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ABSTRACT  

A single chromophore can only emit a maximum of one single photon per excitation cycle. This 

limitation results in a phenomenon commonly referred to as photon antibunching (pAB). When 

multiple chromophores contribute to the fluorescence measured, the degree of pAB has been used 

as a metric to “count” the number of chromophores. But the fact that chromophores can switch 

randomly between bright and dark states, also impacts pAB and can lead to incorrect chromophore 

numbers being determined from pAB measurements. By both simulations and experiment, we 

demonstrate how pAB is affected by independent and collective chromophore blinking, enabling 

us to formulate universal guidelines for correct interpretation of pAB measurements. We use 

DNA-origami nanostructures to design multichromophoric model systems that exhibit either 

independent or collective chromophore blinking. Two approaches are presented that can 

distinguish experimentally between these two blinking mechanisms. The first one utilizes the 

different excitation intensity dependence on the blinking mechanisms. The second approach 

exploits the fact that collective blinking implies energy transfer to a quenching moiety, which is a 

time-dependent process. In pulsed-excitation experiments, the degree of collective blinking can 

therefore be altered by time gating the fluorescence photon stream, enabling us to extract the 

energy-transfer rate to a quencher. The ability to distinguish between different blinking 

mechanisms is valuable in materials science, such as for multichromophoric nanoparticles like 

conjugated-polymer chains, as well as in biophysics, e.g. for quantitative analysis of protein 

assemblies by counting chromophores. 

KEYWORDS: single-molecule spectroscopy, photon statistics, DNA-origami structures, 

photophysics, quantum optics  
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Counting the night sky’s visible stars is a formidable task, not least due to omnipresent atmospheric 

flickering and clouds masking the line of sight. The challenge is fundamentally limited by the 

ability to resolve emission from close stars, which can only be overcome by ever-larger telescopes. 

The same limitation exists in the nanocosm when counting fluorescent chromophores. If the 

chromophores cannot be resolved in space,1–5 one turns to measuring the autocorrelation statistics 

of emitted photons with a Hanbury Brown and Twiss (HBT) setup as illustrated in Figure 1a.6–9 A 

single chromophore can only emit a single photon per unit of time that it spends in the excited 

state, a trademark signature of systems as varied as organic dyes,10–13 nitrogen vacancies in 

diamonds,14,15 and single ions.16–18 This property manifests itself as a lack of autocorrelation 

amplitude for zero delay time, a phenomenon which is commonly referred to as photon 

antibunching (pAB). Correlation statistics and pAB are well understood for single chromophores 

but becomes very challenging to interpret for multiple chromophores in a nanoparticle. Such 

systems are  studied in a range of material systems that are typically not associated with single 

photon emission, such as 2D materials,19 clusters of quantum dots,20 and molecular crystals.9,21 

The degree of pAB can serve as a probe for the number of emitting units in the system, and may 

indicate excited-state processes such as defect emission,22 tri- and biexciton emission,23 and 

singlet-singlet-annihilation (SSA).24–26 It is often challenging to disentangle these different 

contributions to pAB to truly understand the underlying photophysics of a system. Recently, 

multichromophoric DNA-origami structures and conjugated-polymer aggregates allowed us to 

demonstrate that the number of chromophores can indeed be counted, even if the dye molecules 

interact with each other,27,28 e.g. by SSA.24–26,29 Such chromophore counting in nanoparticles is 

not only of significance in the context of materials science,9 but also plays an important role in 

biophysics. Many protein assemblies could, in principle, be studied quantitatively by labelling 
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them with fluorescent dyes and subsequently counting the chromophores. Dynamic processes such 

as self-association and oligomerization of proteins are prominent examples, and are crucial to the 

operational mechanism of many such proteins.30–33 Nanoscale clustering of membrane proteins, 

for example, has emerged as a common feature, possibly initiating and amplifying signal 

transduction across the plasma membrane, e.g., in the immune response of T cells.34 Direct 

experimental access to the number of participating proteins in such a process is therefore a 

prerequisite for a quantitative technique to study these mechanisms. 

Similar to counting twinkling stars, the problem of chromophore counting is compounded by 

the presence of random switching between states (blinking), typically between a state that shows 

fluorescence (bright) and a state that is essentially non-fluorescent (dark). Consider two identical 

but independently blinking chromophores that for a given irradiance each spend 10 % and 90 % 

of their time in the fluorescent and non-fluorescent state, respectively. Only for 1 % of the 

measurement time would both chromophores simultaneously reside in their fluorescent state. 

During 81% of the measurement time, both chromophores would simultaneously be in their dark 

state and would thus not contribute to the photon statistics. For the remaining 18 % of the 

measurement time, though, only one single dye molecule is emissive. Although two blinking dyes 

are present in principle, the measured fluorescence intensity autocorrelation and the pAB are then 

dominated by the characteristics of one single dye molecule. Obviously, this situation changes 

dramatically when the blinking process of the two chromophores is correlated. The occurrence of 

luminescence blinking and the type of blinking, i.e. collective or individual, must therefore be 

taken into consideration for the correct interpretation of the pAB signal. Unfortunately, 

chromophore blinking is a common process with many different physical origins, e.g., the 

formation of triplet states,35–37 radical states,36,38,39 energy transfer to a nearby quencher,40–42 or 



 5

non-radiative Auger recombination such as occurs in semiconductor nanocrystals.43 In some cases, 

the blinking can be reduced by photostabilizing agents,38,44–49 but it is almost impossible to 

completely turn off the blinking, especially for chromophores embedded in solid-state 

environments. 

Here, we demonstrate how the pAB signal is affected by independent and collective 

chromophore blinking by using both simulations of the rate equations as well as controlled 

experimental model systems, allowing us to formulate universal guidelines for the correct 

interpretation of pAB data in any multichromophoric aggregate material system.  

We make use of DNA origami to design multi-chromophoric probes, which exhibit either 

independent or collective blinking of the chromophores, and present two approaches to distinguish 

experimentally between these two blinking mechanisms. The first one utilizes different 

dependencies of the pAB signal on the excitation intensities with respect to the blinking 

mechanism. The second approach exploits the fact that collective blinking implies energy transfer 

to a quencher, which is a time dependent process. Therefore, the effective degree of collective 

blinking can be altered by time-gating the photon stream under pulsed excitation, which also 

enables us to extract the energy transfer rate to a quencher.  

 

RESULTS AND DISCUSSION  

The inherent challenge in counting blinking chromophores by pAB with an HBT setup is 

illustrated in Figure 1. Under a confocal microscope, a pulsed laser source excites a chromophore 

(red circle). The excited electronic system releases the stored energy by emitting at most one 

fluorescence photon per excitation pulse and chromophore. A 50/50 beam splitter distributes the 

fluorescence photons on two photodetectors, and a time correlated single photon counting 
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(TCSPC) system records the events detected. This allows calculation of the normalized second-

order intensity correlation.50,51  

�(�)(Δ�) =  〈
�(�)∙
�(����)〉〈
�(�)〉〈
�(�)〉  eq. 1 

which correlates the intensity measured on one detector with the intensity measured on the other 

one as a function of the lag time Δ�. 

This correlation is shown on the left ordinate in Figure 1b. On the other hand, one can also 

simply count the number of correlation events, �, i.e. the simultaneously detected photon events 

on both detectors as a function of lag time Δ�. This approach is indicated on the right ordinate in 

Figure 1b, binned in integral multiples of the excitation pulse repetition time. There are essentially 

two ways that the degree of pAB has been defined in the past - either by the ratio of central 

correlation events, ��, to the average of lateral correlation events, �ℓ, as indicated in Figure 1b; or 

by the value of �(�)(Δ�) for Δ� = 0. The �ℓ value commonly does not include values past ± 3 

laser pulse periods, or ± 37.5 ns at a repetition rate of 80 Mhz. In a system carrying � 

chromophores, the number of correlation events for Δ� = 0, i.e. ��, is given by � ∙ (� − 1), 

because the first photon can be emitted by � chromophores and the second photon only by the 

remaining � − 1 chromophores. On the other hand, the number of correlation events for Δ� ≠ 0, 

i.e. �ℓ, is given by ��, because also the second photon can be emitted by � chromophores in the 

next excitation cycle. Therefore, � /�ℓ  equals � ∙ (� − 1)/�� = (� − 1)/�. In an ideal system, 

where chromophores do not undergo dark-state formation or SSA, the number of chromophores, 

�, can therefore be calculated from � = (1 − �� �ℓ⁄ )#$, which also agrees to � =
%1 − �(�)(0)&#$

 with �(�)(0) = �� �ℓ⁄ ,7 essentially corresponding to using two different 

normalization methods for the intensity autocorrelation.  
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For a single chromophore, both � /�ℓ and �(�)(0) are zero. For two and three non-blinking 

chromophores these values are 0.50 and 0.67, respectively, as shown in Figure 1b. For ideal non-

blinking chromophores, both equations result in the correct number of chromophores �. Figure 1c 

shows the correlation analysis for two simulated, non-blinking chromophores (see Supporting 

Information for details). Both normalizations, �(�)(0) and � /�ℓ, yield a value of 0.5, which 

matches the expectation for two chromophores. In experiments, however, chromophores do not 

only transition between the electronic ground and first excited state. Through quantum jumps from 

the singlet to the triplet state, which has an excited state lifetime many orders of magnitude 

longer,35,36 the otherwise continuous emission of photons, i.e. cycling between electronic ground 

and excited states, is interrupted, which causes blinking. Blinking fluorescence trajectories lead to 

�(�)(Δ�) values larger than 1 (bunching) if Δ� falls within the range of the lifetimes of bright and 

dark states. Effectively, the bunching behavior stems from the fact that the photon stream, which 

originates from the transitions while the dye is in its singlet manifold, is interrupted for the time 

scale of the lifetime of the dark state. For this reason, the photons appear to be bunched provided 

that the molecule actually fluoresces. 

Figure 1d shows �(�)(Δ�) for the simulated emission of two equal and independent 

chromophores that blink stochastically. Here, we must consider three cases. First, a case where 

both chromophores are in the bright state. Second, a case where only one chromophore is in the 

bright state; and third, a case where both are in the dark state. The photon bunching associated 

with the emission intermittency causes �(�)(Δ�) values of 1.5 in the range of Δ� values from which 

�ℓ is calculated. The calculated degree of pAB is now quite different for the two metrics �(�)(0) 

and � /�ℓ. The value of 0.5 expected for two chromophores is only retrieved from �(�)(0), 

whereas � /�ℓ is reduced to 0.33, which would normally be associated with an effective value of 
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� = 1.5 chromophores, which, of course, is unphysical. The normalization to �ℓ effectively 

averages over the two cases where either only one or both chromophores are in the bright state. 

On the other hand, only situations where both chromophores are in the bright state contribute to 

central-bin photon correlation events �� .  

