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Over the past decade, super-resolution fluorescence imag-
ing by single-molecule localization has evolved as a pow-
erful method for subdiffraction-resolution fluorescence 

imaging of cells and structural investigations of subcellular struc-
tures1,2. However, although single-molecule localization microscopy 
(SMLM) methods can now provide a spatial resolution of roughly 
20 nm, that is, well below the diffraction limit of light microscopy, 
they do not provide true molecular resolution of a few nanometers, 
which is required to comprehensively understand the composition 
and 3D organization of multiprotein complexes or protein-dense 
networks in real biological samples such as cells or tissues.

Three central parameters that determine image resolution in 
SMLM experiments are the localization precision (statistical spread 
of the measured position coordinates), the localization accuracy 
(systematic deviation between the measured and true position) and 
the labeling density. Much attention has focused mainly on improv-
ing the localization precision as one of the key determinants of 
image resolution3–5. For instance, the use of sequential structured 
illumination in combination with single-molecule detection as used 
in MINFLUX, ROSE, SIMPLE and SIMFLUX allowed to improve 
the localization precision of direct stochastic optical reconstruc-
tion microscopy (dSTORM)6,7 using the red-absorbing cyanine 
dyes Alexa Fluor 647 (AF647) and Cy5 in photoswitching buffer to 
the 1–5 nm range8–12. Such high localization precisions permitted to 
resolve fluorophores separated by only 6 nm in DNA origami and 
roughly 10 nm in nuclear pore complexes, respectively8,12. However, 
the results also sparked a debate about the spatial resolution claimed 
and the reliability of the method13. In particular, the images revealed 
a low detection probability of fluorophores when separated by only 
a few nanometers evidenced by a high number of incomplete DNA 
origami and missing protein localizations in the biological samples. 
On the other hand, these reports demonstrated that anisotropic 
photon emission of fluorophores due to limited rotational mobility, 
which has been assumed to cause substantial localization bias14,15, 
can be neglected for highly water-soluble cyanine dyes such as 

AF647 and Cy5. Hence, the observed low localization probability of 
fluorophores separated by <10 nm represents a conundrum.

Since site-specific and quantitative labeling of DNA origami with 
fluorophores is feasible even for sub-10-nm interfluorophore dis-
tances, it remains obscured why nanometer localization precisions 
cannot be translated into molecular resolution with higher reliabil-
ity. Or, in other words, why does the localization probability severely 
decrease for interfluorophore distances of <10 nm and how can we 
bypass this hitherto nonperceived limit? So far, a model that con-
vincingly explains the observed behavior does not exist. To decipher 
the limits that SMLM methods are facing in the sub-10-nm regime 
and that cause the observed deterioration in localization probability, 
we studied DNA origami with different interfluorophore distances. 
Our data demonstrate that the on/off photoswitching kinetics 
strongly depends on interfluorophore distance in the sub-10-nm 
range. We show how photoswitching fingerprint analysis in com-
bination with time-resolved fluorescence detection can overcome 
these limitations. We demonstrate the concept using DNA origami 
carrying four fluorophores at different distances and exemplify its 
translation to biological systems by investigating the stoichiometry 
and interfluorophore distance of subunits of oligomeric receptors 
in cells labeled by genetic code expansion (GCE) with unnatural 
amino acids and click labeling using tetrazine dyes.

Results
The 10-nm resolution barrier. To investigate the problems asso-
ciated with sub-10-nm fluorescence imaging in more detail, we 
designed DNA origami16,17 carrying four Cy5 dyes separated 
by 18, 9, 6 and 3 nm and immobilized them on coverslips via 
biotin-streptavidin binding (Fig. 1a and Supplementary Figs. 1 and 
2). As reference we used the same DNA origami labeled with only 
a single Cy5. dSTORM imaging was performed in standard photo-
switching buffer using exclusively 640 nm of irradiation. While in 
some cases dSTORM can resolve the four fluorophores at an 18 nm 
distance, it cannot resolve the fluorophores separated by 9, 6 and 
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3 nm (Fig. 1b and Extended Data Fig. 1). For direct comparison we 
performed DNA-PAINT using Cy3B-labeled imager strands (Fig. 1c  
and Extended Data Fig. 2)18. DNA-PAINT clearly achieves a higher 

spatial resolution but also fails to resolve the fluorophores for shorter 
distances of 6 and 3 nm. Even though we detected intact DNA ori-
gami carrying four fluorophores (Fig. 1b,c) we point out that for 
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Fig. 1 | dSToRM and DNA-PAINT imaging of DNA origami. a, scheme of DNA origami labeled with four Cy5 at interfluorophore distances of 18 nm, 
9 nm, 6 nm and 3 nm. b,c, selected dsTORM (b) and DNA-PAINT (c) images of DNA origami. samples were measured 3–5 times independently. scale 
bars, 40 nm. d, Analysis of fluorescence trajectories recorded from individual DNA origami imaged using 640 nm excitation at an intensity of 5 kW cm−2. 
e,f, Relative occurrence of fluorescence intensity ms−1 in the on-state (Intensity), lifetime of the on-state (On-time), lifetime of the off-state (Off-time) 
and number of on-states (On-events) detected for DNA origami with different interfluorophore distances in dsTORM (e) calculated from n = 3–5 and 
DNA-PAINT (f) calculated from n = 2–3 individual experiments. Color code; singly labeled reference (gray), 18 nm (dark blue), 9 nm (light blue), 6 nm 
(red) and 3 nm (orange). g, Number of on-events (cumulative localizations, cum. locs.) detected per frame as a function of time during 10 min dsTORM 
videos (supplementary Videos 6–11) of DNA origami with different interfluorophore distance (n = 3–5). h, Histogram of the times after which 80% of all 
localizations were detected per individual DNA origami (n = 3–5).
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most DNA origami investigated, we could not detect four fluoro-
phores (Extended Data Figs. 1 and 2). What struck us more, how-
ever, is the peculiar difference in photoswitching kinetics, that is, 
blinking noticeable in the dSTORM videos recorded from the 6 nm 
and 3 nm DNA origami. While the DNA-PAINT videos recorded for 
the different origami do not show any difference in blinking behav-
ior throughout the entire recording time (Supplementary Videos 
1–5), the dSTORM videos of the 6 nm (Supplementary Video 9) 
and 3 nm origami (Supplementary Videos 10 and 11) show often 
a ‘flickering’ fluorescence intensity during the first seconds, that is, 
very fast blinking compared to the expected well-defined blinking 
of Cy5 dyes as observed for the reference (Supplementary Video 6) 
and the 18 nm origami (Supplementary Video 7). Comparison of 
the fluorescence signal densities during the first seconds and after a 
few minutes clearly proves that faster blinking is accompanied with 
faster photobleaching (irreversible destruction of the fluorophore). 
These observations point out that the on/off photoswitching kinet-
ics of Cy5 dyes is substantially accelerated at shorter interfluoro-
phore distances.

To understand what causes the changes in photoswitching kinet-
ics we have to revisit the dSTORM switching mechanism. dSTORM 
temporally separates the fluorescence of individual organic dyes 
by transferring most of them into a nonfluorescent off-state at the 
beginning of the experiment on irradiation with intensities of a few 
kW cm−2 in thiol-based photoswitching buffer6,7. The fluorescent 
on-state of a small subset of fluorophores is then generated by irra-
diating the sample usually at shorter wavelengths, that is, typically 
at 405 nm. Unfortunately, there is no real consensus as to the ori-
gin of photoswitching of the two favorite dSTORM cyanine dyes 
AF647 and Cy5 (refs. 19,20). While a recent study identified the for-
mation of a Cy5-thiol adduct with absorption maximum at 310 nm 
as off-state in dSTORM experiments21 another study proposed the 
formation of a radical formed by one-electron reduction of the cya-
nine dye absorbing at roughly 450 nm (ref. 22). But, Cy5 fluorescence 
can be restored from the off-state also on irradiation with red light 
demonstrating that the off-state exhibits a very broad absorption 
spectrum21. This also corroborates the experimental finding that 
dSTORM imaging can be performed using exclusively irradiation at 
the absorption maxima of AF647 and Cy5 (refs. 2,11).

