unbound YOYO is
weakly fluorescent in solution. Therefore, an additional measurement of YOYO without
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dsDNA was performed and subtracted from each YOYO/DNA measurement before further
analyzing the data. The measurement time of a sample, recorded from 35 pulse trains with
different

, varied from 2 – 8 minutes.

FCS. Measurements were performed with the same excitation irradiance as for the TRAST
measurements. The fluorescence intensity of unbound YOYO is very weak and does not
contribute to the correlation function. However, due to the high concentration of unbound
YOYO (
signal

1 µM), the total fluorescence contributes in the form of a constant background
, which was determined from measurements of aqueous solution samples with

YOYO only at the corresponding concentrations as for the free dye in the DNA-YOYO
samples). This background signal was subtracted from the fluorescence intensity

of the

YOYO/DNA sample, and the number of molecules in the observation volume,

, as well as the molecular brightness were recalculated. FCS
curves were acquired within 1− 2 minutes.

4. Results and Discussion

In essence, from the theory part we can conclude that for TRAST measurements, in contrast
to FCS measurements, the amplitude(s) of the transient state relaxation term(s) shall not be
expected to be influenced by the number of fluorophores per diffusing unit. Following Eq. 13,
the number of independently blinking fluorophores per diffusing unit, Nf, can then be
determined by comparing the dark state amplitudes obtained from TRAST and FCS
measurements, performed consecutively on the same sample and under the same conditions.
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To test this approach experimentally, we labeled double-stranded DNA with different
concentrations of the fluorescent dye YOYO, in order to obtain samples with dsDNA
molecules with the average number of fluorophores (YOYO/dsDNA) varying from less than
one up to several fluorophores per dsDNA molecule. Within this range of YOYO/dsDNA,
and given the length of the dsDNA used in this study (356 bp

130 nm), dye-dye

interactions by e.g. energy transfer between single YOYO fluorophores intercalated into the
dsDNA molecules can be assumed to be negligible.
FCS and TRAST were measured consecutively on the samples with different
YOYO/dsDNA. Representative FCS curves recorded from the different DNA samples are
shown in Figure 2A.

Figure 2: A) Normalized (with

set to unity) experimental FCS autocorrelation curves

(lines) recorded from samples with different concentrations of YOYO added to an aqueous
solution with dsDNA. The experimental curves were fitted to Eq. 5, and included also an
extra exponential term attributed to rotational diffusion (dots). The time scales of rotation, R,
triplet state transition, T, isomerization, ISO, and diffusion, Diff, are indicated by vertical
dashed lines. Fitting residues are shown below. The concentration of YOYO added is stated
on the left side. The sum of

and

, as determined from the relaxation amplitude in the FCS
15

curves using Eqs. 5 and 6, decreases with increasing YOYO concentrations. The determined
+

is also plotted in the inset with error bars representing the standard deviation of five

measurements. B) Normalized experimental TRAST curves of the same samples (lines), fitted
to Eq. 9 using the relaxation model derived from Figure 1B (grey dots). Fitting residues are
shown below. With increasing excitation pulse widths w, the normalized fluorescence
<Fnorm(w)> decays with a similar amplitude for all samples (inset; error bars represent the
standard deviation of five measurements).

In the FCS curves, four decay terms could be observed: The slowest decay term in the
millisecond time range corresponded to the diffusion of the molecule through the observation
volume (

). The other decay terms had relaxation times in the range of 500 ns, 8

µs and 50 µs. To confirm the dynamic processes underlying these relaxation terms, their
excitation irradiance dependence was investigated by varying
kW/cm2. For the fastest decay term, no obvious

over a range of 4 to 163

dependence was found, and we attribute

this decay term to rotational diffusion. The decay time is in agreement with the expected
rotational correlation time for a molecule with a comparable size to the dsDNA molecules25,
and indicates that the YOYO fluorophores indeed are intercalated in the dsDNA, and hindered
to rotate freely around their site of labeling. In the FCS curves of Figure 2A, we can also note
that the amplitude of the rotational diffusion decay term decreases with higher
YOYO/dsDNA. This can be explained by an expected decrease in the overall anisotropy,
when summing the contributions of the excitation and emission dipoles from several YOYO
dyes with different orientations within the dsDNA molecules.
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For the other two decay terms (with 8 µs and 50 µs relaxation times), we could observe an
dependence characteristic for triplet state formation (increased amplitudes and
moderately reduced relaxation times with higher

