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When excited with rotating linear polarized light, differently 
oriented fluorescent dyes emit periodic signals peaking at 
different times. We show that measurement of the average 
orientation of fluorescent dyes attached to rigid sample structures 
mapped to regularly defined (50 nm)2 image nanoareas can 
provide subdiffraction resolution (super resolution by polarization 
demodulation, SPoD). Because the polarization angle range for 
effective excitation of an oriented molecule is rather broad and 
unspecific, we narrowed this range by simultaneous irradiation 
with a second, de-excitation, beam possessing a polarization 
perpendicular to the excitation beam (excitation polarization angle 
narrowing, ExPAN). This shortened the periodic emission flashes, 
allowing better discrimination between molecules or nanoareas. 
Our method requires neither the generation of nanometric 
interference structures nor the use of switchable or blinking 
fluorescent probes. We applied the method to standard wide-field 
microscopy with camera detection and to two-photon scanning 
microscopy, imaging the fine structural details of neuronal spines.

In recent years the development of super-resolution techniques 
has had a profound impact on biology and other fields in which 
subdiffraction-limited resolution of fluorescently labeled samples  
is desired1–13. Prominent examples are stimulated emission 
depletion (STED) microscopy1,4, photoactivated localization 
microscopy (PALM)3,5,6 and stochastic optical reconstruction 
microscopy (STORM)2,7. Generally, these techniques are based on 
reversible switching between two states. Whereas STED is based 
on a deterministic switching in a nanometric interference pattern, 
STORM and PALM are based on wide-field illumination and sto-
chastic switching on the level of single isolated molecules, which 
are then localized. Other approaches, such as super-resolution 
optical fluctuation imaging (SOFI)8, reversible saturable optical 
fluorescence transitions (RESOLFT) microscopy9,11 and saturated 
structured illumination microscopy (SSIM)12,13, are also based 
on stochastic or deterministic switching between two states and 
provide spatial resolution enhancement.

Fluorescence nanoscopy by polarization modulation 
and polarization angle narrowing
Nour Hafi1,8, Matthias Grunwald2,8, Laura S van den Heuvel1,8, Timo Aspelmeier3–5,8, Jian-Hua Chen2,  
Marta Zagrebelsky6, Ole M Schütte7, Claudia Steinem7, Martin Korte6, Axel Munk3–5 & Peter J Walla1,2

Here we present an alternative approach that distinguishes 
adjacent molecules or nanoareas in the sample (arranged, for 
example, in a grid of 50 nm × 50 nm rectangular areas) by dif-
ferent average orientations of fluorescent dyes attached to rigid 
sample structures within these nanoareas. This is done by rotating 
the polarization of a wide-field excitation beam and detecting 
the periodic signals emitted with different phases from different 
nanoareas using wide-field camera detection (SPoD). We also 
show that the range of polarization angles that results in effective 
excitation of differently oriented molecules can be substantially 
narrowed by rotating a second wide-field de-exciting stimulated 
emission beam of a polarization perpendicular to the excitation 
beam polarization (ExPAN), resulting in better spatial resolution 
of overlapping fluorescent molecules.

Whereas SOFI or other blinking-based methods must rely on 
random fluorescence fluctuations occurring at the timescale of 
the camera frame rate, SPoD controls the fluorescence modu-
lation frequency of standard dyes so that it ideally matches the 
camera frame rate. In addition, the periodic recurrence of the 
signals allows the signal-to-noise ratio to be improved by aver-
aging several periods and thereby enhancing the ability to dis-
tinguish nanoareas in a manner similar to lock-in detection14,15. 
Unlike techniques based on single-molecule detection, in which 
it is essential to detect only very isolated photoswitchable single 
molecules, SPoD also allows bundled signals of several standard 
fluorescent molecules with different modulation phases to be 
distinguished in adjacent nanoareas. This avoids large numbers 
of complete on-off cycles or high intensities and is less depend-
ent on using samples labeled at specific densities. It also avoids 
using optical setups with very small detection volumes and low 
background signals, such as total-internal-reflection fluorescence 
(TIRF) microscopes.

Because of the background-reducing effect of lock-in 
approaches, the method can be employed at deeper penetration 
depths than are typically possible with super-resolution tech-
niques. The approach works for all standard fluorescent samples 
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in which fluorescent dyes attached to stable (biological) structures 
have different average orientations.