Next, we consider collective blinking of two chromophores in Figure 1e. Correlated blinking is 

expected multichromophoric aggregates such as conjugated polymers or light-harvesting 

complexes,52–55 in which, for example, a triplet exciton can annihilate multiple singlet excitons.56–

59 In this case, the degree of pAB based on the correlation events in central and lateral bins now 

yields the correct value of � /�ℓ = 0.5 expected for two chromophores, while �(�)(0) = 1, which 

would instead correspond to an infinite number of chromophores. Obviously, 

�(�)(0) underestimates the degree of pAB for the correlated system since it averages over the 

emitting and the non-emitting states and thus scales linearly with the bunching amplitude. In 

extreme cases, even values above 1 are possible, which is usually the characteristic of thermal or 

chaotic light emission. 
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Figure 1. (a) Schematic representation of the experimental setup. A pulsed laser (blue) excites a 

single chromophore (red circle). The fluorescence (orange) is collected and detected in a HBT 

photon correlator with a 50/50 beam splitter, two single-photon detectors and a time correlator. (b) 

Correlation histogram with the second order intensity correlation �(�)(Δ�) on the left ordinate and 

the total correlation events � on the right ordinate, respectively. The height of the central 

correlation count �� reflects the number of chromophores on a reciprocal scale, examples of which 

are indicated by red dots. (c) Correlation histogram for two simulated, ideal chromophores without 

any dark states. (d) Correlation histogram for two simulated, independently blinking 

chromophores. The blinking results in photon bunching in the correlation histogram, while �(�)(0) 

yields the correct number of chromophores. (e) Correlation histogram for two simulated, 

collectively blinking chromophores. For this blinking behavior, � /�ℓ yields the correct number 

of chromophores but not �(�)(0).  
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Although it is straightforward to simulate both independently and collectively blinking quantum 

systems, the effect of the different blinking mechanisms has not previously been demonstrated 

experimentally. As a model system for independently blinking chromophores, we positioned two 

ATTO 647N dye molecules in a DNA origami structure, which provides us with precise control 

over the distance between the two dyes as well as their immediate environment.60–62 A dye 

separation of 12 nm was chosen to minimize any mutual interaction. Both chromophores were 

excited with a pulsed laser at a wavelength of 640 nm with a repetition rate of 40 MHz. To 

minimize photobleaching over time, we used an enzymatic oxygen scavenger system of glycose 

oxidase and catalase.49 For fast blinking kinetics, 2 mM of freshly prepared Trolox is added to the 

buffer.49 With fresh Trolox, fast blinking is observed due to the formation of radical anions that 

are re-oxidized by trace amounts of Trolox-quinone, yielding off-times in the range of 10-100 

ms.49 A short section of a fluorescence time trace of such a model system at 1.1 kW/cm2 excitation 

power is shown in Figure 2a (for the complete fluorescence trajectory, see Figure S4). In the 

intensity histogram calculated based on the full dataset and shown on the right of Figure 2a, three 

characteristic intensity levels at 0, 15 and 30 kHz can be identified. These correspond to either 

none, only one, or both dyes being in the dark state, respectively. The second-order intensity 

correlation �(�)(Δ�) in Figure 2b is shown on a logarithmic time scale, which allows better 

appreciation of the intensity dynamics over several orders of magnitude in delay time.63 As 

expected for two dye chromophores, �(�)(0)=0.52 for this dataset. On the other hand, � /�ℓ =
0.36, a value much lower than expected. This value is artificially lowered because the intensity 

level with only one chromophore being in the bright state contributes only to lateral correlation 

events �ℓ but not to central correlation events � . 
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Experimental realization of collective blinking of two organic dye molecules is much more 

challenging.24 The main difficulty is that collectively blinking systems exhibit weak 

interchromophoric coupling not only through singlet-dark-state annihilation (SDA), but also due 

to SSA. Such processes all depend on energy transfer efficiency, which is governed by the spectral 

and photophysical properties of the dyes involved.24 This significantly reduces the chance of 

detecting photon pairs and lowers the apparent number of chromophores.24–27,64,65 SSA therefore 

usually tends to counteract the apparent increase of �(�)(0) in systems with collective blinking. In 

order to study the role of collective blinking, reliable and well-controlled model systems are thus 

needed, which at the same time show both strong SDA and negligible levels of SSA. To this end, 

dye molecules need to be separated by a distance at which the effect of SSA can be neglected. On 

the other hand, the weak chromophore-chromophore coupling necessary for SDA and collective 

blinking to occur needs to be retained. We overcome this problem by placing a switchable Förster 

Resonance Energy Transfer (FRET)-absorber between two ATTO 647N dyes that are separated 

by 6 nm, enough to reliably suppress SSA.40 The FRET-switch is a 1,4-oxazine dye, ATTO 700 

with an excited-state lifetime of ~1.6 ns. In its singlet state, it acts as an energy sink and quenches 

both ATTO 647N dyes equally. The quencher or acceptor dye ATTO 700 is placed in the center 

of both donor dyes ATTO 647N, and therefore the FRET rate of the donor dyes to the acceptor is 

approximately equal. We note that this equality might not be valid if the acceptor dye is already in 

an excited state due to absorption of the energy of one donor dye. But even in this case, the 

quencher is capable of absorbing energy by transitioning to higher excited states *+ , i.e. singlet-

singlet annihilation occurs. However, the fluorescence lifetime of the acceptor dye is very short 

with 1.6 ns compared to the donor dyes with 4.3 ns. For this reason, it is unlikely that the acceptor 

is still in its excited *$ state once energy transfer occurs from the second donor dye. The acceptor 
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dye will rather relax quickly and can absorb the energy of the remaining donor dye, through 

ground-state absorption. This is also a very rare process because we are working in an excitation 

regime in which two excited donor dyes are a very rare event (an estimation of the occurrence 

frequency is given in the Supporting Information). What we mean here by collective blinking is 

that, if the acceptor dye ATTO 700 is in its ground state *,, it will absorb the excitation energy by 

FRET from both donor dyes and therefore quenches both donor dyes simultaneously. Once the 

acceptor dye is reduced, it is not capable of absorbing energy any longer so that both donor dyes 

fluoresce simultaneously. We note that the orientation in space and the differences in excitation 

efficiency of the chromophores is not an issue in our model system because the dyes are linked by 

a C6-linker to the DNA origami structure. Therefore, the dyes are free to rotate and the energy 

transfer process averages over all possible orientations of both donor and acceptor chromophores. 

However, in real systems, such as in conjugated polymer nanoparticles, the orientation of 

chromophores is fixed in space and plays a significant role regarding the energy transfer dynamics 

as discussed in ref. 27. The fluorescence of ATTO 700 can be spectrally separated from the ATTO 

647N emission and will thus not contribute to the measured photon statistics. By chemically 

reducing the ATTO 700 dye, its absorption spectrum shifts to the blue, resulting in less quenching 

of the ATTO 647N dyes due to the reduced spectral overlap. A subsequent oxidation reaction 

recovers the ground state and the concomitant quenching action on ATTO 647N. In our 

experiment, a reducing and oxidizing buffer (ROXS) of Trolox and Troloxquinone switches the 

ATTO 700 oxidation state stochastically.40 A section of the resulting ATTO 647N fluorescence 

intensity time trace at 1.1 kW/cm2 excitation power is shown in Figure 2c. Here, only two intensity 

states are clearly visible, both in the time trace as well as in the corresponding intensity histogram 

(the complete fluorescence time trace is shown in Figure S5). The intensity correlation in Figure 
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2d shows the expected photon bunching on a time scale of tens of milliseconds. For this data set, 

�(�)(0) = 0.87 is indeed much larger than the expected value of 0.5. The resulting apparent 

number of � ≈ 7 − 8 chromophores obviously overestimates the actual number of chromophores, 

because it scales with the photon bunching amplitude as discussed above. In contrast, � /�ℓ =
0.51 yields the correct degree of pAB. 

 

Figure 2. (a) A short section of a representative fluorescence time trace of two independently 

blinking ATTO 647N dyes with 12 nm spacing at 1.1 kW/cm2 excitation power. The intensity 

histogram on the right side is based on the full trajectory covering 38 s of measurement time and 

shows three characteristic intensity levels at 0, 15 and 30 kHz. (b) Corresponding second-order 

intensity correlation on a logarithmic delay-time scale. In this case, �(�)(0) yields the correct value 

for two dyes. (c) A short section of a representative fluorescence time trace of two collectively 

blinking ATTO 647N dyes, controlled by an intermediate ATTO 700 FRET-switch, measured at 
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1.1 kW/cm2 excitation power. The separation between the two ATTO 647N dyes is ~6 nm to 

minimize SSA, while at the same time allowing for sufficient quenching by the ATTO 700 dye. 

The intensity histogram on the right is based on the full intensity trajectory covering 110 s of 

measurement time and shows only two intensity levels. (d) Second-order intensity correlation 

corresponding to the fluorescence time trace of (c) on a logarithmic delay-time scale. Here, � /�ℓ 

instead yields the correct value for two dyes. 

As we have demonstrated so far, the applicability of the degree of pAB as measured by either 

� /�ℓ or �(�)(0) for chromophore counting is strongly influenced by the switching dynamics 

between bright and dark states and the associated contributions to photon bunching. While the 

average time that a chromophore stays in the dark state is constant in our experiments, the time for 

switching into the dark state shortens with rising excitation power as was demonstrated before and 

in the Supporting Information for the fluorescence transient of Figure S4 for the dyes used here.56,66 

Figure 3 shows histograms for the degree of pAB for the two-chromophore model systems at 

excitation powers of 1.1 kW/cm2 and 4.3 kW/cm2. We note that the fluorescence signal increases 

linearly from ~15 kHz up to ~58.5 kHz for excitation powers of 1.1 and 4.3 kW/cm², respectively, 

which means that we are in a linear excitation regime where SSA and multiphoton processes with 

photophysical pathways involving higher excited states can be neglected.67 Figure 3a and 3b show 

results for �(�)(0) and � /�ℓ, respectively, for the system with independently blinking 

chromophores. A total of 89 dye-labeled DNA-origami structures was measured. Only DNA 

origami structures were measured on which all dyes were attached. Even though the dyes are very 

photostable under ROXS stabilization, photobleaching or spectral shifts will occur eventually 

during the measurement and impact the photon statistics. Therefore, we analyzed the individual 

transients until a bleaching event occurs or a significant spectral shift was observed as 
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demonstrated in the Supporting Information Figures S4-S6. For both excitation intensities, similar 

Gaussian �(�)(0) distributions with mean values of 0.483 ± 0.006 at 1.1 kW/cm2 and 0.493 ± 0.007 

at 4.3 kW/cm2 are found, close to the expected value of 0.5 for two chromophores. On the other 

hand, the histograms for � /�ℓ in Figure 3b show a systematic shift towards lower values for the 

higher excitation intensity, as the photon bunching amplitude is suppressed. We obtain average 

values of 0.333 ± 0.006 for 1.1 kW/cm2 and 0.221 ± 0.007 at 4.3 kW/cm2. These results can again 

be rationalized by the sensitivity of the �ℓ measurement to cases where only one chromophore is 

in the dark state. These cases do not contribute to the value of � . 