) and trans-cis isomerization (small

changes in the amplitudes and the relaxation times inversely proportional to

),

respectively, as described by the relaxation terms A2 and A3 in Eq. 5. Since we are in this
study mainly interested in the total amplitude of these transient state decay terms, and since
the interpretation of the relaxation times and amplitudes of these terms are complicated by the
fact that they are coupled in the kinetic model of Figure 1B, we did not determine the
underlying rate parameter values any further. We note that the recorded FCS curves could be
fitted to Eq. 14, with an added exponential term in the fast time range attributed to rotational
diffusion, that the amplitudes, A2 and A3, most likely correspond to

T

and P under our

experimental conditions, and we hereinafter focus on their sum, referred to as the transient
state relaxation amplitude, AFCS.
With increasing YOYO/dsDNA, the amplitudes of the transient state decay terms were
clearly reduced. In the FCS curves recorded from the higher YOYO/dsDNA samples the
small amplitudes made it difficult to resolve the triplet and isomerization state decay terms
from each other. These FCS curves were therefore analyzed with the two exponential terms of
A2 and A3 in Eq. 5 combined into a common term. The dependence of AFCS with increasing
concentrations of YOYO is shown in the inset Figure 2A.
In direct conjunction to the recording of the FCS curves, TRAST measurements were
performed, on the same samples and with the same setup, by applying excitation modulation
with varying w (Fig. 2B). The recorded TRAST curves showed an overall decay, with decay
times well in agreement with those of AFCS in the FCS curves, and for the highest
YOYO/dsDNA samples, a faster decay could also be observed. In contrast to the FCS
measurements, the overall decay amplitude in the TRAST curves showed no significant
17

concentration dependence (inset, Fig. 2B), and was for all YOYO/dsDNA samples found to
correspond well to that of AFCS for FCS curves recorded from the lowest YOYO/dsDNA
sample. Taken together, the observed decay in the TRAST curves agrees with the predicted
behavior, and the decay amplitude can be attributed to photo-isomerization and triplet state
formation, corresponding to A2 and A3 in Eq. 5. For w > 400 ns, no additional decay term was
observed in the TRAST curves. This is well in line with the assignment of the fast decay term
in the FCS curves to rotational diffusion, which is not a photo-induced process and is thus not
expected to be observed in the TRAST curves.
The clear decay of AFCS with higher YOYO/dsDNA, put in relation to the essentially
constant decay amplitudes

1  Fnorm(w2 ) 

in the corresponding TRAST curves indicate that Nf

indeed can be determined as predicted by Eq. 13. To further verify this, we compared the
calculated Nf values to the number of fluorophores per dsDNA, as estimated from the relative
fluorescence brightness of the monitored DNA molecules. Here, the same FCS measurements
were used to calculate the brightness FNm of the monitored DNA molecules (Eq. 7). The
calculated FNm was then compared to the molecular brightness determined from a reference
sample (FNm(ref)), in which the monitored DNA molecules were only labeled with a single
YOYO fluorophore. The number of fluorophores per molecule in the DNA molecules where
then obtained from:

N CPM 

FNm
FNm (ref )

(14)

The numbers of YOYO/dsDNA in the investigated samples, as obtained from Eq. 14, were
then compared to the number of YOYO/DNA, as calculated by Eq. 13 from TRAST/FCS, Nf
(Fig. 3). For a sample with a single YOYO/dsDNA, the amplitudes for the triplet and
isomerization state decays, as obtained from TRAST and FCS measurements, were identical,
18

yielding a Nf of 1. For increasing YOYO/dsDNA, Nf and NCPM were found to agree well with
each other, with a discrepancy of maximally 30% for the intermediate YOYO/dsDNA
samples.
Theoretically, the observed differences between Nf and NCPM could originate from the fact
that the monitored molecules in the experiments contribute to the FCS curves by (FNm)2, while
they contribute linearly to FNm to the TRAST curves. Bleaching of fluorophores occurring
mainly in the center of the excitation volume, where the fluorophores have the highest local
brightness and dark state population, would then hypothetically decrease the transient state
amplitudes more in the FCS than in the TRAST curves. The result would be an
overestimation of Nf. However, for NCPM = 1, the dark state amplitudes determined with
TRAST and FCS are identical, indicating that the different brightness weighting has only a
minor effect. In line with this, experiments performed with low irradiances (13 kW/cm2) did
not affect Nf for higher YOYO/dsDNA (Fig. 3).