RESULTS
Because linear polarized light preferably excites molecules hav-
ing a transition dipole moment orientation parallel to its polari-
zation (Fig. 1a), rotating the polarization results in oscillating 
fluorescence signals generated by the molecules16,17 (Fig. 1b). As 
molecules attached to different places at particular structures have 
different random average orientations (Fig. 1c), the maximum 
contribution of each to the fluorescence image occurs at different 
times or with different phases (Fig. 1d). Thus, even if structural 
details are hidden in standard fluorescence images owing to dif-
fraction-limited spatial overlapping, recording the periodical 
signals from the different emitters yields additional information 
that allows differentiating them and tracing back their original 
positions. A more distinct periodic signal is obtainable by nar-
rowing the orientation angle range of molecules excited by linear 
polarized light. This can be achieved by irradiation of the sample 
with a second wide-field de-exciting stimulated emission beam 
that also rotates but has a linear polarization that is always exactly 
perpendicular to the polarization of the exciting light (ExPAN). 
The de-exciting beam prevents emission from all molecules except 
those with transition dipole moments oriented perpendicular to 
the second beam (Fig. 1b); in other words, only those molecules 
with transition dipole moments exactly parallel to the polarization 

of the exciting beam can fully emit fluorescence. Consequently, 
during rotation of both beams, the molecules flash quickly and 
periodically after each other only at times when the polarization 
of the excitation exactly matches their transition dipole moment 
(Fig. 1b,d). The approach is technically simple because it does 
not require the generation of nanometric structures of light in 
the focal area and can be applied in the wide field.

High-resolution structure information can also be gained 
from the modulation signals at higher label densities when 
individual molecules cannot be distinguished within a diffrac-
tion-limited area by different phases (Fig. 1e–h). At higher label 
densities, bundled signals from several fluorescent molecules—
for example, in a nanoarea of 50 nm × 50 nm corresponding 
to the detection pixel size (Fig. 1e,f)—are distinguished by 
their different periodic sum signals and phases (Fig. 1g). For 
example, the average orientations of several molecules in sepa-
rate nanoareas can be deduced from a simple vector addition  
(Fig. 1e). Without ExPAN, the signals emitted from such 
nanoareas (Fig. 1g) are similar to the signals of single mole-
cules, which are cosine-squared (cos2) functions of the time- 
dependent rotation angle, α(t) (Fig. 1d). They are also  
angle- and, thus, time-dependent cos2 functions that are maximal 
when the excitation polarization matches the average orientation 
(Fig. 1e) in that nanoarea. The main difference is that the fluo-
rescence signal modulates around a higher average intensity that 
is proportional to the number of molecules, Nmol, per nanoarea. 

Figure 1 | Setup and principle of SPoD and 
ExPAN. (a) Setup. In SPoD, the excitation 
polarization in a wide-field fluorescence 
microscope (turquoise wave) is rotated  
with a fixed frequency by using, for example,  
a λ/2-wave plate (WP). In ExPAN, an additional 
wide-field de-excitation beam (red wave) is 
rotated with a polarization perpendicular to the 
excitation beam (red arrows). α, angle between 
the excitation light polarization (turquoise 
vector above microscope objective) and a 
molecule’s transition dipole moment vector 
(black arrow). (b) Dependence of a molecule’s 
fluorescence intensity, I, on α with and without 
ExPAN shown in a polar grid and in a Cartesian 
plot. Without ExPAN: dashed dumbbell-shaped 
turquoise line in polar grid and black function 
in Cartesian plot. With ExPAN: solid, dumbbell-
shaped turquoise function in polar grid and red 
line in the Cartesian plot. Red dumbbell-shaped 
function in polar grid: de-excitation probability 
of the ExPAN beam as function of α.  
(c,d) Different molecules attached to rigid 
structures (visualized here by three dumbbells 
1–3 of labels attached to one of three 
spherical objects) having different average 
orientations (c). Their maximum fluorescence 
intensity contribution, I(t), to the fluorescence 
image occurs periodically at different times, t,  
or angles, α(t) (d). (e) Molecule dipole moment 
vectors (orange) and vector addition or average 
orientation of the dipole moments (turquoise) 
of more than one molecule in detection pixel–sized nanoareas (1–4). (f) Fluorescence intensity (gray squares) emitted from nanoareas containing more 
than one molecule. (g) Periodic signals emitted from nanoareas 1–4 (black, without ExPAN; red, with ExPAN) and blurred according to the point spread 
function (PSF) over all detection pixels. (h) Fluorescence intensity (gray squares) emitted from all nanoareas blurred over the detection pixels by the PSF.  
DM, dichroic mirror; F, fluorescence filter; L, lens; CCD, charge-coupled device; a.u., arbitrary units.
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In addition, the modulation amplitude is, in first approximation, 
inversely proportional to √Nmol in such a nanoarea because for 
increasing molecule numbers, the modulation signals from indi-
vidual emitters are increasingly averaged. In the raw image these 
signals are blurred over several pixels by the point spread func-
tion (PSF) (Fig. 1g,h), but analysis of the modulation amplitudes, 
phases and average intensities detected in each pixel can be used 
to reconstruct the original density of molecules in each nanoarea 
(Fig. 1f,g). In order to differentiate neighboring nanoareas in 
the presence of background noise, a sufficiently large modula-
tion signal can be achieved either by averaging the modulation 
over several periods (similarly to lock-in detection, which is also 
based on the periodic recurrence of signals in the presence of a 
large background14,15) or by using ExPAN.