Figure 3c and 3d show histograms for �(�)(0) and � /�ℓ values determined for 87 different 

measurements of collectively blinking single DNA-origami structures using the same set of 

excitation powers. The blinking kinetics of ATTO 700 attached to the DNA origami is less uniform 

compared to the case of independent blinking, so that the histograms appear broader than those in 

Figure 3a and b. The calculated mean values for �(�)(0) are therefore systematically shifted 

towards higher numbers. For the �(�)(0) histograms in Figure 3c, the mean values are 0.82 ± 0.02 

at 1.1 kW/cm² and 0.63 ± 0.01 at 4.3 kW/cm2, corresponding to apparent numbers of 

chromophores � of 5.5 and 2.7, respectively. In this experiment, the amplitude scales inversely 

proportionally to the excitation intensity. The acceptor dye switches faster into its reduced state at 

higher excitation power, deactivating the quenching effect.40 The shift back to its neutral ground 

state though depends on the buffer conditions, which are kept constant in the experiment. The 

ATTO 647N dyes therefore spend less time in the quenched state at higher excitation intensities, 

causing lower photon correlation amplitudes. Both �  and �ℓ are equally sensitive to this effect 

since both chromophores are either in their bright or dark state, and the � /�ℓ values are nominally 

unaffected by changes in excitation power. The � /�ℓ histograms extracted from the 87 
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measurements show overlapping Gaussian distributions with a mean of 0.432 ± 0.008 for 1.1 

kW/cm2 and 0.411 ± 0.007 for 4.3 kW/cm2 excitation intensity, slightly below the value of 0.5 

expected for two chromophores. This observation indicates that the two ATTO 647N dyes are not 

entirely independent of each other after all, but may be subject to weak SSA.  

 

Figure 3. (a) Histogram of �(�)(0) values for 87 single DNA-origami particles with two 

independently blinking ATTO 647N dyes at excitation powers of 1.1 kW/cm2 (red) and 4.3 

kW/cm2 (blue). The distributions have mean values of 0.483 ± 0.006 and 0.493 ± 0.007. (b) 

Corresponding histograms of � /�ℓ values of two independently blinking ATTO 647N dyes. The 

mean values are 0.333 ± 0.006 and 0.221 ± 0.007. (c) Histogram of �(�)(0) values for 87 measured 

particles of two collectively blinking ATTO 647N dyes. The mean values are 0.82 ± 0.02 and 0.63 

± 0.01. (d) Corresponding � /�ℓ values of two independently blinking ATTO 647N dyes with 

mean values of 0.432 ± 0.008 and 0.411 ± 0.007. 



 17

So far, we have only demonstrated the effect of different blinking characteristics on the photon 

statistics using well-defined model systems, in which energy transfer processes between the dyes 

can be largely neglected. In more realistic multichromophoric nanoparticles (mcNPs), however, 

one must consider the interplay between SSA and SDA (see Supporting Information Figure S6). 

For this reason, we introduce a second method to distinguish between independently and 

collectively blinking dyes. In mcNPs with efficient inter-chromophoric energy transfer, 

spontaneous triplet exciton formation on one chromophore can lead to efficient singlet-triplet 

annihilation (STA) for the others,24,41,56 causing collective blinking. The observed fluorescence 

lifetime is then shortened, resulting in a lower fluorescence quantum yield and weaker 

fluorescence intensity. The fluorescence decay in this case is not monoexponential anymore 

because the emission switches between states with and without the presence of the triplet exciton. 

In contrast, the fluorescence decay of mcNPs with independently blinking dyes, i.e. without STA, 

shows a monoexponential time dependence, as triplet exciton formation on one chromophore does 

not affect the others. This stark difference in the fluorescence decay behavior can be exploited by 

microtime gating following pulsed excitation, i.e., by selecting subpopulations of fluorescence 

photons with increasing arrival times after excitation,68–70 and calculating �(�)(Δ�) for each 

subpopulation.  

The correlation amplitude depends on the contrast between the two emission intensity 

states.50,51,57,69 For the case of independently blinking chromophores, we neither expect a change 

of the correlation amplitude nor of the photon antibunching for the different gate times, simply 

because the intensity contrast between the states does not change as a function of time after 

excitation. This is different for collectively blinking chromophores. The contrast between the two 

states increases from early to late microtime gates because the fluorescence of the quenched state 
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decays faster than the fluorescence of the unquenched state. The result is a larger intensity contrast 

for later microtime gates. In the following, we demonstrate this with numerical simulations (see 

Supporting Information for details). In Figure 4a, we simulated collective blinking for a two-

chromophore system with a FRET-switch, modeled to mimic the experimental situation. As 

expected, the fluorescence decay is biexponential. If we consider all emitted photons (indicated by 

the blue area), both emission intensity states contribute to �(�)(Δ�), shown in Figure 4d. The 

correlation data shows a limited amount of photon bunching, and only � /�ℓ corresponds to the 

correct value for a two-chromophore system. Experimentally, one would not be able to decide at 

this point whether to use � /�ℓ or �(�)(0) for counting the chromophores, because the underlying 

blinking mechanism is unknown. If photons emitted at later times (>1 ns) are considered, however, 

as in Figure 4b, it becomes more likely that energy transfer and SDA take place, which reduces 

the donor fluorescence intensity. The result is an increased intensity contrast between the bright 

and dark fluorescence states that leads to a higher photon correlation amplitude, shown in 

Figure 4e. �(�)(0) indicates an apparent number of 6-7 chromophores while � /�ℓ stays constant 

and corresponds to two chromophores. Finally, we correlate only the latest arriving photons (> 

3 ns), for which we do not expect to see fluorescence from the quenched state. The correlation 

amplitude is maximized here and only depends on the ratio of the reducing rate and the oxidizing 

rate of the FRET-switch. �(�)(0) in Figure 4f evidently scales with the amplitude and even leads 

to a value that one would expect for an infinite number of chromophores, whereas � /�ℓ still 

indicates two chromophores with a value of � /�ℓ = 0.50. 

Finally, we apply this microtime gating analysis to our experimental data. To perform a second-

order intensity correlation with acceptable photon statistics even for the smallest time differences 

Δ�, we accumulated 35 individual datasets collected from independently blinking dyes, and 39 
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datasets from collectively blinking dyes. The starting point of the long-pass microtime gate was 

chosen to increase in steps of 20 ps for each intensity correlation. The fluorescence decay of two 

independently blinking ATTO 647N dye molecules in Figure 4g is monoexponential, with a 

fluorescence lifetime of �/0 = 4.3 ± 0.1 ns. The measured intensity correlations are shown in 

Figure 4i, with gate times indicated by color and a corresponding arrow in Figure 4g. The 

correlation curve and the extracted values of �(�)(0) and � /�ℓ are independent of the chosen 

gate time, indicating independently blinking chromophores. Based on this observation, �(�)(0) 

must be chosen to calculate the number of chromophores. Without any gating of the photons, 

�(�)(0) = 0.53, slightly larger than the value of 0.5 expected for a two-chromophore system. We 

attribute this discrepancy to multiple excitation cycles of one single dye molecule within the same 

laser pulse of duration ~80 ps.71 Long-pass gates starting at 500 ps do not suffer from this artifact. 

The fluorescence decay of two collectively blinking ATTO 647N dyes in Figure 4h is 

biexponential and we obtain �/0,$ = 0.6 ± 0.1 ns and �/0,� = 2.7 ± 0.1 ns as fluorescence lifetimes 

by reconvolution fits (see Supporting Information Figure S10). The intensity correlation for each 

gate is shown in Figure 4j with a color gradient from early (black) to late (red) gate times. The 

correlation amplitude rises with gate time because the contrast between the two intensity states 

becomes larger as a function of time after excitation. This increase is a characteristic signature of 

collectively blinking chromophores when an additional non-radiative pathway is introduced due 

to dark-state formation in a multichromophoric system. The observed �(�)(0) values start out at 

�(�)(0) = 0.8 for the case of all photons being detected. This value would already correspond to 5 

emitting chromophores, which, of course, is an unphysical result for the given material system. 

The value rises further for increased gate times, with the correlation amplitude reaching �(�)(0) = 

0.94 for photons detected after 1.5 ns, which would correspond to almost 17 chromophores 
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emitting. The rise of ��(0) with increasing gate delay is directly linked to the SDA quenching 

rate, which can be extracted by plotting the correlation amplitude against the starting time of the 

photon gate (see Supporting Information Figure S8 for a simulation and Figure S9 for experimental 

data; an explanation is given in the Supporting Information). From these dynamics, the SDA rate 

is determined to be 4567 = 1.3 ± 0.3 ns#$. In contrast, the metric � /�ℓ yields values ranging 

from 0.43 for the case of all photons being detected to 0.41 for photons detected after a gate delay 

of 1.5 ns. These values are somewhat smaller than one would expect for two chromophores, which 

may be to be anticipated since the dye molecules are only separated by ~6 nm: in addition to SDA, 

SSA can still take place and reduce the probability of detecting two photons from one excitation 

pulse.27 Weak SSA is also indicated by the decreasing values of � /�ℓ from early to late microtime 

gates.27 Microtime gating thus allows us to clearly discern the two types of blinking, independent 

and collective, and provides a guideline to choosing the correct spectroscopic observable for 

counting chromophores. For systems with strong SSA, techniques such as psTRAB must be used 

with the correct normalization of the photon bunching amplitude in order to correctly estimate the 

number of chromophores and the SSA rate.27,70 
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Figure 4. (a-c) Simulated fluorescence decay of two collectively blinking dye molecules showing 

a biexponential decay. (d-f) Corresponding second-order intensity correlation, �(�)(Δ�), of the 
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long-pass gated intensity time trace. Time gates are indicated by arrows and highlighted in blue 

(a-c). (g) Experimental fluorescence decay of two independently blinking ATTO 647N dyes. (i) 

Corresponding �(�)(Δ�) of accumulated fluorescence time traces at 4.3 kW/cm2 excitation 

intensity of 35 single nanoparticles shown for four different time gates. No change of the 

correlation amplitude is observed with photon gating. �(�)(0) and � /�ℓ values stay constant for 

different time gates, but only �(�)(0) yields the expected value of ~0.5. (h) Fluorescence decay of 

two collectively blinking ATTO 647N dye molecules. (j) Corresponding �(�)(Δ�) of 39 

compounded individual fluorescence time traces at 1.1 kW/cm2 excitation intensity for different 

time gates. The correlation amplitude increases for later gate times due to the increased intensity 

contrast of the two luminescence intensity states. The �(�)(0) values scale linearly with the 

correlation amplitude, but only � /�ℓ ≈ 0.5 reflects the expected number of chromophores 

considering the weak SSA occurring between the two dyes. 

CONCLUSION 

The issue of correct normalization of pAB measurements for blinking multichromophoric 

systems has mostly been neglected previously but is evidently key to counting blinking 

chromophores and interpreting the mutual interactions between chromophores. Different types of 

blinking of a multichromophoric system, i.e. independent or collective blinking, require very 

different normalizations of the pAB data. We have illustrated these challenges by both simulations 

and experiments. For independently blinking dyes, the normalization to lateral photon correlation 

events � /�ℓ averages over the photon statistics due to either one or two chromophores being in 

the fluorescent state and thus underestimates the number of chromophores. For collectively 
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blinking dyes, on the other hand, the number of chromophores is instead overestimated by the 

normalization to the average intensity as carried out for �(�)(0).  