These considerations indicate that for interfluorophore distances 
<10 nm the on-state of one fluorophore can serve as donor and 
excite fluorophores residing in their off-state (acceptors) via fluo-
rescence resonance energy transfer (FRET)23,24 into higher excited 
states from which the on-state can be repopulated. Because FRET 
from a donor with emission maximum at roughly 670 nm to an 
acceptor with a low extinction coefficient in the red wavelength 
range is inefficient, it is difficult to detect by standard means, for 
example fluorescence quenching of the donor (on-state). However, 
with increasing number of off-states present in the near-field of a 
donor the impact of energy transfer on the fluorescence behavior 
of the multichromophoric system increases and will be measurable. 
Each FRET event that transfers a fluorophore from the off- to the 
on-state will change the blinking pattern of the multichromophoric 
systems. Therefore, we hypothesized that photoswitching kinet-
ics should directly report about the interfluorophore distance in 
the sub-10-nm range. In practice this means that photoswitching 
should result in accumulation of fluorophores in their on-state.

Multichromophoric systems with interfluorophore distances 
shorter than 10 nm show very complex fluorescence trajectories 
including collective off-states and different intensity levels also in 
the absence of photoswitching buffer because the fluorophores can 
interact by various energy transfer pathways including energy hop-
ping, singlet–singlet- and singlet–triplet-annihilation. Therefore, 
multichromophoric systems often behave like single emitters in 
photon antibunching experiments25–27. In addition, red-absorbing 
cyanine dyes such as Cy5 show a peculiar complicated behavior  

because of photoinduced isomerization from the fluorescent 
trans to a nonfluorescent cis state and back-isomerization28. 
Furthermore, both the absorption spectra with absorption maxi-
mum (λmax) and extinction coefficient (ε) of the triplet state 
(λmax = 695 nm, ε = 105,000 cm−1 M−1) and cis state (λmax = 675 nm, 
ε = 326,000 cm−1 M−1) overlap strongly with the fluorescence emis-
sion of Cy5 (ref. 21). Considering the fact that Cy5 spends roughly 
50% of the time in its cis state under equilibrium conditions in aque-
ous solutions that exhibits a lifetime of roughly 200 µs (refs. 21,28) it 
becomes obvious that Cy5 fluorophores separated by less than 
10 nm can interact by various energy transfer pathways that result in 
the observation of blinking processes on different time scales21,25–27.

Consequences for sub-10-nm fluorescence imaging. To explain 
how the described energy transfer processes compromise dSTORM 
in the sub-10-nm range, we analyzed the fluorescence trajectories 
recorded from the different DNA origami at a temporal resolution 
of 5 ms (Fig. 1d). Analysis of the blinking pattern of individual DNA 
origami measured in photoswitching buffer, termed in the follow-
ing photoswitching fingerprint analysis, revealed that the on-state 
of multiple labeled DNA origami shows similar lifetimes (on-time) 
but shorter off-state lifetimes (off-times) compared to the single dye 
reference as expected for multiple blinking fluorophores (Fig. 1e). 
In addition, the data clearly point out that the off-times decrease 
with decreasing interfluorophore distance (Fig. 1e), that is the pho-
toactivation rate increases with decreasing interfluorophore dis-
tance as expected for energy transfer between the on- and off-states. 
Furthermore, the on-state intensity is identical to the reference and 
the 18 and 9 nm DNA origami but slightly higher for the shorter 
interfluorophore distances (Fig. 1e). Photoswitching fingerprint 
analysis of data recorded in the presence of glucose-oxidase showed 
similar results with slightly prolonged off-times (Supplementary  
Fig. 3a). Since the number of on-events detected with glucose-oxidase 
is lower (Fig. 1e and Supplementary Fig. 3a) we used standard 
photoswitching buffer without glucose-oxidase in the following 
experiments. In contrast, DNA-PAINT experiments revealed pho-
toswitching fingerprints independent of the distance of docking 
strands. Only the singly labeled reference shows, as expected, longer 
off-times and fewer on-events (Fig. 1f). This result is expected since 
the binding of imager to docking strands is sequential in time and 
decoupled from irradiation.

The low localization probability in both, dSTORM and 
DNA-PAINT experiments, that is the low number of intact DNA 
origami detected might be explained by incomplete incorporation 
of modified oligonucleotides and labeling, respectively. In addition, 
in DNA-PAINT steric hindrance of docking and imager strands 
with lengths of 11 and 10 bases can distort labeling and transient 
binding especially at shorter distances. In dSTORM experiments, 
fast blinking observed as flickering at the very beginning of irra-
diation (Supplementary Videos 9–11) promotes fast photobleaching 
and might thus impede the localization of fluorophores.

Another way of looking at the blinking statistics of DNA origami 
is to plot the summed up localizations detected per frame as a func-
tion of time. Here we see that the singly labeled reference and the 
9 and 18 nm DNA origami show a linear increase in the number 
of localizations with time (Fig. 1g and Supplementary Fig. 3b). In 
a DNA origami carrying a single or four noncommunicating Cy5 
dyes each fluorophore will reside on average for several milliseconds 
in the on-state and several seconds in the off-state. Accordingly, 
homogeneous blinking is observed until photobleaching occurs. 
At shorter distances, however, the DNA origami show substantially 
faster blinking due to energy transfer from the on- to the off-state 
and subsequent repopulation of the on-state. The distribution of 
times after which 80% of all localizations are detected per DNA  
origami confirms fast blinking during the first minutes for most  
of the 3 and 6 nm DNA origami (Fig. 1h and Extended Data Fig. 3).  
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Thus, our data clearly show that the temporal development of local-
izations detected from a sample labeled with Cy5 fluorophores 
changes at interfluorophore distances of <10 nm.

The consequences of our findings for sub-10-nm fluorescence 
imaging are apparent considering that at the very beginning  
of a dSTORM experiment all fluorophores reside in their fluo-
rescent on-state and have to be transferred to their off-state on  
irradiation. Since each Cy5 fluorophore exhibits only a lim-
ited number of on/off photoswitching cycles repopulation of 
the on-state due to energy transfer from the on- to the off-state  
will accelerate blinking and photobleaching during the first few 
tens of seconds of the experiment, for example during sample 
alignment. Consequently, this results in substantially decreased 
localization probabilities and lower structural resolutions just as in 
previous experiments8,12.

Time-resolved detection reveals interfluorophore distances. 
To obtain a more detailed picture of the underlying photophys-
ics, we investigated individual DNA origami with higher temporal 
resolution by time-resolved confocal single-molecule fluorescence 
microscopy (Fig. 2a–e). Single-molecule surfaces were scanned 
with very low irradiation intensity to minimize premature pho-
tobleaching, individual DNA origami selected and parked in the 
laser focus to record the fluorescence intensity and lifetime with 
time. In photoswitching buffer, the reference DNA origami dis-
played blinking with short (milliseconds) on-states and long (sec-
onds) off-states (Fig. 2a and Supplementary Fig. 4). As expected for 
four independently emitting fluorophores, 18-nm DNA origami 
displayed more switching events per time with similar intensities  
(Fig. 2b and Supplementary Fig. 5). The 9 nm DNA origami showed 
very similar behavior; however, some parts of the trajectories 
indicated faster blinking especially at the beginning of irradiation  
(Fig. 2c and Supplementary Fig. 6). By contrast, some of the 6 nm 
and 3 nm DNA origami showed clearly very fast blinking at the 
very beginning of the trajectories. Magnified views of the first sec-
onds of the trajectories emphasize that the off-state lifetimes of 
DNA origami with interfluorophore distances of 3 and 6 nm are 
much shorter, that is, blinking occurs on the millisecond time scale  
(Fig. 2d,e and Supplementary Figs. 7 and 8).