Figure 3: Comparison of the number of YOYO/dsDNA, Nf, calculated from TRAST/FCS
measurements (●), with that of NCPM, calculated from the brightness of the monitored dsDNA
molecules and by use of a reference sample (grey line). Incubating the sample for two hours at
50 °C (∆; to achieve a homogeneous labeling) or measuring at low power (□; to minimize
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bleaching) had no influence on the estimated parameter values. Error bars represent the
standard deviation of five measurements.

For the same reason, a strong non-uniform distribution of YOYO dyes among the dsDNA
molecules could also influence the determined average dark state amplitudes. In FCS, the
(FNm)2-weighting would lead to a decrease in the amplitude AFCS in a non-uniform, labeled
sample compared to in a homogenously labeled sample, while TRAST would detect the same
decay amplitude for both samples. As a result, the estimated Nf would increase.
Inhomogeneous labeling of DNA with YOYO has been observed before, and could then be
circumvented by incubation of the sample for 2 hours at 50 ºC

26

. However, upon such

incubation, we did not observe changes in Nf (Fig. 3), and any major effects due to
inhomogeneous labeling in our experiments are therefore unlikely.
For the sample with the highest YOYO/dsDNA (Nf and NCPM ~ 5) a smaller transient state
relaxation time was observed in both the TRAST and the FCS curves. A decreased relaxation
time could originate from e.g.

-

annihilation between two YOYO dyes. However, the

consequent reduction in A2 was not observed in the TRAST curves. Instead, A2 increased
slightly.
An increase in A2 and a simultaneous decrease in its relaxation can indicate that the
formerly independently blinking fluorophores would interact with each other, with their dark
state transitions, to some extent, coupled. As a consequence, AFCS would decrease less than
indicated by Eq. 8, leading to a simultaneous decrease in Nf. Coupling of the electronic states
might also occur e.g. for fluorophores in physical contact or for fluorophores exchanging
electrons. Electron exchange via guanosine bases is a well-known mechanism27,28, and cannot
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be excluded to occur for YOYO intercalated in DNA. Förster Resonance Energy Transfer
(FRET) between a donor and a red-shifted acceptor is also known to influence the dark state
properties of fluorophores21,29 and can lead to a coupled blinking behavior of the
fluorophores30,31. However, for FRET between two identical fluorophores f1 and f2 (homoFRET), the total brightness of f2 should not change, because a reduction in FRET from f1 to f2
due to triplet state transitions of f1 will be compensated for by a simultaneous reduction in
FRET from f2 to f1. Hence, FRET-mediated coupling of transient states between identical
fluorophores can be expected to be minor.
Quenching often occurs in highly concentrated fluorophore environments as a result of the
formation of non-fluorescent dimers and exciplexes. In this study, YOYO is tightly
intercalated in the DNA and no formation of complexes is expected between the bound
fluorophores. However, self-quenching with the almost non-fluorescent, unbound YOYO in
solution cannot be fully excluded for higher YOYO concentrations. This could potentially
influence the estimation of Nf and NCPM , at least for the higher YOYO concentrations used in
this study.
YOYO is a homo-dimer consisting of two Oxazole Yellow (YO) units connected with a
biscationic linker that can undergo individual triplet state and isomerization transitions.
Nevertheless, theoretically, YOYO can be described as a single emitting fluorophore with
triplet state and isomerization transitions, because both units are coupled by ultrafast
excitation energy hopping (

) due to their short intermolecular distance and

similar dipole orientations32. To test whether interactions between the single monomer units
YO could influence the experiments, we also performed measurements with SYTOX green, a
DNA intercalating dye that has, in contrast to the homo-dimer YOYO, only one fluorescing
unit. SYTOX green showed a similar behavior: For increasing concentrations of SYTOX
green, the FCS transient state amplitude decreased while the TRAST transient state
21

amplitudes remained constant. For closely spaced SYTOX green on the DNA, the triplet
relaxation time became faster and T increased slightly (data not shown). No difference
between the monomer SYTOX green and the homo-dimer YOYO was detected.