We have introduced two approaches to distinguish between these two blinking mechanisms 

experimentally. The first approach varies the excitation power to change the blinking rate and the 

associated correlation amplitude. Both independent and collective blinking show inverse scaling 

of the correlation amplitude with excitation intensity. The second approach uses photon gating of 

the photon arrival times after pulsed excitation. Concomitant variation of the correlation 

amplitudes is characteristic for collective blinking and indicates that a � /�ℓ normalization is 

required. However, in actual multichromophoric systems such as conjugated-polymer 

nanoparticles or light-harvesting complexes, both types of blinking mechanisms might occur 

simultaneously or change dynamically, due to the formation of a quencher. For simply counting 

the number of chromophores, we suggest that one should construct a second-order correlation 

curve only from the earliest photons after excitation, e.g. using a time window of ~0-400 ps after 

excitation, if the PL lifetime is in the range of ~4 ns as for the dyes studied here. For these photons 

a possible quenching process due to excitation energy transfer to a quencher within the 

multichromophoric aggregate can be neglected. Such energy transfer is imperative for a collective 

blinking process. This means that such a second-order correlation curve acquired with early time 

photons is dominated only by the independent blinking process, for which �(�)(0) must be 

considered to count the correct number of chromophores. On the other hand, we can also choose 

a time gate long after excitation, which will show a combination of both independent and collective 

blinking mechanisms in the second-order correlation curve. Using both correlation curves, i.e. for 

an early time window and a late-time gate, it will, in principle, be possible to also extract the 

quenching rate by a quencher and estimate the degree of independent and collective blinking in 
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the multichromophoric system. Although we refrain from discussing an experimental application 

here, a simulation demonstrating that �(�)(0) for an early time gate yields the correct number of 

chromophores in a system which exhibits both blinking mechanisms is given in the Supporting 

Information Figure S12. We note that with a HBT setup up to 8 chromophores can be counted 

reliably by the photon statistics,72 but one must always ensure that PL spectra, intensity and 

lifetime are very similar for the individual dyes and that bleaching of the dyes is negligible. To 

count a higher number of chromophores by photon statistics we refer to the work of Kurz et al., in 

which the detection scheme was extended to four detectors and a sophisticated analysis, referred 

to as “Counting by Photon Statistics (CoPS)”, is employed.7 These authors demonstrated that up 

to 36 chromophores can be counted on a DNA origami structure.73 Our work provides a more 

unifying picture for the correct interpretation of photon antibunching data, resolving some possible 

controversies in the literature and offering a powerful tool for future analysis. After all, blinking 

of chromophores is the norm rather than the exception in most real physical systems. 

MATERIALS AND METHODS: 

Optical setup: A home-built confocal microscope based on an Olympus IX-71 inverted 

microscope was used for all experiments. DNA-origami structures were excited by a pulsed laser 

(636 nm, ~80 ps full width at half maximum, LDH-D-C-640; PicoQuant GmbH) operated at 40 

MHz repetition rate. The laser power was focused to a diffraction-limited spot, with power 

adjusted to either 1.1 kW/cm2 or 4.3 kW/cm2 by means of a neutral-density filter (ND06A, 

Thorlabs). Circularly polarized light was obtained by a linear polarizer (LPVISE100-A, Thorlabs 

GmbH) and a quarter-wave plate (AQWP05M-600, Thorlabs GmbH). The light was focused onto 

the sample by an oil-immersion objective (UPLSAPO100XO, NA 1.40, Olympus Deutschland 

GmbH). The sample was moved by a piezo stage (P-517.3CD, Physik Instrumente (PI) GmbH & 
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Co. KG) controlled by a piezo controller (E-727.3CDA, Physik Instrumente (PI) GmbH & Co. 

KG). The emission was separated from the excitation beam by a dichroic beam splitter 

(zt532/640rpc, Chroma) and focused onto a 50 μm diameter pinhole (Thorlabs GmbH). The 

emission light was separated from scattered excitation light by a 647 nm long-pass filter 

(RazorEdge LP 647, Semrock). For collective blinking experiments, an additional 694 nm (FF02-

694/SP-25, Semrock) short-pass filter was added to block the ATTO 700 emission. The filtered 

emission was split into two detection channels by a non-polarizing 50:50 beam splitter (CCM1-

BS013/M, Thorlabs GmbH). In each detection channel, the afterglow luminescence of the 

avalanche photodiode was blocked by a 750 nm short-pass filter (FES0750, Thorlabs GmbH). 

Emission was focused onto avalanche photodiodes (SPCM-AQRH-14-TR, Excelitas Technologies 

GmbH & Co. KG) and the signals were registered by a multichannel picosecond event timer 

(HydraHarp 400, PicoQuant GmbH). The setup was controlled by a commercial software package 

(SymPhoTime64, Picoquant GmbH). 

DNA origami structure fabrication: All DNA oligonucleotides were purchased at Eurofins 

Genomics Germany GmbH. The scaffold is an 8064-nucleotide-long ssDNA extracted from 

M13mp18 bacteriophages. Oligonucleotides modified with ATTO 542 for external labeling were 

purchased from biomers.net GmbH. For details of the DNA origami structures, sample 

preparation, and purification, see the Supporting Information. The DNA origami structures were 

immobilized on a LabTekTM chamber slide (Thermo Fisher Scientific Inc.) coated with BSA-

biotin/neutravidin (Merck KGaA). See the protocol details in the SI. 

Data acquisition and analysis: 10 µm × 10 µm scans were used to pick the DNA origami 

structures. The structures were measured with both 1.1 kW/cm2 and 4.3 kW/cm2 excitation 

intensity until one dye bleached. For experiments showing independently blinking dyes, a reducing 
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buffer system (1×TAE, 12 mM MgCl2, 2 mM Trolox (freshly prepared), 1 % (w/v) D-(+)- glucose) 

in combination with an oxygen scavenging system (250 U/mL glucose oxidase and 2000 U/mL 

catalase) was used. For collective blinking, a reducing and oxidizing buffer system (1×TAE, 12 

mM MgCl2, 2 mM Trolox/Troloxquinone, 1 % (w/v) D-(+)- glucose) (3) was used. The oxygen 

scavenging system was the same as in the independent blinking experiments. All chemicals were 

purchased from Merck KGaA.  

Only those single-particle luminescence data sets which showed a minimum of 100 lateral-bin 

correlation events were analyzed to ensure an acceptable signal-to-noise ratio. The intensity 

correlation was performed using a self-written Python script employing the correlation algorithm 

introduced by Laurence et al.74  
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Details of DNA origami structures and sample preparation 

The DNA origami structure was modified using caDNAno (version 0.2.2, design schematics in 

Fig. S1). The scaffold is an 8064-nucleotide-long ssDNA extracted from M13mp18 

bacteriophages. All staple strands as well as the dye labeled oligonucleotides were purchased from 

Eurofins Genomics GmbH (see the end of Supplementary Information). The ATTO 542-modified 

oligonucleotides for external labeling were purchased from biomers.net. Scaffold and 

oligonucleotides were mixed according to table S1 for origami folding. The folding buffer (FB) is 

a Tris-EDTA buffer (1× TE, 10 mM Tris-HCl, 1 mM EDTA•Na2) with 20 mM MgCl2 and 5 mM 

NaCl. In the annealing process, the mixture was heated and slowly cooled down with a nonlinear 

thermal ramp over 16 hours according Nickels et al.1 After annealing, the excess staples were 

removed with polyethylene glycol (PEG) precipitation. The samples were mixed with an equal 

volume of PEG precipitation buffer (1× TAE, 15 % (w/v) PEG-8000, 500 mM NaCl, 12 mM 

MgCl2) and centrifuged at 16 krcf (thousand relative centrifugal force, i.e. 1000 g) for 30 min at 4 

°C. After removing the supernatant, the pellet was suspended in 1× FB. Afterwards, the DNA 

origami was externally labeled with ATTO 542-modified oligonucleotides. A threefold excess with 

respect to the extended staples was used and the structure was incubated for 20 min in a wet 

chamber at room temperature. The DNA origami structures were purified via gel electrophoresis. 

A 1.5 % agarose gel containing a Tris base, acetic acid and EDTA buffer (0.5× TAE, 20 mM Tris-

HCl, 10 mM acetic acid, 0.5 mM EDTA) and 12 mM MgCl2 was used at 60 V for 2 hours in a gel 

box cooled in an ice-water bath. The gel was not stained to avoid staining reagent-dye interactions. 

On a blue-illuminated table DNA origami structures could be seen due to the numerous ATTO 542 

dyes. DNA origami structures were recovered from the target band. The samples were stored at -

26 °C until further use. 

Folding Table 

Final concentrations for DNA origami folding are given in Table S1. The meaning of the reagents 

is described below: 

Table S1: Folding reagents with final concentrations. 

Reagent Final concentration / nM 

scaffold 25 
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core staples 225 

biotin staples 250 

extended staples 225 

dye and refill staples 225 

 

scaffold: Single-stranded viral 8064 nt ssDNA from M13mp18. 

core staples: Contains every unmodified staples of the rectangular DNA origami. The wildtype 

structure is given in Ref. 2. 

biotin staples: Four biotin modified staples. Modifications are placed at the 3’ end. 

extended staples: 13 staples extended at the 3’ end for external labeling. The extended sequence 

is: 5’ TTTTCCTCTACCACCTACATCAC 3’. Sequence for the ATTO 542 oligonucleotides: 

5’ GTGATGTAGGTGGTAGAGGA-ATTO 542 3’ 

dye and refill staples: Oligonucleotides labeled with ATTO 647N or ATTO 700 at the 5’ end. 

 

 

DNA origami structures 

 

Figure S1. caDNAno sketch of the DNA origami structure used. Modified staples are colored. 

Green staples are biotin labeled. Red staples are extended at the 3’ (5’ 

TTTTCCTCTACCACCTACATCAC) end for external labeling with ATTO 542 modified 

oligonucleotides. Orange staples are labeled at the 5’ end with ATTO 647N violet ones with ATTO 

700. Blue staples are next to the ATTO 647N labeled staples to stabilize the structure. 
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Figure S2. Close up of the DNA origami structure with two ATTO 647N (5’ end of the orange 
staples) dyes separated by 6 nm and an ATTO 700 dye (5’ end of the brown staple) for the 
collective blinking experiment. 

 

Figure S3. Close up of the DNA origami structure with two ATTO 647N (5’ end of the orange 
staples) dyes separated by 12 nm for the independent blinking experiment. 

 

Simulations for Figures 1 and 4 

Simulations were performed with a self-written python script. The probability of detecting a 
photon was set to be 0.08 for intensity state A and 0.00 for intensity state B. The photons were 
randomly distributed on two detection channels ;ℎ0 and ;ℎ1. The laser repetition rate was set to 
be 50 MHz and 10= laser pulses were simulated. The simulations were analyzed based on a 
correlation algorithm proposed by Laurence et al.3 Positive lag times correspond to the cross 
correlation of ;ℎ0  ;ℎ1 and negative lag times correspond to the correlation of ;ℎ1  ;ℎ0.  

For blinking dyes the switching rate between state A and B was fixed to 47 = 4> = 2 ∙ 10? s#$ 
for each dye. 

For Figure 4 the intensity levels were fixed to @7 = 0.08 and @> = 0.0016. The fluorescence 
lifetime of the bright state was set to �7 = 4 ns and the fluorescence lifetime of the dark state to �> = 0.8 ns. 

 

Altering the correlation amplitude by excitation power for independently and collectively 

blinking dyes 

Figure S4a shows an exemplary time trace of two independently blinking ATTO 647N dyes 
separated by 12 nm. With an oxygen scavenger and 2 mM Trolox as reducing agent the dyes are 
pushed constantly into the radical anion state. The blue and red parts of the figure correspond to 
an excitation power of 4.3 kW/cm2 and 1.1 kW/cm2, respectively. We started with the high 
excitation intensity. After 11 seconds, we switched to lower excitation intensity and measured until 
one dye bleaches at 48 s. We recorded much longer intensity time traces with lower excitation 
power to ensure an equal signal-to-noise ratio in the correlation calculation. The signal-to-noise 
ratio scales with the square of the fluorescence intensity. 