In addition, we performed photon antibunching experiments 
to investigate the number of emitting fluorophores contribut-
ing to the detected fluorescence signal per single DNA origami 
(Supplementary Figs. 4–8). Photon antibunching experiments take 
advantage of the fact that the probability of emitting two consecu-
tive photons drops to zero for a single emitter for time intervals 
shorter than the excited-state lifetime. For sufficiently short laser 
pulses, the number of photon pairs detected per laser pulse can 
be used to determine whether the emission is from one or more 
independently emitting quantum systems25–27,29. Since the intensity 
of the central peak contains information about the number of inde-
pendently emitting molecules, the number of photon pairs detected 
in the central peak, Nc, at delay time zero, to the average number 
of the lateral peaks, Nl,av, can be used to determine the number 
of independently emitting fluorophores. For example, neglecting 
background, Nc/Nl,av ratios of 0.0, 0.5, 0.67 and 0.75 are expected for 
1–4 independently emitting fluorophores25–27,29. If, for interfluoro-
phore distances of <10 nm the on-states are repopulated via energy 
transfer we expect a higher Nc/Nl,av ratio measured for the 3 and 
6 nm DNA origami. And, in fact, the Nc/Nl,av ratios increase from 
0.067 (reference) via 0.073 (18 nm) and 0.085 (9 nm) to 0.207 (6 nm) 
and 0.255 (3 nm) for the different DNA origami (Extended Data  
Fig. 4) in accordance with the slightly higher fluorescence intensities 
recorded in dSTORM experiments form the 3 nm and 6 nm DNA 
origami (Fig. 1e). Higher Nc/Nl,av ratios are prevented by efficient 
energy hopping, singlet–singlet- and singlet–triplet-annihilation 
between Cy5 fluorophores in the on-state25–27.

To dissect the two different energy transfer pathways (trans/cis 
and on/off) we investigated the 3 nm DNA origami in the absence of 
photoswitching, that is in PBS, pH 7.6 containing 1 mM trolox/tro-
loxquinone and an oxygen scavenging system to prolong the obser-
vation time30. Fluorescence trajectories of the 3 nm DNA origami 
showed similar blinking behavior in trolox buffer during the first 
seconds of irradiation but more fluorescence intensity levels (Fig. 2f  
and Supplementary Fig. 9). The similarity of the trajectories in the 
absence and presence of photoswitching buffer corroborates our 
hypothesis that in dSTORM experiments with interfluorophore dis-
tances of <10 nm all fluorophores are efficiently transferred to the 
on-state resulting in fast blinking. Fluorescence decays of individual 
DNA origami recorded in trolox buffer clearly revealed a fluores-
cence quenching pathway at 3 nm interfluorophore distance. While 
the reference DNA origami labeled with a single Cy5 displayed a 
monoexponential fluorescence lifetime of roughly 1.8 ns, the fluo-
rescence decay of the 3 nm DNA origami exhibited multiexponen-
tial kinetics with a short lifetime component of roughly 600 ps due 
to energy transfer from one fluorophore in the trans to another 
fluorophore residing in the cis state, neglecting energy transfer to 
the shorter-lived triplet state (Fig. 2g). As a photoinduced process, 
the efficiency of trans/cis isomerization, that is the degree of energy 
transfer, is determined by the irradiation intensity and thus not 
seen in standard ensemble time-correlated single-photon counting 
(TCSPC) experiments where low irradiation intensities are usually 
applied (Supplementary Fig. 10).

The fluorescence decay of the 3 nm DNA origami recorded in 
photoswitching buffer exhibited multiexponential kinetics with a 
shorter fluorescence lifetime component of roughly 400 ps (Fig. 2g). 
The shorter fluorescence lifetime component confirms the addi-
tional energy transfer pathway in photoswitching buffer from one 
fluorophore in the on-state (donor) to another fluorophore in the 
off-state (acceptor). Furthermore, direct comparison of the fluo-
rescence intensity autocorrelation functions of 3 nm DNA origami 
recorded during the first seconds of the trajectories demonstrates 
that the fluorescence fluctuations are dominated by energy transfer 
from the fluorescent trans to the nonfluorescent triplet and cis state 
of Cy5 in trolox buffer. However, in photoswitching buffer an addi-
tional small on/off component appears in the few hundred micro-
seconds range that we attribute to energy transfer from the on- to 
the off-state followed by repopulation of the on-state (Fig. 2h). Since 
all the observed on/off processes are strongly controlled by the exci-
tation efficiency, reduction of the irradiation intensity slows down 
the blinking kinetics but simultaneously decreases the fluorescence 
intensity in the on-state (Extended Data Fig. 5).

In conclusion, the interfluorophore distance determines the 
off-state lifetime in dSTORM experiments and is also encoded 
in the fluorescence lifetimes, whereas the number of on-events 
detected contains information about the number of fluorophores 
present. Consequently, the fluorescence lifetime of DNA origa-
mis decreases with decreasing interfluorophore distance (Fig. 2i). 
Furthermore, the fluorescence lifetime of fluorophores in the 3 nm 
DNA origami increases during the fluorescence trajectory with pro-
gressing fluorophore photobleaching (Fig. 2j and Supplementary 
Fig. 11). This demonstrates that the quenching efficiency of the 
on-state is determined by the number of off-states (quenchers) pres-
ent. Fluorescence lifetime imaging microscopy (FLIM) images of 
the four DNA origami measured in trolox buffer demonstrate that 
individual 18- and 9-nm DNA origami are imaged with lifetimes of 
roughly 2 ns, while 6- and 3-nm DNA origami show substantially 
shorter fluorescence lifetimes (Fig. 2k and Supplementary Fig. 12).

Sub-10-nm super-resolution fluorescence imaging in cells. 
To translate our findings into biological applications, that is 
super-resolution imaging in cells, the labeling problem has to be 
solved first. While site-specific and efficient labeling of DNA origami  
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with organic dyes is straightforward, site-specific fluorescence 
labeling of biomolecules separated by only a few nanometers 
remains challenging. In addition, the displacement of the fluoro-
phore from the point of interest (the linkage error) and the confor-
mational flexibility of the linker determine the localization accuracy 
achievable in super-resolution imaging experiments. Approaches 
to minimize the displacement of the fluorophore have been 
introduced including nanobodies and peptide tags but still yield  