Validation using single molecules and labeled nanospheres
To demonstrate the ExPAN effect experimentally, we first detected 
signals from single molecules on a coverslip with and without 
ExPAN (Fig. 2a,b). Application of ExPAN notably reduced the 
duration for which the molecules emitted fluorescence. The inten-
sity of the stimulated emission beam was ~1.7 MW/cm2 for all 
ExPAN experiments shown here18. In principle, the duration for 
which a single molecule fluoresces can be reduced as desired by 
changing the power of the stimulated emission beam (see Online 
Methods), but the intensities described above usually sufficed 
because the demodulation approach does not require a complete 
on-and-off behavior of the signals from individual emitters.

Next we investigated molecule pairs separated by subdiffraction 
distances but with differing orientation differences (Fig. 2c,d and 
Supplementary Fig. 1). When the molecule orientations differed 
by a ∆α  of ~70°, application of SPoD demodulation image analysis  
(Supplementary Note 1) clearly showed the positions of both 
molecules with high resolution even though there was notable 
spatial overlap between the signals as well as small oscillation 
amplitudes. When the orientation of both molecules was very 
similar (∆α  ≈ 20°), ExPAN could still resolve the molecules.

To test the performance of SPoD with ExPAN when imaging 
molecules at higher densities, we imaged three surface-labeled 
nanospheres stuck on a coverslip for which the high-resolution 
structure was known. We could distinguish distinct modulation 
signals from selected pixel areas that were caused by the differ-
ent molecule orientations in the selected areas (Fig. 2e,f). Use of 
SPoD with ExPAN to measure signals from a raster of individual 
50 nm × 50 nm nanoareas corresponding to the detection pixel 
size allowed us to generate a super-resolution image (Fig. 2g) 
that shows details, such as the gap between the three spheres, 
that can be resolved neither in a diffraction-limited fluorescence 
image nor in its deconvolution image (Supplementary Fig. 2b). 
The image is highly similar to a simulation of a high-resolution 
image of surface-labeled nanospheres (Fig. 2h) that was obtained 
by projecting many labels at a sphere surface onto the image plane. 
Because out-of-focus background and signals from nonfocused 
molecules above or below the focal plane overlap notably, their 
contribution to the modulation amplitude decreases quickly 
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Figure 2 | Experimental SPoD and ExPAN data from single molecules and surface-labeled nanospheres. (a,b) Modulation signals due to 568-nm  
excitation of a single Atto 590 molecule without (a) and with (b) 715-nm ExPAN beam. Black dots, experimental data; red lines, theoretical function 
(equation (3), Online Methods) fit to the data. (c,d) Average intensity images, modulation signals, high-resolution images and intensity profile plots 
of molecule pairs observed without (c) and with (d) ExPAN. Blue and green modulation curves represent time-dependent average signals from the 
corresponding blue and green dashed circles in the images as observed in a series of camera frames. Black and blue intensity profile plots are from the 
diffraction-limited and high-resolution image, respectively. (e–g) Diffraction-limited image (e), modulation signals from selected areas (f) and high-
resolution image and profile plot (g) from three nanospheres (diameter, 500 nm) surface labeled with Atto 590. (h) Simulation of a high-resolution image 
of surface-labeled nanospheres (projection of many labels at three sphere surfaces onto a single image plane). Scale bars, 1 µm. a.u., arbitrary units.
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owing to averaging, resulting in improved background reduc-
tion and z sectioning. We also note that there are no dyes at the 
bottom of the spheres because they were labeled after they were 
attached to the coverslip. For both these reasons, the experimental 
data (Fig. 2g) appear darker in the middle of the spheres than the 
simulated z projection of entire spheres.