Figure S4b and S4c show a two-second snapshot of the time trace in panel a, but with 1 ms binning. 
The intensity histogram in Figure S4b shows that most of the time, both dyes are in the non-
fluorescent state for 4.3 kW/cm2 excitation power. Figure S4c shows that at lower excitation 
power, the cases for one or two dyes being in their fluorescent state are more prominent. 
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The cross correlations for the high and low excitation power are shown in S4d with a blue and a 
red curve, respectively. Higher excitation powers result in higher photon bunching amplitudes for 
independent dyes because the bunching amplitude scales linearly with the excitation intensity. As 
expected for two independently blinking dyes, however, �(�)(0) stays constant at ~0.5 for both 
excitation powers. For independently blinking dyes, the ratio � /�ℓ thus constitutes a pAB 
normalization that is inappropriate for chromophore counting. 

 

Figure S4. (a) Fluorescence time trace of two independently blinking ATTO 647N dyes separated 
by 12 nm. The excitation power was altered between 4.1 kW/cm2 and 1.1 kW/cm2 as indicated by 
blue and red background colors, respectively. (b) A two-second snippet of the fluorescence 
trajectory at 4.1 kW/cm2 excitation with the corresponding intensity histogram. (c) A two-second 
snippet of the fluorescence trajectory at 1.1 kW/cm2 excitation with corresponding intensity 
histogram. (d) Cross correlation of the fluorescence time trace excited with 4.1 kW/cm2 and 1.1 
kW/cm2 shown in blue and red, respectively. Corresponding monoexponential fit from equation 9 
are depicted in bold lines. 

To prove that the transition rate into the singlet manifold 4A+ is power independent, we extract the 
transition rates from the intensity correlations shown in Figure S4d. For the extraction of the rate 
constants we have to consider that the observed �(�)(∆�) correlation is a sum of two intensity 
correlations each representing one independently blinking dye molecule. Since both dyes 
experience a similar nano-environment and excitation power, the transition rates into the dark state, 4C//, and back again, 4A+, are expected to be the same for both dyes, which is supported by the 
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monoexponential decays seen in Figure S4d. If multiple independent intensity fluctuations are 
involved, each correlation is weighted with the square of the fractional intensity ℑ for each dye. 

ℑ$ = 
�∑ 
F eq. 1 

Here, ℑ$ denotes the fractional intensity of the first dye with the measured intensity @$. The total 

intensity correlation, �GCGH0(�) (∆�), can then be written as: 

�GCGH0(�) (∆�) = ∑ ℑI��I(�)(∆�) + 1  eq. 2 

In our case, the switching kinetics and intensities are the same for two independently blinking 

ATTO 647N dyes. This results in a fractional intensity of ℑ$ = ℑ� = $�. 

�GCGH0(�) (∆�) = %$�&� �$(�)(∆�) + %$�&� ��(�)(∆�) + 1 eq. 3 

Both dyes have the same blinking kinetics and therefore show the same intensity correlation �$(�)(∆�) = ��(�)(∆�). Stochastic switching between an emitting and a non-emitting state results in 
a monoexponential decay in the intensity correlation. 

�GCGH0(�) (∆�) = ∑ ℑI�K;I ∙ expO−4PIQRGI SI ∙ ∆�TU + 1 eq. 4 

For on-off-switching, the bunching amplitude ; equals the equilibrium constant 

; = V = WXYYWXZ   eq. 5 

and the correlation relaxation rate 4PIQRGI S is the sum of the switching rates 

4PIQRGI S = 4CQ + 4C//   eq. 6 

The transition rate constants are supposed to be the same for both dyes. Therefore, they will show 
the same bunching amplitude ;$ = ;� and the same correlation relaxation rate 4PIQRGI S$ =4PIQRGI S�. However, since both amplitudes are weighted by the square of the fractional intensity 

we have to consider this damping. 

�GCGH0(�) (∆�) = 1 + %$�&� K;$ ∙ expO−4PIQRGI S$ ∙ ∆�TU + %$�&� K;� ∙ expO−4PIQRGI S� ∙ ∆�TU eq. 8 

= 1 + $� ; ∙ exp(−4PIQRGI S ∙ ∆�) eq. 9 

With monoexponential fits using equation 9 we can extract the bunching amplitude ; and 
correlation relaxation rate 4PIQRGI S, which are listed for the two excitation intensities in Table S2. 

Table S2: Monoexponential fit parameters from Figure S4d. 

 [ \]^_`a^bc / c#d 
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d. d ]e/bfg 0.614 ± 0.004 581 ± 16 

h. d ]e/bfg 2.322 ± 0.006 1226 ± 12 

 

With the extracted parameters we calculate the transition rates according to 

4CQ = WiFZjkFlmn�$   eq. 10 

4C// = WiFZjkFlm�o�$   eq. 11 

The extracted rates are listed in Table S3. 

Table S3: Calculated transition rate constants for two independently blinking dyes. 

 \p_ / c#d \pqq / c#d 

d. d ]e/ bfg 359 ± 9 221 ± 5 

h. d ]e/ bfg 369 ± 4 856 ± 8 

 

The rate constant for excursions into the on-state, 4CQ, stays constant within the error for both 
excitation intensities, as expected. However, the transition rate into the off-state, 4C//, is power 
dependent and shows a linear dependency of the excitation power. The power was raised by a 

factor of 
s.$$.$ ~3.7. The rate 4C// changed by a factor of 

uv?��$ ~3.8, which supports our statement of 

a linear power dependency. 

 

A fluorescence time trace of two collectively blinking ATTO 647N dyes is shown in Figure S5a. 
We started with the high excitation power of 4.1 kW/cm2 and later switched to the lower excitation 
power of 1.1 kW/cm2. At 123 s, one ATTO 647N dye bleached. Figure S5b and S5c show a two-
second snapshot of fluorescence trajectories with 1 ms binning. The intensity histogram shows 
only two intensity states for both excitation powers. The ATTO 700 FRET–switch is constantly 
switching between a reduced state and the singlet manifold. In the reduced state, the absorption 
spectrum is blue-shifted and the ATTO 647N fluorescence is not quenched. When the ATTO 700 
dye is oxidized again, the ATTO 647N dyes are quenched by efficient FRET. Because we are 
monitoring the donor fluorescence, the bunching amplitude is inversely proportional to the 
excitation power. The donor dyes are stabilized by the ROXS buffer. The acceptor dye is mainly 
excited by FRET from the donor dyes. From its first excited energy state, it has a small chance to 
enter the long-living triplet state from which it can be reduced by Trolox. The time spent in the 
reduced state only depends on the Trolox quinone concentration and is independent of the 
excitation power. This fact is reflected in the intensity histograms of Figure S5b and S5c. For 
higher excitation power, the ATTO 647N dyes spend more time in the bright emitting state because 
they shelve the acceptor dye faster in the reduced state. On the other hand, with low excitation 
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power, the donor dyes spend more time in the quenched emitting state because it takes longer to 
reduce the acceptor dye. 

 

Figure S5. (a) Fluorescence time trace of two collectively blinking ATTO 647N dyes modulated 
by an ATTO 700 FRET-switch. The excitation power was either 4.1 kW/cm2 (blue) or 1.1 kW/cm2 
(red). (b) Two-second snippet of the fluorescence time trace at 4.1 kW/cm2 excitation power and 
the corresponding intensity histogram. (c) Two-second snippet of the fluorescence trajectory at 1.1 
kW/cm2 excitation power and the corresponding intensity histogram. (d) Cross correlation of the 
fluorescence time traces. 

  

Change of excitation power does not correlate with a change in bunching amplitude 

As an example of blinking kinetics which does not show a change of the correlation amplitude for 
different excitation powers, we chose two blinking ATTO 647N which are separated by ~3 nm, 
i.e. by 9 base pairs. The structure was published by Schröder et al.4 The dyes are not independent 
and interact by singlet-singlet annihilation (SSA) and singlet-dark-state annihilation (SDA). To 
promote the dye blinking, we removed enzymatic oxygen and excited the dyes at either 1.1 
kW/cm2 and 4.1 kW/cm2. We did not add Trolox to have sufficient singlet-triplet interactions. The 
fluorescence time trace for both excitation powers is shown in Figure S6a. The correlation 
amplitude for a single dye usually scales linearly with the excitation power. For two dyes with 
weak coupling this statement is not true anymore as demonstrated in Figure S6b. The correlation 
amplitude stays constant, but the correlation relaxation time is shifted to shorter timescales with 
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increasing excitation power. Due to SSA and SDA, the excitation into higher excited states 
becomes more likely. In higher excited states, the transition rates between the singlet and triplet 
state are larger and the blinking kinetics becomes faster. In our case, the rates scale with the same 
factor, although it varies for different dye combinations. For the antibunching measurement, we 
obtain �(�)(0) ~ 0.3 and � /�ℓ ~ 0.2, which is expected for weakly collectively blinking dyes 
when they undergo efficient SSA.  

When one dye enters the dark state, it quenches the second dye by a FRET mechanism referred to 
as SDA. This results in a shorter fluorescence lifetime and a quenched fluorescence signal. As 
described in section S5, changes of the correlation amplitude for different microtime gates shown 
in Figure S6c, d are a characteristic feature of collectively blinking dyes. Therefore, this correlation 
amplitude can be assigned to collective blinking kinetics without changing the excitation power, 
and the normalization of photon antibunching has to be carried out with respect to the bunching 
amplitude.  

 

Figure S6. (a) Fluorescent trajectory of two collectively blinking ATTO 647N dyes separated by 
3 nm. The excitation power was switched from 1.1 kW/cm2 (red) to 4.1 kW/cm2 (blue). (b) Cross-
correlation of the fluorescence time traces for either excitation powers. (c) Cross-correlation for 
the 1.1 kW/cm2 excitation power. The color gradient marks the beginning of the microtime gate 
used, which was shifted with a 20 ps step size. Black corresponds to early (from 0 ns) gate times 
and red to late times (up to 6 ns). (d) Cross-correlation for the 4.1 kW/cm2 excitation power. The 
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color gradient marks the beginning of the microtime gate, which was shifted in 20 ps step sizes. 
Black corresponds to early (from 0 ns) gate times and blue to late times (up to 6 ns). 

 

Impact of simultaneous excitation of two chromophores 

The corresponding average fluorescence signals of a single chromophore are 15 kHz and 58.5 kHz, 
respectively, which corresponds to a linear increase for 1.1 kW/cm² and 4.3 kW/cm² excitation 
irradiance as shown in Figure S4. The excitation irradiance is derived by measuring the power at 
the back aperture of the objective, which is focused onto a diffraction-limited excitation spot. A 
short estimation by using the detection rate is given in the following. Two independently blinking 
chromophores yield, on average, a signal of 30 kHz at 1.1 kW/cm² excitation power, and by 
estimating a detection efficiency of 20 % this signal corresponds to 75,000 photons emitted per 
second per molecule. With a fluorescence quantum yield of 65 % we would excite the molecule 
~115,000 times per second. The pulsed excitation rate of our laser is set to 40 MHz, which means 
that we excite the chromophore, on average, with every 348th pulse. If we were to have perfect 
singlet-singlet annihilation between two chromophores, we would lose one fluorescence photon 
for every 348 × 348 excitation pulses. This loss corresponds to 331 excitons per second. Taking 
into account the detection efficiency of the microscope, this means that ~43 photons per second 
are lost. The intensity would therefore drop by only 0.3 %. The same calculation yields an intensity 
drop of ~1.1 % for 4.3 kW/cm² excitation intensity. 
 