linkage errors of a few nanometers31,32 thus preventing the trans-
lation of 1–5-nm localization precision into image resolution in 
real biological samples. Furthermore, the sheer size of the fluores-
cent probe including fluorophore, linker and affinity reagent does 
not only increase the linkage error but also limits the achievable 
labeling density33,34. One approach to solve the labeling problem 
is direct covalent site-specific attachment of an organic dye to a 
protein of interest, which can be achieved by GCE incorporating a  
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Fig. 2 | Various energy transfer pathways are responsible for fast blinking observed in the sub-10-nm range. a–e, Fluorescence trajectories recorded 
for a singly labeled reference (a), 18 nm (b), 9 nm (c), 6 nm (d) and 3 nm (e) DNA origamis in dsTORM photoswitching buffer. Color code, singly labeled 
reference (gray), 18 nm (dark blue), 9 nm (light blue), 6 nm (red) and 3 nm (orange). Zoomed-in trajectories of the first seconds show fast blinking observed 
for the 6- and 3-nm DNA origamis. Time bins, 1 ms. f, Fluorescence trajectory recorded for a 3-nm DNA origami in trolox buffer and zoomed-in fluorescence 
signal of the first 2 s. Time bin, 1 ms. g, Average fluorescence decays from n = 7–10 individual fluorescence trajectories of singly labeled reference (gray) and 
3-nm DNA origamis measured in trolox (black) and photoswitching buffer (orange), respectively, revealing different energy transfer pathways between 
the Cy5 fluorophores. h, Average intensity autocorrelation functions (G(τ)) calculated from n = 7–10 individual fluorescence trajectories of singly labeled 
reference and 3-nm DNA origamis measured in trolox and photoswitching buffer, respectively, normalized to 1 ms. i, Histogram of average FLIMs measured 
from n = 7–15 fluorescence trajectories of individual DNA origami with different interfluorophore distances of 18, 9, 6 and 3 nm in photoswitching buffer. 
j, Fluorescence trajectory of a 3 nm DNA origami in photoswitching and corresponding fluorescence decays with average fluorescence lifetimes (τAV) of 
0.66, 1.25 and 1.77 ns recorded during the gray marked areas. k, Typical FLIM images of the 18-, 9-, 6- and 3-nm DNA origami measured in trolox buffer 
emphasize the increased blinking and shorter fluorescence lifetime of Cy5 fluorophores in the sub-10-nm range (moving from top left to the bottom right). 
The samples were measured 5–10 times and excited at 640 nm with 2.5 kW cm−2 at an integration time of 5 µs pixel−1. scale bar, 1 µm.
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noncanonical amino acids (ncAAs) into the protein of interest that 
can be efficiently labeled by bioorthogonal click chemistry with small 
organic dyes35,36. The method enables site-specific efficient labeling 
of intra- and extracellular proteins with a linkage error of roughly 
1 nm with super-resolution microscopy suited organic dyes37. Recent 
studies conclusively demonstrated that click labeling of ncAAs with 
small tetrazine-dyes is a versatile tool for the labeling of sterically dif-
ficult to access protein sites also in crowded environments38,39.

We hypothesized that the combination of time-resolved photo-
switching fingerprint analysis in combination with GCE and click 
labeling can be used to unravel information about the molecular stoi-
chiometry and interfluorophore distances in the sub-10-nm range 

in biological samples. We selected two different multimeric proteins, 
the hetero-pentameric γ-aminobutyric acid type A (GABA-A)40 and 
the tetrameric kainate receptor (GluK2)41. Site-specific labeling was 
achieved by incorporation of one or more trans-cyclooct-2-ene 
(TCO)-modified ncAAs (TCO*-l-lysine) into the extracellular 
domains of the (1) monomeric γ2 subunit, (2) dimeric α2 subunit of 
GABA-A and (3) homotetrameric GluK2 (Fig. 3a–c). To identify the 
best positions for the insertion of ncAAs, various click constructs 
were generated. All positions were selected to be at unstructured, 
extracellular regions of the pentameric GABA-A receptor (Protein 
Data Bank (PDB) ID 6HUG) or homotetrameric GluK2 receptor 
(PDB 5KUF). The generated click mutants were tested for ncAA 
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Fig. 3 | Time-resolved photoswitching fingerprint analysis in cells. a–c, Molecular structures of the pentameric GABA-A (PDB 6HUG) and tetrameric 
GluK2 receptor (PDB 5KUF) with incorporation sites of ncAAs shown as black circles (blue, γ2 subunit GABA-A (a); red, dimeric α2 GABA-A (b); orange, 
homotetrameric GluK2 (c)) and corresponding dsTORM images of HEK293T membrane sections showing fluorescence signals of individual receptors 
(5 nm pixel−1). The ncAAs were labeled by click chemistry with Met-Tet-Cy5. In the GABA-As181TAG mutant the distance between the two fluorophores 
in the α2 subunits is roughly 5 nm. In the GluK2s398TAG mutant the distance between the four Cy5 molecules is roughly 7 nm (refs. 41,42). The samples 
were measured 3–5 times independently. scale bars, 500 nm. d, Relative occurrence of lifetimes of the off-state (Off-time), and number of on-states 
(On-events) detected from individual receptors in dsTORM experiments (n = 3–5). e, Number of on-events (localizations) detected per frame as a 
function of time during 10 min dsTORM experiments of membrane receptors (n = 3–5). f, FLIM images of HEK293T cells expressing monomeric γ2 subunit 
of GABA-A (left, blue), dimeric α2 subunit of GABA-A (middle, red), and homotetrameric GluK2 receptors (right, orange) click-labeled with Met-Tet-Cy5 
measured by confocal TCsPC imaging in photoswitching buffer at an irradiation intensity of 2.5 kW cm−2. To minimize photobleaching of fluorophores 
FLIM images were recorded at 5 µs of integration time per pixel. No intensity threshold was applied. scale bars, 2 µm. g, Average fluorescence decays from 
n = 8–13 FLIM images of HEK293T cells expressing receptors labeled with one, two and four Cy5 fluorophores.
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incorporation and labeling efficiency in human embryonic kidney 
293T (HEK293T) cells (Extended Data Fig. 6).

TCO*-l-lysine (TCO*A) reacts with tetrazine dyes in an ultrafast, 
specific and bioorthogonal inverse electron-demand Diels–Alder 
reaction, and allows thus efficient site-specific labeling of receptors 
with one, two and four Me-Tet-Cy5 dyes, respectively, with mini-
mal linkage error36–38. While the interfluorophore distance in the 
α2 subunits of GABA-AS181TAG is roughly 5 nm, it is roughly 7 nm in 
the tetrameric GluK2S398TAG (Fig. 3a–c and Extended Data Fig. 6a)42. 
Hence, dSTORM cannot resolve the different fluorophores and the 
resulting images display homogenous distributions of the receptors 
with no indications of clustering or different labeling stoichiometry 
(Fig. 3a–c and Supplementary Fig. 13). Photoswitching fingerprint 
analysis of the receptor signals recorded in dSTORM experiments 
shows that the number of on-events and the lifetime of the off-states 
are unequivocally different reflecting the different number of fluo-
rophores present per membrane receptor. We detected on average 
roughly 7 and 15 on-events (median) for singly (γ2) and double (α2) 
labeled GABA-A receptors, respectively, and roughly 33 on-events 
(median) for the fourfold labeled GluK2 receptor (Fig. 3d). Hence, 
the number of on-events contains information about the number 
of fluorophores present per spatially unresolvable area (for exam-
ple, the receptor stoichiometry) even though the fluorophores are 
separated by less than 10 nm. This result reports most impressively 
that site-specific TCO*A incorporation into subunits of multimeric 
proteins by GCE followed by bioorthogonal click labeling with tet-
razine dyes enables quantitative labeling of protein sites separated 
by only a few nanometers.