5. Concluding remarks

We propose a methodology to measure molecular stoichiometry and the number of
fluorophore labels on biomolecules that offer clear selective advantages compared to
previously introduced fluorescence-based approaches. While the major concern with our
approach is dye-dye interactions that may lead to coupled blinking behavior of the
fluorophores, it is for fluorescence brightness measurements, e.g. FIDA/PCH/CPM, crucial to
avoid any differences in the environment that in any way can change their photo-physical
properties and hence their brightness, both in the sample itself and in the reference sample..
Our approach does not need to compare the dark state of the sample with a known reference.
It rather uses two methods consecutively, on the same sample, and on the same setup,
exploiting the main difference between the methods, that FCS measures the spontaneous
transient state blinking, while TRAST measures the blinking properties with the blinking of
the fluorophores being full synchronized. In contrast to fluorescence anti-bunching
experiments, the relaxation times of the transient states studied with our approach are much
longer, thus far lower time resolution is required, and considerably shorter measurement times
are typically required. In this study, the TRAST curves were generated from pulse train
excitation measurements with 35 different pulse widths,

, applied, and typically requiring

2-8 min measurement time. However, for determining the decay amplitude of the TRAST
curves,

(Eq. 11), as few as two measurements with different
22

are sufficient.

The required measurement time for the TRAST measurements in order to determine

can

therefore be made well within a minute. Here, we used the triplet state and isomerization to
determine the number of fluorophores/molecule. However, in principle any non-fluorescent
photo-induced state of a fluorophore (e.g. triplet state, isomerization, ionization) can be used.
By combining multiple dark states, the resolution, which is proportional to the total dark state
population, can be improved, and since the vast majority of all fluorophores display photoinduced transient state blinking behavior, there are good opportunities to optimize the
approach for different sample conditions by choosing appropriate transient states to monitor,
as well as suitable fluorophores. Both FCS and TRAST can be readily applied for a range of
biomolecular studies, including live cell measurements. The combined use of FCS/TRAST in
our approach can be expected to have an equally broad application range, as a useful tool to
determine molecular stoichiometry or fluorophores per diffusing units.
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Supplementary Material

Electronic state model. YOYO can be described by an electronic state system consisting of
the ground and first excited singlet state of the fluorescent trans (
fluorescent cis-isomer (
Equilibration between

and
/

and

), as well as the first excited triplet state,

, and respectively

/

) and non(Fig. 1A).

, occurs within ns, much faster than the

triplet state transitions or the isomerization (µs). Therefore, the electronic state model can be
simplified to the model of Fig 1B.

For a fluorophore, whose electronic state transitions can described by the model in Fig 1B, the
probability of being in one state can be expressed by a set of linear differential equations.

(S1)

At the onset of each new pulse, all molecules are assumed to be completely relaxed to the
ground state.

(S2)

The corresponding eigenvalues of Eq. 1 are

(S3)

.

1

Here, a, b and c are defined as

(S4)

The solution for the averaged combined singlet state is given by

(
S
5)

For sufficiently small irradiances, the emitted fluorescence is directly proportional to the
population of the excited singlet state of the trans isomer and the fluorescence quantum yield
:

(S6)

The normalized, average fluorescence of an excitation pulse of length

is obtained by

integration of Eq. S6.

(S
7)

where

corresponds to the average detected fluorescence count rate in the absence of any

dark states.

2

(S8)

comprises the detection efficiency
excitation volume
Therefore,

, the average fluorophore concentration

and the

. Here, we are only interested in relative changes of the dark states.
is normalized to unity for pulse width shorter than the triplet state

relaxation time

.

The amplitude of both dark states is obtained by fitting the experimental data with Eq. S7.
The obtained parameters are then used to compute

, where all dark states are

assumed to be completely build up. The amplitude of T  P is then given by
. The amplitude of the triplet state is calculated by setting
and recalculating

and

3

.

,