Change of photon bunching with microtime gating 

Random switching between two intensity states @7 and @> is depicted in Figure S7a. The 
corresponding �(�)(∆�) intensity correlation is depicted in Figure S7b. 

 

Figure S7. (a) Variation of the fluorescence intensity of a blinking molecule. (b) The 
corresponding correlation function on a logarithmic time scale. The correlation amplitude ; is 
highlighted. 

The correlation amplitude ; of a system with two intensity states is given as:5–8 
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; = V % 
w#
x
w�y∙
x&�
 eq. 12 

where @7 is the intensity of the bright fluorescent state A and @> represents the intensity of the 
quenched fluorescent state B. V is the equilibrium constant calculated from the rate 4> of A → B 
state transitions and the rate 47 of B → A state transitions. 

V = WxWw eq. 13 

The correlation amplitude ; relies on the fractional intensity difference between states A and B. 
The quenched state B has an additional non-radiative decay from the electronic excited state. 
Therefore, the fluorescence decays faster after excitation in the quenched state which changes ; 
for different microtime gates. 

In our approach we vary the beginning of the microtime gate {, i.e. we use a long-pass time gate 
to change ;({). We integrate over the exponential decay of the excited state from { to infinity to 
calculate the intensity of the quenched and unquenched state, respectively: 

@7({) = | }#(W~�WZ~)∙���{′�� = ��(�~��Z~)∙�
W~�WZ~ , eq. 14 

@>({) = | }#(W~�WZ~�W��w)∙���{��� = ��O�~��Z~����wT∙�
W~�WZ~�W��w .  eq. 15 

Here, 4� and 4Q� are the radiative and non-radiative decay rates of state A, respectively. 4567 is 
the additional SDA rate present for state B. This leads to: 

;({) = V � ��(�~��Z~)∙��~��Z~  # ��O�~��Z~����wT∙��~��Z~����w��(�~��Z~)∙��~��Z~ �y∙��O�~��Z~����wT∙��~��Z~����w
�

�
= V � $# �~��Z~�~��Z~����w�����w∙�

$�y∙ �~��Z~�~��Z~����w�����w∙���
 eq. 16 

The contrast between the integrated intensities rises with the additional depletion rate 4567. 
Equation 16 shows that ;({) depends exponentially on 4567. We assume that 4� and 4Q� stay 
constant and we are only interested in the values of V and 4567. Therefore, we can rewrite eq. 5 
as 

;({) = V % $#�����w∙(����)
$�y∙�����w∙(����)&�

, eq. 17 

where {, is an artificial shift on the time axis that accounts both for the arrival time of the laser 

pulse and the fluorescence lifetime ratio 
W~�WZ~W~�WZ~�W��w. 

To demonstrate that this approach allows extraction of 4567 from measured data, we simulated 
two simultaneously blinking chromophores similar to the experimental situation. The switching 
rates were fixed to 47 = 4> = 10s s#$ and the fluorescence lifetimes were chosen to be 4 ns for 
the bright and 1 ns for the quenched state. Therefore, the additional non-radiative rate for quenched 

state is 4567 = $�x − $�w = 0.75 ns#$. Figure S8a shows the corresponding �(�)(Δτ) correlation for 

different starting points { of the microtime gates, which were shifted in steps of 20 ps. Due to the 
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increasing contrast in the intensity levels, the autocorrelation amplitude rises with {. Figure S8b 
shows �(�)(∆� = 10#u s) in red, which in our case is equivalent to the correlation amplitude ;({) 
corrected by an offset of 1 for uncorrelated events. We fit the extracted value with  

�(�)(∆� = 10#u  �, {) = 1 + V % $#�����w∙(����)
$�y∙�����w∙(����)&�

 eq. 18 

The value of 4567 extracted from the fit (bold semitransparent line) is 4567 = 0.748 ±0.002 ns#$, close to the expected value of 0.75. Additionally, we plot �(�)(Δ� = 0, {) in black, 
which shows a saturation towards 1 corresponding to an apparently infinite number of 
chromophores. The ratio of �(�)(Δ� = 0, {) and �(�)(∆� = 3 ∙ 10#u s, {) equals the � /�ℓ ratio 
and stays constant at a value of 0.5, the expected value for a system with two chromophores. 

 

Figure S8. (a) Simulated correlation of two simultaneously blinking dyes. The color gradient 
marks the beginning of the microtime gate used, which was shifted with a 20 ps step size. Black 
corresponds to an early (from 0 ns) beginning of the microtime gate and red to a late one (up to 
5 ns). (b) Extracted correlation values for �(�)(∆� = 10#u �, {) (red) and �(�)(Δ� = 0, {) (black). 
The red data set is fitted with eq. 7 (semitransparent bold red line). The ratio of � /�ℓ is plotted 
in blue. 

To extract the 4567 rate from our experimental data we plotted the blinking amplitude of Figure 
4j with a mono-exponential model to extract ;({) for different beginning values of the microtime 
gate. 

�(�)(∆�, {) = 1 + ;({) ∙ exp (−(4PIQRGI S) ∙ ∆�)  eq. 19 

Here, 4PIQRGI S = 47 + 4> is the sum of the kinetic rates that describe the state transitions. The 
correlation amplitude for different microtime gates is shown in Figure S9a. The extracted 
correlation amplitudes ;({) are plotted in Figure S9b as a black line and fitted with eq. 6. We 
extract 4567 from the fit as 4567 = 1.41 ± 0.01 ns#$. 
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Figure S9. (a) Correlation amplitude of two collectively blinking ATTO 647N dyes. The color 
gradient marks the beginning of the microtime gate used, which was shifted in steps of 20 ps. 
Black corresponds to an early beginning (from 0 ns) of the microtime gates and red to a late (up to 
4 ns) beginning. (b) Fitted correlation amplitude ;({) shown in black, with a fit based on eq. 6 
shown as a red semitransparent line. 

Fluorescence lifetime fitting and SDA rate extraction 

A reconvolution algorithm was used in order to extract the fluorescence lifetimes from the photon 
arrival time histograms in Figure 4g and 4h. The fluorescence lifetime decay was fitted by a 
convolution of the instrument response function (@���) and the sum of fluorescence lifetime decays 
with amplitudes ��, fluorescence lifetime �/0,�  and the background intensity @��. 

@({) = �@���({) ∗ ∑ �� ∙ }#���XYY�Y�,�� � + @�� . eq. 20 

Here, ∗ denotes the convolution operator and {C// represents an offset of the decay function that 
was introduced to compensate an intensity-dependent shift of @���. The fit routine iterates over a 
range of IRF shifts and returns the fit attempt with the best reduced chi-squared test. The 
reconvolution fits are shown in Figure S10. The monoexponential fit model in Figure S10a works 
well for the independently blinking chromophore data of Figure 4i. The reduced chi squared is 1.05. A fluorescence lifetime of 4.3 ± 0.1 ns was extracted, which is expected for ATTO 647N 
labeled on dsDNA.9 The monoexponential model works rather poorly for collectively blinking 
chrompohores as shown in Figure S10b, with a reduced chi squared of 9.72. A biexponential 
model is assumed to better model the presence of two intensity states of the dyes. The 
corresponding reconvolution fit results in reduced chi-squared values of 1.62 and the obtained 
lifetimes are �/0,$ = 0.6 ± 0.1 ns and �/0,� = 2.7 ± 0.1 ns. The slow component shows that the 
ATTO 700 still absorbs slightly in its anionic radical state. 
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Figure S10. (a) Monoexponential reconvolution fit (blue) of the data from Figure 4g (black) with 
a microtime binning of 100 ps. (b) Monoexponential (blue) and biexponential (red) reconvolution 
fits of the data from Figure 4h (black) with a microtime binning of 100 ps. 

With the fluorescence lifetimes extracted from the biexponential fit model we are able to calculate 
the SDA rate and validate our method as discussed in section 5. 

$�Y�,� − $�Y�,� = $��~��Z~����w
− $��~��Z~ = 4567  eq. 21 

This approach yields 4567 = 1.3 ± 0.3 ns#$, which is in good agreement with the SDA rate 
extracted in section 5 of 4567 = 1.41 ± 0.01 ns#$. 

 

Systems with simultaneous collective and independent blinking 

Multichromophoric systems could potentially show a combination of collective and independent 
blinking of chromophores. Both types of blinking require different normalizations of the photon 
antibunching measurement and therefore neither �(�)(0) nor � /�ℓ yields the correct number of 
chromophores. Here, we demonstrate by simulations how a suitable subset of fluorescence photons 
can yield the correct value. 

For the simulations we consider a simple two-chromophore system. Two chromophores are 
collectively quenched by an energy sink. In Figure S11, the collective switching of two 
chromophores into the quenched and unquenched state is denoted by the transition rate constants 4> and 47, respectively. The independent blinking of the dyes by switching between a florescent 
and non-fluorescent state is denoted with 4C// and the transition rate into the fluorescent state with 4CQ.  
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Figure S11. Sketch of all five intensity states of a system with two independently blinking dyes 
which can also get collectively quenched by an energy sink. We note that both states on the right 
are considered as one state because both states are completely non-fluorescent. 

The simulations were carried out as described in Section 2. The transition rates for Figure S12a,b 
are set to: 47 = 4> = 500 s#$ and 4CQ = 4C// = 50 000 s#$. The transition rates for Figure 
S12c,d are set to: 47 = 4> = 50 000 s#$ and 4CQ = 4C// = 500 s#$.  
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Figure S12. (a, c) Simulated intensity correlation of two collectively blinking dyes, which also 
show individual blinking. The color gradient marks the beginning of the microtime gate { used, 
which was shifted in steps of 200 ps. Black corresponds to an early (from 0 ��) beginning of the 
microtime gate and red to a late one (up to 5 ns). (b, d) Intensity correlation curves considering all 
photons (black) and only the photons detected within the first 400 ps after pulsed excitation (blue). 
Note that the bunching amplitude due to collective blinking is missing and that �(�)(0) yields the 
correct degree of photon antibunching.  

The expected antibunching value for two dyes is 0.5. The simulation with faster collective blinking 
(SDA, Figure S12a) kinetics yields a degree of photon antibunching of �(�)(0) = 0.69 and � /�ℓ = 0.32. The simulation with faster individual blinking (Figure S12c) yields a degree of 
photon antibunching of �(�)(0) = 0.73 and � /�ℓ = 0.34. �(�)(0) overestimates the number of 
dyes because collective blinking is present, which raises the �(�)(0) value. � /�ℓ underestimates 
the number of dyes because the lateral correlation bins are now the sum of the two bunching 
amplitudes but only the amplitude of the collective blinking is affecting the zero-lag-time 
correlation �(�)(0).  