The temporal evolution of localizations (on-events) detected per 
frame displays that energy transfer between the on- and off-states 
of the four Cy5 fluorophores in the GluK2 receptor results in short-
ening of the off-state lifetime and correspondingly more frequent 
blinking during the first minutes of irradiation (Fig. 3e) similar to 
the observation for the 6- and 3-nm DNA origami (Fig. 1g). For 
the single and double-labeled GABA-A receptor we could not detect 
unequivocal differences in the temporal evolution of localizations 
(Fig. 3e) demonstrating that energy transfer from an on- to a single 
off-state is hardly detectable in SMLM data at an interfluorophore 
distance of roughly 5 nm. In the presence of three possible accep-
tors (GluK2), however, energy transfer to the off-state and repopu-
lation of the on-state can be easily identified (Fig. 3e). FLIM images 
of HEK293T cells in photoswitching buffer clearly demonstrated 
that the singly labeled γ2 GABA-A receptor exhibits a monoexpo-
nential lifetime of roughly 1.85 ns independent of the irradiation 
intensity, whereas GluK2 receptors exhibit a shorter fluorescence 
lifetime because of energy transfer from the trans on- to the off- and 
cis state (Fig. 3f and Supplementary Fig. 14). FLIM images of the 
double-labeled α2 GABA-A receptor are less conclusive confirming 
that energy transfer from an on- to a single off-state remains dif-
ficult to identify even by time-resolved fluorescence spectroscopy 
(Fig. 3f and Supplementary Fig. 14).

This impression is also supported by average fluorescence 
decays. Here, both the average fluorescence decays of α2 GABA-A 
and GluK2 exhibit multiexponential character with short fluores-
cence lifetime components of roughly 0.65 and 0.75 ns and ampli-
tudes of roughly 0.16 and 0.38, respectively (Fig. 3g). This means 
that energy transfer between two Cy5 separated by roughly 5 nm 
at best induces the appearance of a small 650 ps component in the 
fluorescence decay. On the other hand, energy transfer between 
four Cy5 separated by roughly 7 nm causes a slightly longer lifetime 
component of roughly 750 ps but with higher amplitude and is thus 
far easier to detect.

Discussion
Since in dSTORM experiments only a single fluorophore is expected 
to reside in the on-state per diffraction-limited area, being cycled 

between its singlet-ground and first excited singlet-state for several 
milliseconds, fluorophore interactions have been presumed to play 
a negligible role. Hence, a direct relation between fluorophore inter-
actions and image resolution in SMLM experiments is not given. 
However, as we have shown here dipole–dipole induced energy trans-
fer between the on- and off-states of fluorophores results in faster 
repopulation of the on-state, and in combination with other addi-
tional energy transfer pathways in fast blinking. Such fast switching 
events are elusive in dSTORM experiments because samples are usu-
ally irradiated at high intensity for a while to turn most fluorophores 
into their off-state before data acquisition. What is more important, 
however, is the fact that the number of photoswitching cycles and 
thus localization possibilities of a fluorophore is limited due to pho-
tobleaching. If fluorophores show energy transfer-induced fast on/
off photoswitching during the first seconds of the experiment, that 
is during sample alignment, their localization probability decreases 
substantially. The energy transfer efficiency is controlled by the 
acceptor concentration, that is the number of fluorophores residing 
in the off-, cis and triplet state. Since these states are populated via 
the excited state of fluorophores, the observed energy transfer effi-
ciency depends critically on the irradiation intensity (Extended Data 
Fig. 5 and Supplementary Fig. 14).

The influence of these energy transfer pathways on the achiev-
able spatial resolution in the sub-10-nm range has up to now not 
been perceived by the super-resolution fluorescence imaging com-
munity. Or to be precise, near-field fluorophore interactions that 
decrease the localization probability of fluorophores separated by 
less than 10 nm have not been considered so far. The resulting lower 
image quality sparked a debate about the potential of new structured 
illumination SMLM methods8–12 for molecular resolution imaging13 
but the contradiction between high localization precision and lower 
image quality (that is, lower localization probability) remained 
enigmatic. Our findings are also important for quantitative SMLM 
approaches. Since photoswitchable fluorophores can repeatedly be 
localized quantification of molecules is complicated. Multiple meth-
ods have been developed to correct for blinking-caused artifacts to 
enable quantification of SMLM data. However, all approaches rely 
on interfluorophore distance independent photoswitching kinet-
ics of fluorophores to group localizations that likely come from the 
same fluorophore43–45. Thus, our results clearly identify a new limi-
tation of quantitative SMLM at high labeling densities.

On the other hand, information about the number of fluo-
rophores present and their interfluorophore distances in the 
sub-10-nm range can be revealed by photoswitching fingerprint 
analysis. The number of on-events reflects the number of fluoro-
phores, provided that the temporal resolution of the experiment is 
high enough to resolve fast blinking processes. But this will prob-
ably never be the case, since in the initial period where fast blinking 
occurs too many fluorophores are active to be localized (spatially 
resolved) individually. The distance between the fluorophores can 
be estimated from the off-state lifetime (Fig. 1e,d), the temporal 
evolution of detected localizations (Figs. 1g and 3f), the photon 
antibunching signature (Extended Data Fig. 4) and the fluorescence 
lifetime (Figs. 2g,i–k and 3f,g and Supplementary Figs. 11, 12 and 
14). For more complex samples exhibiting various interfluorophore 
distances, for example four fluorophores separated by distances 
between 2 and 8 nm, photoswitching fingerprint analysis can most 
likely determine the number of fluorophores present and the short-
est interfluorophore distance from the shortest lifetime component. 
However, all other interfluorophore distances are currently difficult 
to accurately determine. Since rhodamine and oxazine dyes also 
enter off-states that absorb at shorter wavelengths and can be pho-
toactivated20, photoswitching fingerprint analysis must not remain 
limited to the red spectral range. The simpler photophysics, that 
is the absence of trans/cis isomerization can potentially simplify 
data analysis. We are currently working on a model that contains 
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all the photophysical processes involved in sub-10-nm fluorophore 
interactions. A verified theoretical model would allow us to simu-
late photoswitching fingerprints for arbitrary systems with different 
fluorophore distances and heterogeneous samples.

Our data show clearly that GCE and site-specific incorporation 
of ncAAs into proteins followed by click labeling35–39 volunteers as 
method of choice for biological super-resolution microscopy in 
the sub-10-nm range because of the virtually quantitative label-
ing efficiency. Anticipating photoswitching fingerprint analysis of 
endogenous proteins, a potential limitation of GCE with ncAAs is 
the overexpression of the protein of interest. However, new emer-
gent genome editing tools such as CRISPR–Cas9 might enable 
site-specific incorporation of ncAAs into endogenous proteins. 
Furthermore, orthogonal ribosomes46,47 in combination with qua-
druplet codons48 will contribute significantly to reduce suppression 
of endogenous amber codons and improve GCE efficiency, and 
therefore enable quantitative insertion of multiple ncAA into the 
protein of interest. Our results also demonstrate that energy transfer 
between identical fluorophores (for example, between the trans and 
cis state and on- and off-state) can be used to determine the inter-
fluorophore distance. Hence two or more identical ncAAs can be 
incorporated at different sites into the same protein or multiprotein 
complex. Bioorthogonal click labeling with the same fluorophore in 
combination with time-resolved single-molecule fluorescence spec-
troscopy can then be used advantageously for distance measure-
ments akin to standard FRET investigations.