Using the width of Gaussian fits to the smallest peaks in pro-
file plots across the bead images as a basis, we estimated that the 
resolution of the densely labeled spheres achieved using ExPAN 
(~40-nm full-width at half-maximum (FWHM)) was about six 
times better than the resolution of the diffraction-limited image 
(Fig. 2e–g). We also estimated the resolution achieved by SPoD 
with or without ExPAN, using a theoretical first-order approxi-
mation (Supplementary Note 2). With typical parameters and 
densities of fluorescent markers, the theoretical expectation is that 
data acquisition times of less than 1 s suffice to achieve a resolu-
tion on the order of the pixel size (q = 48 nm), which corresponds 
well to our experimental observations. The PSF of the method has 
dimensions in the x,y direction corresponding to this resolution 
and in the z dimension approximately that of the wide-field micro-
scope, albeit reduced similarly to in SOFI (~1 µm). If single mol-
ecules can be separated by their phase (with or without ExPAN;  
Fig. 2a–d), the resolution becomes identical to the localization 
precision achievable by PALM and STORM (~16 nm).

Images from biological structures
In biological or other samples, the orientation of fluorescent 
markers may fluctuate on timescales that are comparable to 
or faster than the frame rate in video microscopy. However, as 
already demonstrated by the examples of the fluorescent markers 
attached to the nanosphere surfaces (Fig. 2e,f) and exposed to 
an aqueous environment, often the average orientation persists 
longer when the markers are attached to more rigid structures. 

Consequently, it should be possible to modulate probes attached 
to rigid biological structures such as the cytoskeleton by using 
our polarization approach19,20.

To explore the use of SPoD to image biological samples, we first 
compared conventional wide-field (Fig. 3a) and SPoD wide-field 
(Fig. 3b) imaging of Alexa 488–immunolabeled microtubule fibers  
in fixed PtK2 cells. The SPoD images clearly show details such as 
closely spaced fibers that are distinguishable neither in the dif-
fraction-limited image nor in an image derived by deconvolution 
(Supplementary Fig. 2e). We estimated the resolution at ~40–50 nm  
on the basis of the FWHM of profile plot peaks. Another sam-
ple immunolabeled with Atto 590 displayed much higher fiber 
density and strong out-of-focus background in the conventional 
wide-field image (Fig. 3c), but use of SPoD—and, additionally, 
ExPAN—still allowed us to resolve individual fibers.

For typical dye parameters and concentrations (more than five 
molecules per nanoarea, as derived from the total fluorescence 
intensity), equation (11) in Supplementary Note 2 predicts vari-
ations in the resolution at different places of the sample smaller 
than ~10–20%. Indeed, a comparison of our microtubule images 
with images obtained by other super-resolution techniques2,21 
demonstrates that this resolution variation is similar to that 
observed with STED or PALM, which are also subject to local 
sample variations in fluorescence lifetimes or label densities. 
Nevertheless, it is always advantageous to choose an image pixel 
size that is similar to or somewhat larger than the worst local 
resolution in the entire image, thereby ensuring a homogeneous 
resolution throughout the image. Closer inspection of the phase 
information contained in the modulated images suggests that the 
orientations of the labels reflect a more or less regular, helical 
structure around the microtubules.