An easy approach to count the number of chromophores is the application of a small microtime 
gate right after the pulsed excitation. The quenching of the SDA is a time dependent process and 
becomes more likely as time progresses, which ultimately results in a quenched fluorescence 
intensity and shortened fluorescence lifetime. If there were only little time for SDA processes, 
both intensity levels would be equally bright if only photons right after the laser pulse excitation 
are considered. Within the first few hundred picoseconds no intensity fluctuations due to SDA are 
observed, resulting in an absence of bunching amplitude in the intensity correlation as depicted by 
the blue lines in Figure S12b,d. The remaining bunching amplitude results from the independent 
blinking process and therefore the number of chromophores can be reliably counted by �(�)(0) as 
demonstrated in Figure S12b,d. Choosing an early time gate is also useful if SSA has to be 
considered, which is also a time dependent process.9 With an early microtime gate annihilation 
processes have most likely not occurred yet and no excitons are lost due to SSA nor SDA. 

 

Table S4: Sequences for the modified DNA origami structure. 

5‘ position Sequence Comment 

0[286] AAAACGAAAGAGGCTCATTATAC  

11[105] ACACAACATACGAGGGATGTGGCTATTAATCGGCC  

9[567] ATCATTTACATAAAAGTATCAAAATTATAAGAAACTTCAATA  

7[567] CAGCTTTGAATACCAAGTTACAA  

5[455] CATGCCAGTGAGCGCTAATATCCAATAATAAGAGC  

2[223] CCGAACTTTAATAAAAGCAAAGCGGATT  

5[497] TTGAGAATATCTTTCCTTATCACTCATCGAGAACA  

9[315] CAGATATAGGCTTGAACAGACGTTAGTAAAGCCCAAAAATTT  

5[287] GCGCAGCGACCAGCGATTATATATCATCGCCTGAT  

8[69] TCGGTCATACCGGGGGTTTCTGC  
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11[219] GTGCCTGCTTTAAACAGGGAGAGAGTTTCAAAGCGAACCA  

10[457] AAAAGATAGGGTTGAGTGT  

2[643] GATAGTGCAACATGATATTTTTGAATGG  

0[347] AGCGTATCATTCCACAGACCCGCCACAGTTGCAGCAAGCG  

9[483] ATAATGAATCCTGAGATTACGAGCATGTGACAAAAACTTATT  

8[573] AAATGCGTTATACAAATTCTTAC  

2[433] AGGGACAAAATCTTCCAGCGCCAAAGAC  

7[63] GCCCGCACAGGCGGCCTTTAGTG  

4[377] CTATTTCGGAACGAGTGAGAATA  

0[698] TTTTTCGGGAGCTAAACAGGTTGTTAGAATCAGAGTTTTT  

4[587] CATCGGGAGAAATTCAAATATAT  

7[506] AAATCAGCCAGTAATAACACTATTTTTGAAGCCTTAAATC  

7[170] TTTTTATCCAATAAATCTCTACCCCGGTAAAACTAGCATG  

5[161] GTATACAGGTAATGTGTAGGTAGTCAAATCACCAT  

4[396] AACAGAGTGCCTGGGGTTTTGCTCACAGAAGGATTAGGAT  

3[350] GTCACCAGTACAAGGTTGAGGCA  

5[581] ACATCATTTAAATTGCGTAGAAACAGTACCTTTTA  

5[623] ATACCCTTCGTGCCACGCTGAACCTTGCTGAACCT  

8[130] GGGCGTGAAATATTAGCGCCATTCGC  

9[357] TCTTATACTCAGAAAGGCTTTTGATGATATTGACACGCTATT  

11[345] GAGAGCCTCAGAACCGCATTTTCTGTAACGATCTAAAGTT  

5[329] TTCATTTTCTGCTAAACAACTGAACAACTAAAGGA  

8[489] AAAACGGAATACCCAAAAGAACT  

0[202] GACCGGAAGCAATTGCGGGAGAA  

3[182] GCTAAATCGGTTTGACTATTATA  

3[392] ATATTCACAAACAAATTCATATG  

6[69] AAAAGTGTCAGCAACAATTGCAGGCGCT  

11[567] ACCATCACCCAAATAAACAGTTCATTTGATTCGCC  

7[590] AATCGTTGAGTAACATTGGAATTACCTAATTACATTTAAC  

11[93] GCTCAAGTTGGGTAACGGGCGGAAAAATTTGTGAGAGATA  

0[305] ACTACCTTTAAACGGGTAACAGGGAGACGGGCA  

4[270] TCAACATCAGTTAAATAGCGAGAGTGAGACGACGATAAAA  

6[153] TAAATCGGTTGGTGCACATCAAAAATAA  

10[163] TCAGCTAACTCACATTAAT  

7[231] TGCAACACTATCATAACCCTCGT  

4[438] ACCAAATTACCAGGTCATAGCCCCGAGTTTTCATCGGCAT  

8[195] TTAACAAGAGAATCGATGAACGG  

3[625] AGACAACCTGAACAGTATTCGAC  

8[363] TGAACAGCTTGATACCGATAGTT  

0[412] TCACCGTCACCGGCGCAGTCTCT  

4[706] TTTTTGTCCATCACGCAAATTCCGAGTAAAAGAGTCTTTTTT  



 54

11[315] ACAGCTGATTGCCCGTCGCTGCGCCCACACGTTGA  

8[424] CGGAAGCACGCAAACTTATTAGCGTT  

0[431] ATTCAAGGGGAAGGTAAATGTGGCAAATAAATC  

3[602] TGATTATCAGATATACGTGGCAC  

4[545] TGACCTAAATTTTTAAACCAAGT  

3[679] GGTTGCTTTGACGAGCACGTTTTT  

6[573] TGATTTAGAAAACTCAAGAGTCAATAGT  

11[441] AAAAGAATAGCCCGATACATACGCAGTAAGCTATC  

8[634] TACATAAATTCTGGGCACTAACAACT  

3[541] CATAGTTAATTTGTAAATGTCGC  

11[147] TGCCTAATGAGTGAGAAAAGCTCATATGTAGCTGA  

9[651] AATAGCTGTCACACGCAACGGTACGCCAGCGCTTAATGTAGTA  

0[557] TACCTAATATCAAAATCATTCAATATTACGTGA  

4[60] TCAGAGGTGTGTCGGCCAGAATGAGTGCACTCTGTGGT  

3[476] TTTTTTGTTTAATAAAGTAATTC  

8[382] AAGTAAGAGCCGCCAGTACCAGGCGG  

3[79] GTGGAACGACGGGCTCTCAACTT  

4[102] CCAGCCAAACTTCTGATTGCCGTTTTGGGTAAAGTTAAAC  

3[121] AATCAGTTAAAACGTGGGAGAAA  

3[224] GCATCAAAAAGAAGTAAATTGGG  

7[212] TTTCACGAGAATGACCATTTTCATTTGGTCAATAACCTGT  

8[678] CCTACATACGTAGCGGCCAGCCATTGCAACAGGTTTTT  

5[539] TTCGCTATTCGCAAGACAAAGTTAATTTCATCTTC  

7[17] TTTTTATCCAGCGCAGTGTCACTGC  

8[298] CATAGAATTTGCGGTTTGAAAGAGGA  

10[79] GTATGTGAAATTGTTATCC  

7[273] ACTACTTAGCCGGAACGAGGCGC  

11[387] GGCGACACCACCCTCAGGTTGTACTGTACCGTTCCAGTAA  

6[447] TTACCTCTTAGCAAATTTCAACCGATTG  

8[508] GGTTTGCGCATTTTAACGCGAGGCGT  

10[415] CCTCCGAAATCGGCAAAAT  

4[480] TAAGCCAGAGAGCCAGAAGGAAACTCGATAGCCGAACAAA  

0[179] GCCTTATACCCTGTAATACCAATTCTTGCGCTC  

9[147] CATTCAACCCAAAATGTAGAACCCTCATGAATTAGTACAACC  

7[525] TATGTGATAAATAAGGCGTTAAA  

0[454] AGACGGGAGAATTGACGGAAATT  

11[681] AAAGGGCGCTGGCAAGTATTGGC  

4[228] GAGCTTAAGAGGTCCCAATTCTGCAATTCCATATAACAGT  

3[331] TACCGGGATAGCAATGAATATAT  

4[335] ATTGCGAATAATGTACAACGGAG  

2[265] TATGCATTACAGAGGATGGTTTAATTTC  
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4[564] TTTAGAACGCGAATTACTAGAAAACTATAAACACCGGAAT  

11[597] GAGGTAACGTTATTAATTTTAAAACAAATAATGGAAGGGT  

5[25] TTTTTCCGGTGCAGCACCGATCCCTTACACTTGCC  

1[17] TTTTTTGGTAATGGGTAACCATCCCACTTTTT  

8[531] AACGAACCTCCCGACTTGCGGGA  

0[515] CTGAAAACCTGTTTATCAAACATGTAACGTCAA  

8[592] AAAATTTTTTAAAATGAGCAAAAGAA  

7[609] ATTTGGCAAATCAACAGTTGAAA  

11[639] CCGATAATAAAAGGGACTTAACACCGCGAACCACCAGCAG  

3[583] GGAATCGGAACATTGCACGTTAA  

2[349] TGTAGGGGATTTAGTAACACTGAGTTTC  

3[434] AAAAGGGCGACAATTATTTATCC  

5[371] ATCAGAGCCTTTAACGGGGTCTTAATGCCCCCTGC  

7[338] GGAGCAGCCACCACCCTTCGCATAACGACAATGACAACAA  

3[56] ATCAGCGGGGTCAGCTTTCAGAG  

0[473] AAAAAAGGCAGCCTTTACAATCTTACCAGTTTG  

6[698] TTTTTAACAATATTACCGTCGCTGGTAATATCCAGTTTTT  

8[88] AGCCTCCCCAGGGTCCGGCAAACGCG  

6[405] CAAGTGCTGAGTAAGAAAATAAATCCTC  

7[632] GGAATAACAGAGATAGACATACAAACTTGAGGATTTAGAA  

0[76] GACTTTCTCCGTGGCGCGGTTG  

2[97] GCGAAAGACGCAAAGCCGCCACGGGAAC  

4[648] GCATCGAGCCAGATATCTTTAGGACCTGAGGAAGGTTATC  

4[606] ACAGTTTTTCAGATTTCAATTACCGTCGCAGAGGCGAATT  

7[548] TAAGATCTGTAAATCGTTGTTAATTGTAAAGCCAACGCTC  

11[555] CCCACATGTGAGTGAATAACTGATGCTTTTAACCTCCGGC  

9[399] ATAAGAAGCCACCCAAACTTGAGCCATTATCAATACATCAGT  

11[189] ACTGCCCGCTTTCCTGAAAAGCTATATTTTAAATA  

3[499] TGTCCAAGTACCAGAAACCCCAG  

4[209] AATGCTGTAGCTGAGAAAGGCCG  

7[357] GTGTATTAAGAGGCTGAGACTCC  

8[237] GCTTGACCATTAGATACATTTCG  

9[609] GATGAATAAATCCTGTAGGTGAGGCGGTAGCGTAAGTCCTCA  

0[328] TTGTCGTCTTTCTACGTAATGCC  

11[513] CTCCAATTTAGGCAGAGACAATCAATCAAGAAAAATAATA  

3[560] AAGACGCTGAGACCAGAAGGAGC  

7[42] GCGCCTGAATGCCAACGGCCCAGCCTCCCGCGTGCCTGTTCTTCTTTTT  

0[370] GCGTCATACATGCCCTCATAGTT  

11[303] GTGAGTTAAAGGCCGCTGACACTCATGAAGGCACCAACCT  

3[373] GGTCACGCCAGCACAGGAGTTAG  

4[51] GGGTTACCTGCAGCCAGCGGTGTTTTT  
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7[254] TTACCAATAAGGCTTGCAGTGCGGAAGTTTAGACTGGATA  