Finally, the disclosure of fast blinking as a result of energy transfer 
between on- and off-states of fluorophores provides guidance how 
to further improve sub-10-nm fluorescence imaging. For example, 
confocal fluorescence lifetime dSTORM49 and photoswitching 
fingerprint analysis might evolve as a powerful super-resolution 
microscopy method for imaging in the sub-10-nm range. Also, 
however, the advancement of MINFLUX8,12 and especially pulsed 
interleaved MINFLUX50 will benefit from our findings. The only 
possibility to avoid the acceleration of photoswitching rates and 
accumulation of dyes in the on-state is the use of DNA-PAINT18 
where only one imager strand is present per 10 nm area simulta-
neously during the experiments, or fluorophores whose switching 
mechanism is independent of irradiation, for example spontane-
ously blinking dyes such as the Si-rhodamine dye HMSiR51 or 
photoactivatable dyes such as Cy5B (ref. 52). Another possibility to 
avoid energy transfer between adjacent fluorophores is to expand 
the sample before imaging53. Postlabeling expansion microscopy 
combined with SMLM improves the labeling efficiency and reduces 
the linkage error thus paving the way for super-resolution fluores-
cence imaging with true molecular resolution54. Although there is 
ample scope for alternative improvements, the run for an efficient 
sub-10-nm fluorescence imaging method has just begun.
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Methods
Design, hybridization and quality control of DNA-origami structures. 
DNA-origami rectangle structures were designed with caDNAno v.2.2.0 
(Supplementary Fig. 1)55,56. Stability calculations of the origami designed were 
performed using CanDO57,58. All dye/TCO modified staple strands were ordered at 
biomers.net GmbH, whereas all biotinylated strands were ordered at Sigma-Aldrich. 
All unmodified staple strands were ordered at Merck KGaA. We used the phage 
M13mp18 derivate DNA type p7560 as scaffold DNA (tilibit nanosystems, 
M1-32). Hybridization was performed by mixing 10 nM scaffold DNA with 15× 
surplus of unmodified staple strands and 30× surplus of modified staple strands 
in hybridization buffer, consisting of 5 mM tris(hydroxymethyl)aminomethane 
(TRIS) (Merck, 1.08382.2500), 5 mM sodium chloride (NaCl) (Sigma, S5880-1KG), 
1 mM ethylene diamine tetraacetic acid (EDTA) (Sigma, E1644-250G) and 12 mM 
magnesium chloride (MgCl2) (AppliChem, A4425,0500) using a ThermoCycler 
(C1000 Thermal Cycler, BioRad) with a linear thermal gradient of −1 °C min−1 
from 90 to 4 °C. For DNA-PAINT origami, trans-cyclooctene modified staple 
strands were used. These origami structures were incubated with a tenfold surplus 
of docking strand 5′-modified with methyl-tetrazine (5′–3′ TTA TAC ATC TA, 
biomers.net) per TCO-staple for 2 h at 4 °C after hybridization. The hybridized 
samples were purified by electrophoresis in a 1.5% agarose gel (Sigma, A9539-
500G) in 1× TBE buffer, consisting of 4.5 mM TRIS (Merck, 1.08382.2500), 4.5 mM 
boric acid (Merck, K1898765) and 10 mM EDTA (Sigma, E1644-250G), and 0.5× 
TBE with 12 mM MgCl2 (AppliChem, A4425,0500) as running buffer. After melting 
the agarose with a microwave, the solution was cooled down to roughly 60 °C until 
adding 12 mM MgCl2 (AppliChem, A4425,0500). Afterward, the gel was poured 
immediately. A small amount (roughly 10 µl) of a sample was picked as reference, 
which was mixed with 2 µl intercalating dye (Safe-Green, Applied Biological 
Materials, G108-G). A small amount of pure scaffold as well as pure staple strands 
were mixed in hybridization buffer and used as references. These solutions were also 
mixed with intercalating dye. The rest of the hybridized origami samples were not 
mixed with intercalating dye. All samples were mixed with loading dye, consisting 
of 10 mM TRIS (Merck, 1.08382.2500), 60% glycerol (v/v) (Merck, 1.37028.1000) 
and 0.03% bromophenol blue (w/v) (Carl Roth, T116.1). Electrophoresis was done 
at 70 V, using a programmable d.c. voltage source (PowerPac Basic, BioRad), for 
roughly 2 h in water/ice bath. The part of the gel including the references were cut 
across the length of the gel and the bands marked at an ultraviolet transilluminator 
(UST20M-8E, INTAS). Afterward, the marked gel was combined with the not 
illuminated part of the gel, containing the DNA-origami structures not mixed with 
intercalating dye. Unilluminated DNA origamis were cut out according to the high 
of the marked references. The extracted gel parts were divided by cutting several 
times and purified via Freeze N′ Squeeze columns (Freeze N′ Squeeze, 7326165, 
BioRad) according to the manufacturer’s instructions using a benchtop centrifuge 
(Biofuge fresco, Heraeus) at 13,000g. For all measurements, the DNA origami were 
produced freshly on the same day of the measurements. The shape and the quality 
of the purified DNA-origami structures were checked via transmission electron 
microscopy (JEM 1011, JEOL) and negative staining of the samples (Supplementary 
Fig. 2). Therefore, carbon coated 100 Mesh TEM-grids were used and glowed 
freshly. The prepared grids were incubated with 15 µl sample solution for 2 min. 
Afterward, the solution was peeled of using a filter paper. The grid was dipped into 
a 0.75% uranyl acetate solution (EMS, 22400) and peeled off immediately. This step 
was repeated four times until the grid was incubated with 0.75% uranyl acetate 
solution (EMS, 22400) for 45 s. The solution was peeled off and air-dried.

Single-molecule DNA-origami surface preparation. For the preparation of 
DNA-origami single-molecule surfaces, eight chambered cover glass systems with 
high performance cover glass (Cellvis, C8-1.5H-N) were used. The surfaces were 
washed once with PBS (Sigma-Aldrich, D8537-500ML) previous treatment with 
2% Hellmanex (Hellma, 9-307-011-4-507) for 1 h. After washing the chambers 
three times with PBS (Sigma-Aldrich, D8537-500ML), the surfaces were incubated 
with 1 M KOH (Fulka, 06005) for 20 min. After alkaline treatment, the chambers 
were washed with PBS (Sigma-Aldrich, D8537-500ML). Afterward, the surfaces 
were incubated with 10% polyethylene glycol 400 (Fulka, 81170) overnight at 4 °C. 
Afterward, the surfaces were rinsed three times with PBS (Sigma-Aldrich, D8537-
500ML) before incubating the chambers with 0.5 g l−1 BSA-Biotin (ThermoFisher, 
29130) in PBS) overnight at 4 °C. In the following, the chambers were washed three 
times with PBS (Sigma-Aldrich, D8537-500ML) before incubation with 0.5 g l−1 
Neutravidin (ThermoFisher, 31050) in PBS (Sigma-Aldrich, D8537-500ML) for 
20 min. The surfaces were washed three times with PBS (Sigma-Aldrich, D8537-
500ML) and incubated with purified DNA-origami solution, 1:5 diluted in PBS 
(Sigma-Aldrich, D8537-500ML) + 50 mM MgCl2 (AppliChem, A4425,0500) 
for 10 min. The prepared samples were washed at least three times in PBS 
(Sigma-Aldrich, D8537-500ML) + 50 mM MgCl2 (AppliChem, A4425,0500)  
before imaging.

Cell culture. HEK293T cells (German Collection of Microorganisms and Cell 
Cultures, no. ACC635) were maintained in T25-culture flasks (ThermoFisher, 
catalog no. 156340) in Dulbeccos’ Modified Eagle’s Medium (Sigma-Aldrich, no. 
D5796) supplemented with 10% fetal calf serum (Sigma-Aldrich, no. F7524) and 
1% penicillin-streptromycin (Sigma-Aldrich, no. P4333).

Positions for ncAAs insertion. To identify the best positions for the insertion 
of ncAAs, various click constructs were generated: L198TAG and S217TAG for 
GABA-A receptors γ2 subunit, K73TAG, S171TAG, S173TAG, S181TAG, S201TAG 
and K274TAG for GABA-A α2 subunit, and in addition to the previously described 
constructs S47TAG, S272TAG, S309TAG and S343TAG (ref. 37), we tested positions 
S398TAG, K494TAG and S741TAG for tetrameric GluK2 due to their rectangular 
positioning.