Next we explored the use of SPoD to image membrane-labeled 
neurons in brain-slice cultures. We used biolistic transfection of 
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Figure 3 | Images from immunolabeled microtubules. (a,b) Diffraction-limited (a) and regular SPoD image (b) of microtubules on a coverslip (Alexa 488 
labeled; λexc = 488 nm; data acquisition time, 1 s). (c) Sample of more dense fibers and out-of-focus background for which ExPAN was additionally used 
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organotypic hippocampal slice cultures to label the membrane 
of dendritic stretches of pyramidal neurons with a farnesylated 
form of enhanced GFP (fEGFP). We again compared conventional  
wide-field imaging (Fig. 4a) and wide-field SPoD imaging  
(Fig. 4b) of the membrane structure of single spine heads (the post-
synaptic side of excitatory synapses in the hippocampus). Although 
individual spines were clearly resolved in both cases, only SPoD 
could resolve the membrane structure of single spine heads. A data 
acquisition time of 330 ms yielded very similar results to an acqui-
sition time of 3.3 s, just being slightly noisier (Fig. 4).

To assess the quality of the image data, we analyzed the 
diameters of 16 spine necks (Fig. 4b). This yielded a median value 
of 100 nm and a total range of spine neck diameters from 60 to 
370 nm. An analysis of the spine-head diameters of the same 
spines yielded a median value of 380 nm and a range of spine-head 
diameters from 70 (this value is actually the thickest diameter 
of the smallest dendritic filopodium) to 710 nm. These values 
are in good agreement with the dimensions known from serial-
section electron microscopy and other super-resolution images in  
the literature22–26.

It is known from serial-section electron microscopy images25 
that larger spine heads can contain membrane-rich organelles 
such as the spine apparatus in the spine-head center. Intriguingly, 
we observed similar structures in the center of some spine heads 
(Fig. 4b) that were not visible through deconvolution of conven-
tional wide-field images (Supplementary Fig. 2h). Sometimes 
this spine apparatus structure was already apparent in the raw 
modulation data in the form of phases that were clearly different 
from phases of the surrounding membrane parts.

The distinctive ‘edges’ of the membranes in the SPoD spine 
images might seem surprising in the absence of subdiffraction 
optical sectioning, but other high-resolution membrane-labeling 
studies confirm this appearance26. This is similar to the edges in the 
images of the well-defined surface-labeled nanospheres (Fig. 2g)  
for which the expected high-resolution image appearance was 
exactly confirmed (Fig. 2h). All membrane parts that appear with 
diffraction-limited resolution in the standard wide-field image 

(Fig. 4a) also appear with high x and y resolution in the SPoD 
images as maximum-intensity projections of the z range of the 
microscope (including all spines that fall into that range). Because 
the label density is highest along the edges in such a projection, 
they appear most prominently in both diffraction-limited and 
high-resolution images, but this effect is especially noticeable in 
high-resolution images.

Finally, we briefly tested whether the SPoD method could be 
combined with two-photon laser scanning microscopy to improve 
the penetration depth. We used a special objective for deep-tissue 
two-photon microscopy of fEGFP-labeled neurons in fixed brain 
slices and observed spine heads at ~0.4- and ~0.6-mm depths 
(Supplementary Fig. 3).