8[466] GGCATAAGCGTCTTCGAGGAAACGCA  

3[247] CTTGAAAACACCCTAACGGCATA  

8[405] GGTGCCGTCGAGAGGGTTGATAT  

10[331] TCGTTCACCGCCTGGCCCT  

8[615] GTTGAAACAAACATCAAGAAAAC  

6[531] GACCGTCGAACGGGGAAGCTAATGCAGA  

6[363] TGAAATTGTTTCAGGGAACTACAACGCC  

10[625] AACACCCTAAAGGGAGCCC  

6[279] CATGTCAGAGATTTGATGTGAATTACCT  

11[429] CCCTTCATATAAAAGAACGTAGAGCCTTAAAGGTGAATTA  

11[651] TTGACGGGGAAAGCTTCACCAGAAATGGCATCACT  

6[615] GTCAGTCGTTTAACGAGATGGCAATTCA  

7[422] AGCGCCACCACGGAATACGCCTCAGACCAGAGCCACCACC  

4[312] ATTTGCCAAGCGGAACTGACCAACGAGTCAATCATAAGGG  

8[550] CAGTAAGAACCTTGAGCCTGTTTAGT  

4[503] AGCAAGCCGTTTAAGAATTGAGT  

2[601] TCAATAATAAAGTGTATCATCATATTCC  

9[21] TTTTTGCGTCCGTGCCTGCATCAGACGTTTTT  

11[483] GAACAAGAGTCCACCAATTTTTTAGTTGTCGTAGG  

10[499] CTATATTAAAGAACGTGGA  

4[186] GAGACAAAGATTATCAGGTCATTGACGAGAGATCTACAAA  

9[63] TTCACCTAGCGTGGCGGGTGAAGGGATACCAGTGCATAAAAA  

11[609] AGCACTAAATCGGATCGTATTTAGACTTATATCTG  

4[293] AAATTGTGTCGAGAATACCACAT  

3[667] GGCGCCCCGCCGAATCCTGAGAAGTGAGGCCGATTAAAGG  

3[205] GTCAGAATCAGGCAGGATTCGCG  

0[622] AAGATAAAACAGTTGGATTATAC  

6[111] TCAGGTGAAATTTCTACGGAAACAATCG  

10[205] AGCAGTCGGGAAACCTGTC  

6[489] AATCATAATAACCCGGCGTCAAAAATGA  

0[496] TCCCATCCTAATGAGAATAACAT  

0[221] CGAGCACAGACTTCAAATACCTCAAAAGCTGCA  

9[231] TTAGTGTGAATCCCTCTAATAAAACGAAAGAACGATGAATTA  

4[629] CAAATATCAAACCAGATGAATAT  

0[664] GATTTTAGACAGGCATTAAAAATA  

10[667] AGACGGCGAACGTGGCGAG  

0[599] TTCTGGAATAATCCTGATTTTGCCCGGCCGTAA  

3[23] TTTGCAACCAGCTTACGGCGGTGGTGAGGTTTCAGTTGAGGATCCTTTTT  

8[340] GCGCCCGCACCCTCTCGAGGTGAATT  

7[674] GCCTTACGCTGCGCGTAAAATTATTTTTTGACGCTCAATC  
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7[86] ATGAATCCCAGTCACGATCGAACGTGCCGGCCAGAGCACA  

5[245] CGCCTGACGGTAGAAAGATTCTAATGCAGATACAT  

8[657] GTATTAGAGCCGTCAATAGATAA  

3[308] CTAAAGACTTTTAGGAACCCATG  

2[702] TTTTTTATAACGTGCTTTCCTCTTTATAACAGTACTAT  

4[671] TACTTCTTTGATAAAAATCTAAA  

2[391] ATTAAAATAAGTGCGACGATTGGCCTTG  

9[189] GAGCAAGGTGGCATTTACTCCAACAGGTTCTTTACGTCAACA  

4[167] CAATATGATATTGATGGGCGCAT  

7[147] GCTAATGCCGGAGAGGGTAGCTA  

7[464] AAGCACAGAGCCTAATTATTGTTAGCGATTAAGACTCCTT  

8[172] TAATCGTAGCATTACCTGAGAGTCTG  

0[580] TAGAACCTACCAGTCTGAGAGAC  

4[354] GAAAGTTCAACAATCAGCTTGCTTAGCTTTAATTGTATCG  

8[46] CAGCATCAACCGCACGGCGGGCCGTT  

2[181] TTATGGCCTGAGCACCTCAGAGCATAAA  

3[644] CTATTAGTCTTTCGCCGCTACAG  

8[111] CTTTTTTTCGTCTCGTCGCTGGC  

11[231] TTAATGAATCGGCCATTCATTCCAATACGCATAGT  

3[518] AACAACATGTTCATCCTTGAAAA  

5[77] AACGTTGTAGAAACAGCGGATAGTTGGGCGGTTGT  

10[706] TTTTTAGGAGCGGGCGCTAGGAAGGGAAGAAAGCGAATTTTT  

9[441] TGCCATACATAAAGATTAACTGAACACCAACAGCCGGAATAG  

7[189] GGCTAAAGTACGGTGTCTGGAAG  

6[237] AAGAGATTCATTTTGTTTAAGAGGAAGC  

5[203] TGTAAATCATGCTCCTTTTGATAATTGCTGAATAT  

7[315] AATCCAAAAAAAAGGCTCCAAAA  

10[583] TGGCAAGTTTTTTGGGGTC  

2[559] GAATTATCCAATAACGATAGCTTAGATT  

11[364] GTCCACGCGCCACCTCACCGTTGAAACA  

11[471] TGTTCCAACGCTAACGAACAAGTCAGCAGGGAAGCGCATT  

4[522] ACCGCATTCCAACGGTATTCTAAGCGAGATATAGAAGGCT  

7[380] TCAAGCAGAACCACCACTCACTCAGGTAGCCCGGAATAGG  

8[447] ATTCTTTTCATAATCAAAATCAC  

6[321] AAATCCCCGAAACAATTCATGAGGAAGT  

10[541] CATTCTATCAGGGCGATGG  

10[373] TACCTGGTTTGCCCCAGCA  

5[413] AGAGTTTATACCAGTAGCACCTGAAACCATCGATA  

9[105] GTCCGTCCTGCAAGATCGTCGGATTCTCTTCGCATTGGACGA  

11[63] ATAGCTGTTTCCTGGAACGTCCATAACGCCGTAAA  

11[177] TGCGTACTAATAGTAGTTGAAATGCATATTTCAACGCAAG  
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8[702] TTTTTAAAAACGCTCATGGAAATA  

7[441] TTGAAGCCCTTTTTAAGAAAAGT  

11[525] AGGGCGAAAAACCGATTTAACGTAGGGCAAATACC  

2[475] AAATAGGTAATTTACAAATAAGAAACGA  

9[525] TTTAGCAAACGCCACAATATAACTATATTCCCTTATAAATGG  

7[399] TATTGCCTTTAGCGTCAGACTGT  

0[389] GAATTGTAGCCAGAATGGATCAGAGCAAATCCT  

2[307] TTCCATTGACCCAAAGAGGCTTTGAGGA  

7[651] TAAGTAGAAGAACTCAAACTATCG  

2[517] ACGCGTCGGCTGTAAGACGACGACAATA  

7[483] GTTTACCGCGCCCAATAGCAAGC  

2[55] TTCGCCATAAACTCTGGAGGTGTCCAGC  

10[48] GCAGCACTTTGCTCTGAGCCGGGTCACTGTTGCCCTGCGGCTTTTT  

6[657] TGCCTGAACAGCAAATGAATGCGCGAACT  

3[163] TAAAGAGGCAAAATATTTTATAA  

0[538] TTAGGTTGGGTTATAGATAAGTC  

4[419] GCAGCACCGTAAGTGCCCGTATA  

8[214] CAAATGGTTCAGAAGAACGAGTAGAT  

3[415] GTTTATGTCACATGGGAATCCAC  

0[641] CCGAACCCCCTAAAACATCGACCAGTTTAGAGC  

8[321] CCGAACGGTGTACAGACCAGGCG  

3[457] CAATCCAAAATACTGAACAGTAG  

6[195] TGCAACTCAAAAGGCCGTACCAAAAACA  

0[95] CCGGAAGACGTACAGCGCCGCGATTACAATTCC  

11[399] GTTTGATGGTGGTTCAGAACCCCGCCTCACAGAAT  

11[25] TTTTTCCGGGTACCGAGCTCGAATTCGTAATCTGGTCA  

0[53] CGGTAGTACTCAATCCGCTGCTGGTCATGGTC  

8[256] AAAATTCCATTCAGGCTTTTGCAAAAGAAGTCA  

3[266] AACTTTAATCATGGGTAGCAACGGCTACGACAGCAACTAAAA  

10[247] AATAACGCGCGGGGAGAGGCGGTT  

0[251] TGGGAAGAAAAATCTACGTGCGTTTTAATT  

0[263] CAGTCTTGATTTTAAGAAC  

8[286] GACCTTCATTTTGCCAGAGGGGGTAATAGT  

7[296] AGACGTCGTCACCCTCAGACCTGCTC  

10[293] ACCGGATGTTTTTCTTTTCACCA 

ATTO 647N, only used 

for independent 
blinking 

10[286] ATTCATTAGAGTAATCTTGACGCTGGCT  

4[461] AAGAAACAATGACCGGAAACGTC biotin labeled 

4[83] GTACATCGACATCGTTAACGGCA biotin labeled 

5[665] ATACCACCATCAGTGAGGCCAAACCGTTGTAGCAA biotin labeled 

4[251] AACGCCAAAAGGCGGATGGCTTA biotin labeled 
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5[119] CATAATATTCCGTAATGGGATCCGTGCATCTGCCA external labeling 

3[98] GGATAACCTCACAATTTTTGTTA external labeling 

4[125] GTTTGAGGGGACCTCATTTGCCG external labeling 

4[144] CGTAAAGGTCACGAAACCAGGCAATAGCACCGCTTCTGGT external labeling 

0[137] CATCAGCGTCTGGCCTTCCACAGGAACCTGGGG external labeling 

10[121] GGGCCGGAAGCATAAAGTG external labeling 

11[135] TAAAGGATTGTATAAGCGCACAAACGACATTAAATGTGAG external labeling 

7[128] TTCCGAATTGTAAACGTGTCGCCAGCATCGGTGCGGGCCT external labeling 

3[140] CAATAGGAACGCAAATTAAGCAA external labeling 

7[105] GAAAGATCGCACTCCAGCCAGCT external labeling 

0[160] GATAAAAATTTTTAGCCAGCTTT external labeling 

8[153] TCAGGCTGCGCAACTGTTGGGAA external labeling 

0[118] CGAGTAACAACCGTTTACCAGTC external labeling 

2[139] TTCGCGGATTGATTGCTCATTTTTTAAC external labeling 

10[279] ACCCAAATGGCAAAAGAATACTCGGAACAGAATCC 

5’ ATTO 647N, only 

used for collective 
blinking 

10[265] AACAAAGCTGCTGTAACAACAAGGACGT 5’ ATTO 647N 

10[272] TCAACGTTGCGTATTGGGCGCCAGGGTG 
5’ ATTO 700, only used 
for collective blinking 
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