Plasmid constructs. All plasmids were amplified by transformation to E. coli 
XL1–Blue followed MIDI-prep DNA isolation and sequencing (Nucleobond, Xtra 
Midi, Macherey & Nagel, no. 740410). The plasmid for the expression of clickable 
α2 subunit of the GABA-A receptor was obtained from Addgene (Addgene no. 
49169)59. The superecliptic pHluorin tag was removed by introducing a XhoI 
restriction site upstream of the GABA-A coding sequence and subsequent cutting 
with XhoI–XhoI. The plasmids for the expression of the GABA-AR β1 and γ2 
subunits were kindly provided by A. Barberis and described previously60,61. The 
plasmid for the expression of clickable GluK2 was a kind gift from P. Seeburg62. 
The amber stop mutants of GluK2, GABA-AR α2 and GABA-AR γ2 subunits 
were generated by introducing a TAG stop codon via PCR-based site-directed 
mutagenesis of the vectors using custom designed primers (Sigma) and Q5 High-
Fidelity DNA Polymerase (New England BioLabs). The plasmid for the expression 
of the tRNA/aminoacyl transferase pair (pCMV tRNAPyl/NESPylRSAF, herein 
termed PylRS/tRNAPyl) was kindly provided by E. Lemke63. The plasmid for the 
expression of the tRNA/aminoacyl transferase pair (pNEU-hMbPylRS-4xU6M15, 
herein termed PylRS/4xtRNAPyl) was a gift from I. Coin (Addgene, no. 105830)64.

Transfection of HEK293T cells. Transfection of HEK293T cells was carried out 
using the JetPrime Transfection Reagent (Polypus, no. 114-01) according to the 
manufacturer’s instructions. HEK293T cells were seeded on four-well Lab-Tek 
II chambered glass slides (Nunc, catalog no. 155409) coated with 0.5 mg ml−1 
poly-d-lysine (Sigma-Aldrich, no. P6407) the day before transfection. At 70–85% 
confluency the cells were transfected. Transfection of GluK2 receptors was carried 
out with 500 ng GluK2 and 500 ng pCMV NES-PylRSAF/tRNAPyl per well. 
GABA-A receptor subunits were transfected at the following ratio with a total 
amount of 1,750 ng DNA per well: 500 ng α2 subunit, 500 ng β1 subunit, 250 ng γ2 
subunit and 500 ng pCMV NES-PylRSAF/tRNAPyl. Additionally, the cells were fed 
the unnatural amino acid TCO*-A (SiChem, SC-8008) supplemented to the cell 
media. Therefore, the TCO*-A was diluted 1:4 with 1 M HEPES (pH 8.0) and added 
at a final concentration of 250 µM to the cells. Transfected cells were maintained in 
an incubator with 5% CO2 at 37 °C for 24 h (GluK2) or 48 h (GABA-AR) depending 
on transfected constructs and were subsequently labeled with fluorophores.

Bioorthogonal click labeling of receptors. Transfected HEK293T expressing the 
TCO*-A modified GluK2, or GABA-A α2 or GABA-A γ2 receptor subunits were 
labeled with 3 μM tetrazine coupled fluorophores H-Tet-Cy5 (Jena Bioscience,  
no. CLK-015-05) in cell growth medium for 60 min on ice. Then, cells were  
washed three times with ice-cold PBS. Next, fixation was carried out with 
4% formaldehyde and 0.25% glutaraldehyde for 15 min at room temperature. 
Following fixation, cells were again washed three times with PBS and subsequently 
imaged at the dSTORM setup.

dSTORM and DNA-PAINT imaging. Super-resolution imaging was performed 
using an inverted wide-field fluorescence microscope (IX-71, Olympus). 
For excitation of Cy5, a 641 nm diode laser (Cube 640-100 C, Coherent), in 
combination with a clean-up filter (Laser Clean-up filter 640/10, Chroma) was 
used. The laser beam was focused onto the back focal plane of the oil-immersion 
objective (×60, NA 1.45; Olympus). Emission light was separated from the 
illumination light using a dichroic mirror (HC 560/659; Semrock) and spectrally 
filtered by a bandpass filter (FF01-679/41-25, Semrock). Images were recorded 
with an electron-multiplying CCD camera chip (iXon DU-897, Andor). Pixel size 
for data analysis was measured to 128 nm. For dSTORM measurement, 120,000 
images with an exposure time of 5 ms (frame rate 200 Hz) and irradiation intensity 
of roughly 5 kW cm−2 were recorded. Single-molecule surfaces were imaged by 
epi illumination, whereas prepared cells were imaged by total internal reflection 
fluorescence microscopy illumination. dSTORM experiments were performed 
in PBS-based photoswitching buffer containing 100 mM β-mercaptoethylamine 
(Sigma-Aldrich) and 50 mM MgCl2 (AppliChem, A4425,0500) in the absence 
and presence of a glucose-oxidase-based oxygen scavenger system (5% (w/v) 
glucose, 10 U ml−1 glucose-oxidase and 200 U ml−1 catalase) for DNA-origami 
measurements, or without MgCl2 for receptor imaging, adjusted to pH 7.6. For 
each DNA-PAINT measurement, 18,000 images with an exposure time of 100 ms 
(frame rate 10 Hz) were recorded. Single-molecule DNA-origami surfaces were 
imaged by total internal reflection illumination, excited with a 561 nm diode laser 
(Genesis MX561-500 STM, Coherent) at an irradiation intensity of roughly 
1.5 kW cm−2 in combination with a clean-up filter (Laser Clean-up filter 561/14, 
Chroma). Emission light was separated from the illumination light using a dichroic 
mirror (FF403/497/574-Di01; Semrock) and spectrally filtered by a bandpass filter 
(BrightLineHC-607/70, Semrock). DNA-PAINT experiments were performed 
with 5 nM imager strand concentration (5′–3′: CTA GAT GTA T, biomers.net), 
5′-modified with Cy3B, in PBS-based buffer containing 5 mM TRIS (Merck, 
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1.08382.2500), 50 mM MgCl2 (AppliChem, A4425,0500), 1 mM EDTA (Sigma, 
E1644-250G) and 0.05% Tween20 (ThermoFisher, 28320) adjusted to pH 7.6. All 
SMLM results were analyzed with rapidSTORM3.3 (ref. 65) and the highly resolved 
pictures were reconstructed with ThunderSTORM66. The localization precisions 
were calculated according to Mortensen et al.4. For photoswitching fingerprint 
analysis only, fluorescent spots containing more than 500 (dSTORM)/6,000 
(DNA-PAINT) photons per frame were analyzed. To estimate the number 
of localizations per fluorophore, the tracking function (Kalman filter) of 
rapidSTORM3.3 was used. Fluorescent spots were tracked over the whole image 
stack (120,000 frames for dSTORM and 18,000 frames for DNA-PAINT) within 
a tracking radius of 200 nm. The information was saved as tracked localization 
file. A custom written python script was used to calculate the number of frames 
of consecutive localizations per spot (on-time) as well as the number of frames 
between on-time events of the same fluorescent spot within the defined tracking 
radius (off-time). In addition, the average number of photons detected per frame as 
well as the number of on-time events per tracked spot was also calculated.