DISCUSSION
We have demonstrated that SPoD allows the observation of high-
resolution images of standard samples on short timescales. Special 
sample preparations are not mandatory, and different standard 
labels and excitation sources work equally well. Wide-field imag-
ing is possible without the need to generate interference struc-
tures, and the background-reducing effect of the demodulation 
techniques permit deeper penetration depths than do TIRF-based 
approaches. The use of two-photon excitation allows even greater 
penetration depths. The method requires dyes to be attached to 
stable structures possessing different preferred average orienta-
tions, but this condition was easily satisfied as experimentally 
confirmed by data from labeled cytoskeleton structures, labeled 
membranes and labeled surfaces of nanospheres or coverslips. 
This can be rationalized by the extremely small probability that 
all fluorophores have the same orientation in diffraction-limited 
zones of labeled samples. The approach is limited by the ability 
to detect fluorescence modulation, which might be weak for high 
fluorophore densities or highly dynamic structures. However, in 
case of high fluorophore densities, ExPAN can help increase the 
modulation contrast or, similarly to in lock-in detection, the mod-
ulation can be continued until it can be clearly detected above the 
noise. A notable advantage of the approach over pure stochastic 
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methods is that the modulation frequency can exactly be control-
led so that it optimally fits to the camera frame rate. Even though 
heterogeneities are to be expected in the ability to distinguish 
different label orientations (see, for example, the image simulation 
in Supplementary Fig. 1), the experimental examples presented 
here (Figs. 2–4) show that the observed high-resolution images 
are at least as homogeneous as those of other high-resolution 
techniques2,21,26. In the future, the approach could be extended 
to three-dimensional demodulation including the z axis of the 
molecular orientation. This would further increase the spatial 
and/or time resolution and reduce the PSF in the z direction. The 
method could also be extended to the analysis of orientational 
fluctuations as an additional parameter for resolution improve-
ment similarly to the way SOFI uses single-molecule fluorescence 
fluctuations for resolution enhancement. Finally, ExPAN could 
also be used to accurately determine the orientation of fluorescent 
markers attached to structures and measure changes caused by 
biological or other processes.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Test of demodulation with simulated data of single-molecule 
pairs and membrane-like structures. Before we demodulated the 
signals of biological samples and single molecules, we tested the 
demodulation algorithm (see Supplementary Note 1) using sim-
ulated data. In a first test we investigated the results obtained with 
this algorithm using simulations of single molecules that have dif-
ferent distances and different relative orientations and thus phases 
(Supplementary Fig. 1). The simulated data considered back-
ground noise, photon shot noise and statistical dark-state blinking 
of the molecules and are based on parameters similar to those 
of the experimental data shown in Figure 2 (see “Generation of 
simulated data” below). The algorithm can localize the position of 
the molecules at distances that are far smaller than would be pos-
sible on the basis of diffraction-limited images or deconvolution 
(Supplementary Fig. 1). Only for small phase differences (∆α ≤ 30°)  
and the smallest distances is the algorithm capable of merely 
deconvoluting the image instead of full resolution.

We also simulated modulation data from statistically positioned 
and oriented dyes in sectional views of membranes of more com-
plicated shapes (Supplementary Fig. 4). Analyzing these data in 
the same way as the experimental data shown in Figures 2–4 was 
suitable for determining the original structure of the labeled mem-
brane (Supplementary Fig. 4b). Even a single period (10 frames  
of 33 ms) was sufficient to obtain this result. Also, analyzing a 
simulation of notably higher dye concentrations, resulting in 
much smaller modulation, was still suitable for determining the 
original structure (Supplementary Fig. 4c).

Mathematical model describing modulated signals using 
ExPAN. The fluorescence emission of a two-state system with 
a ground state S0 and an excited state S1 and taking stimulated 
emission into account can be described by the rate constant for 
excitation kexc, the fluorescence decay rate kfl and the rate constant 
for stimulated emission kSE. Assuming equilibrium conditions, 
the population of the excited state, S1, is N1 = kexc/(kexc + kfl + kSE). 
If excitation and stimulated emission beams are linearly polarized, 
kexc and kSE are functions of the angle α between the transition 
dipole moment and polarization orientation:

k kexc exc( ) cos ( ),a a= 0
2

k kSE SE( ) cos ( ),a a= 0
2

In the case of ExPAN, the beams have perpendicular polarizations 
and for N1 results:

N
k

k k k
1
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2

0
2

0
2
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a a p=
+ + +
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fl exc SE

Because the population of the S1 state is proportional to the fluo-
rescence output, this equation describes the shape of the resulting 
ExPAN signal as shown in Figures 1b,d and 2b,d.

Deconvolution. Deconvolution algorithms as used for the com-
parison shown in Supplementary Figure 2 were described previ-
ously. One of the most prominent ways to deconvolve an image is by 
maximum-likelihood methods, i.e., by computing the density ˆ( )g r  
of molecules at location r that has the highest probability of having  

(1)(1)

(2)(2)

(3)(3)

generated the observed images. This can be achieved by the 
Richardson-Lucy (also known as expectation maximization, EM) 
algorithm27–29 or related algorithms30. It is well known, however, that 
this works well only when the number of parameters to be estimated 
is much smaller than the number of observations (image pixels) or 
when the algorithm is stopped at an early iteration stage31,32.