Fluorescence lifetime intensity trajectories. All fluorescence lifetime measurements 
concerning single-molecule trajectories and photon antibunching measurements 
were performed on a MicroTime200 (PicoQuant) time-resolved confocal 
fluorescence microscope setup consisting of a FLIMbee galvo scanner (PicoQuant), 
an Olympus IX83 microscope including an oil-immersion objective (×60, NA 
1.45; Olympus), two single-photon avalanche photodiodes (SPAD) (Excelitas 
Technologies, 75154 K3, 75154 L6) and a TimeHarp300 dual channel board. 
For pulsed excitation a white-light laser (NKT Photonics, superK extreme) was 
coupled into the MicroTime200 system via a glass fiber (NKT Photonics, SuperK 
FD PM, A502-010-110). A 100-µm pinhole was used for all measurements. The 
emission light was split onto the SPADs using a 50:50 beamsplitter (PicoQuant). 
To filter out after glow effects of the SPADs used as well as scattered and reflected 
light, two identical bandpass filters (ET700/75M, Semrock, 294808) were installed 
in front of the SPADs. The measurements were performed and analyzed with 
the SymPhoTime64 software (PicoQuant). Measurements were performed 
with an irradiation intensity of roughly 0.5–2.5 kW cm−2 in T3 mode with 25 ps 
time-resolution, whereas all photon antibunching measurements were performed in 
T2 mode. For photon antibunching experiments, the Sync cable was disconnected 
and replaced by the SPAD 2 cable. For analyzing the fluorescence lifetime of the 
trajectories, the decay parameters were determined by least-squares deconvolution, 
and their quality was judged by the reduced χ2 values and the randomness of the 
weighted residuals (χ2 of roughly 1). In the case where a monoexponential model 
was not adequate to describe the measured decay, a multiexponential model was 
used to fit the decay (τav = τ1a1 + τ1a1). For reference structures and 18-nm DNA 
origamis, we measured a monoexponential fluorescence decay.

Photon antibunching measurements. Photon antibunching experiments take 
advantage of the fact that the probability of emitting two consecutive photons 
drops to zero for a single emitter for time intervals shorter than the excited-state 
lifetime. After photon emission, a molecule must be re-excited and wait, on average, 
one fluorescence lifetime before another photon can be emitted. For sufficiently 
short laser pulses, the number of photon pairs detected per laser pulse in photon 
antibunching experiments can be used to determine whether the emission is from 
one or more independently emitting quantum systems. As expected for dSTORM 
experiments where only a single fluorophore is expected to reside in the on-state per 
DNA origami, the ratio of the number of photon pairs detected in the central peak 
at delay time zero to the average number in the lateral peaks in the interphoton–
time (coincidence) histograms is <0.20 demonstrating the presence of a single 
emitter in the confocal laser focus with low background contributions. This result 
shows that although increased photoactivation at interfluorophore distances of 
<10 nm transfers fluorophores from the off- to the on-state the probability for 
two fluorophores residing simultaneously in the on-state showing independent 
fluorescence emission is negligible. Even if two fluorophores are simultaneously 
in the on-state, other energy transfer processes such as homo energy transfer and 
singlet–singlet annihilation can occur so that the on-state is dominated by the 
emission of a single fluorophore25–28. The data in the interphoton–time histograms 
can be quantified for the purpose of determining the number of independent 
emitters by determining the ratio of the number of photons in the central peak, Nc, 
to the average number in the neighboring lateral peaks, Nl,av. Ensemble antibunching 
measurements show that the number of photon pairs detected in the neighboring 
peaks decreases at large interphoton times but is nearly constant for very short times, 
that is, in the first neighboring peaks. For determination of Nl,av, we used the average 
number of events in the nearest eight peaks, four to each side of the zero-time peak.

TCSPC. Measurements take place in a 0.3 mm path-length fluorescence cuvette 
(Hellma, 105.251-QS) on a FluoTime 200 time-resolved spectrometer (PicoQuant) 
in combination with a pulsed diode laser (635 nm) as the excitation source with 
a SepiaII module (PicoQuant), a PicoHarp300 TCSPC module and picosecond 
event timer (PicoQuant) (80 MHz, 50 ps pulse length, 8 ps resolution, 10,000 
photons in the maximum channel). The results were analyzed with the FluoFit 
v.4.4.0.1 software (PicoQuant). To exclude polarization effects, fluorescence was 
detected under the magic angle (54.7°). The decay parameters were determined by 
least-squares deconvolution, and their quality was judged by the reduced χ2 values.

Reproducibility. All experiments were performed at least three times. 
Representative images are shown for each experiment.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study will be provided by the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | dSToRM imaging of DNA origami. Example dsTORM images of DNA origami with one (reference) or four Cy5 dyes with 
interfluorophore distances of 18, 9, 6, and 3 nm. samples were measured 3 – 5 times independently. scale bar, 40 nm.
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Extended Data Fig. 2 | DNA-PAINT imaging of DNA origami. Example DNA-PAINT images of DNA origami with one (reference) or four docking strands 
separated by 18, 9, 6, and 3 nm. samples were measured 3 – 5 times independently. scale bars, 40 nm.
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Extended Data Fig. 3 | Interfluorophore distances <10 nm are encoded in photoswitching kinetics. Bivariate histograms of detected localizations 
and the times after which 80% of all localizations were detected per individual DNA origami (n = 3–5). The histograms clearly show that for shorter 
interfluorophore distances of 3 and 6 nm 80% of all localizations are detected during the first minute.
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Extended Data Fig. 4 | Photon antibunching experiments demonstrate that the on-state is repopulated via energy transfer at interfluorophore distances 
<10 nm. Photon antibunching experiments demonstrate that the on-state is repopulated via energy transfer at interfluorophore distances <10 nm. Nc/
Nl,av ratios measured for n = 10 single-molecule trajectories of the different DNA origami constructs in photoswitching buffer. The box plot values for 
minima, maxima, mean, percentile 25, 50 and 75 are 0,000, 0.116, 0.059, 0.025, 0.067 and 0.090 (Ref.), 0.030, 0.120, 0.077, 0.060, 0.072 and 0.107 
(18 nm), 0.033, 0.110, 0.075, 0.050, 0.085 and 0.100 (9 nm), 0.100, 0.285, 0.202, 0.155, 0.207 and 0.240 (6 nm), 0.160, 0.520, 0.299, 0.230, 0.255 and 
0.360 (3 nm).
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Extended Data Fig. 5 | Photoswitching kinetics is slowed down by lower irradiation intensity. Typical fluorescence trajectories of 3 nm DNA origami 
measured by single-molecule sensitive confocal fluorescence microscopy in photoswitching buffer excited at 640 nm with different irradiation intensities 
(n = 3). a, 100% laser power. b, 50% laser power. c, 25% laser power (1 ms binning). 100% correspond to 2.5 kW cm−2.
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Extended Data Fig. 6 | Scheme explaining click labeling and construct design of GluK2. a, Different mutants 1–4 were generated within one monomeric 
subunit of GluK2. Calculation of the distances was performed with PyMOL (Molecular Graphics system, Version 1.2r3pre, schrödinger, LLC) on basis of 
the crystal structure (PDB-ID: 5KUF)41,42. b, To check the efficiency of ncAA incorporation of the different mutants, click labeling was performed with 
H-Tet-Cy5. Control experiments without the addition of ncAA resulted in inefficient amber suppression efficiency which leads to premature translation 
termination and no click labeling. samples were measured 3–5 times independently. scale bars, 10 µm.
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allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
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Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging



4

nature research  |  reporting sum
m

ary
April 2020

Antibodies
Antibodies used Goat anti-rabbit IgG (Invitrogen, #31212)

Validation All used commercial antibodies were validated from the suppliers using Western Blot (WB), Immunohistochemistry (IHC) and/or 
Immunofluorescence (IF) and data regarding tested applications are available in the suppliers datasheet.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293T cells (German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany; #ACC635).

Authentication STR analysis according to the global standard ANSI/ATCC ASN-0002.1-2021 (2021) resulted in an authentic STR database. For 
further information please refer to the commerical supplier (https://www.dsmz.de/collection/catalogue/details/culture/
ACC-635)

Mycoplasma contamination HEK293T cells were negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Palaeontology and Archaeology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
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Sequencing depth whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used
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Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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