Generation of simulated data. The simulated data were generated 
with Matlab using a point spread function with Gaussian intensity 
profile and a FWHM of 5 pixels. The simulated image was in total 
512 × 512 pixels. The polarization-dependent intensity modula-
tion was modeled by I(α) ∝ cos2(α) or in the case of ExPAN as 
described by equation (3) (I(α) ∝ N1) with a sampling rate of ten 
frames per modulation period. Poisson noise was applied to the 
signal on every pixel, and normally distributed background noise 
was added. For simulation of dark states, there was a 1% per frame 
probability for every molecule to switch between the emitting and 
non-emitting state. In Supplementary Figure 4, molecule posi-
tions and dipole-moment orientations were randomly generated, 
although molecule positions were restricted to the shown mask. 
For Supplementary Figure 4a,b 800 molecules were simulated, 
whereas the high-density simulation in Supplementary Figure 4c  
was based on a simulation using 8,000 molecules.

Sample preparation. For single-molecule samples, coverslips 
were thoroughly washed with isopropyl alcohol and distilled 
water and dried. A droplet of 30 µL Atto 590–free acid (Atto-Tec) 
solution (50 nM in MeOH) was placed on the coverslip. After 
evaporation of the solvent, coverslips were ready for measurement. 
Before each measurement, a drop of water was added on the top 
of the coverslip to reduce reflection of the excitation light at the  
coverslip-air surface. For surface-labeled nanosphere samples, 
streptavidin-coated nanospheres with a mean diameter of 0.51 µm  
(Bangs Laboratories) were diluted in phosphate-buffered saline 
(PBS) and immobilized on a bovine serum albumin (BSA)-coated 
coverslip with 25% biotin-labeled BSA (Sigma-Aldrich). Excess 
nanospheres were removed by repeated washing with PBS buffer. 
A solution of 30 nm Atto 590–biotin (Atto-Tec) in PBS was added. 
After a sufficient amount of Atto 590–biotin bound to the micro-
spheres, excess dye was removed by washing with PBS. During 
the preparation and measurement of the nanosphere samples, the 
nanospheres as well as labels were kept the entire time in an aqueous 
environment. The microtubule networks from whole fixed PtK2 
cells were immunolabeled with Alexa 488 similarly as in ref. 33. 
Briefly, mammalian PtK2 cells (male rat-kangaroo kidney epithelial  
cells, American Type Culture Collection; no authentication was 
done) were grown on coverslips and fixed for 5 min with 4% (w/v) 
formaldehyde in PBS, permeabilized with 0.5% (v/v) Triton X-100  
in PBS and blocked with 5% (w/v) BSA in PBS. α-tubules were 
immunolabeled with anti–α-tubulin antibody from mouse 
(Abcam, ab7750, dilution ~1:100). For samples in Figure 3a,b 
the primary antibody was labeled with Alexa Fluor 488 goat anti-
mouse (Invitrogen, A-10667, dilution ~1:200). Samples in Figure 3c 
were labeled with monoclonal anti-mouse antibodies from rabbit 
(Abcam, ab125913, dilution ~1:100) that were custom conjugated to 
Atto 590 (Atto-Tec). After labeling, coverslips were mounted using 
polyvinyl alcohol as mounting medium with DABCO (1,4-diazabi
cyclo[2.2.2]octane) added as an antifading agent (Sigma-Aldrich). 
Hippocampal organotypic cultures were prepared from postnatal 
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day 5 (P5) C57BL/6 wild-type (WT) mice (sex undetermined) fol-
lowing the method of Stoppini et al.34. Briefly, the hippocampus  
was dissected in ice-cold sterile Gey’s balanced salt solution and 
sliced transversely at a thickness of 400 µm. The slices were plated 
onto Millicell CM membrane inserts (Millipore) and cultivated in 
a 37 °C, 5% CO2, 99% humidity incubator in a DMEM medium 
containing glucose, donor equine serum and l-glutamine. To 
reduce the number of non-neuronal cells, we treated the slices for 
24 h with a mixture of antimitotic drugs. After 14 d, in vitro hippo
campal slice cultures were transfected with an expression plasmid 
for a membrane-targeted fEGFP (farnesylated EGFP) by particle-
mediated gene transfer device Helios Gene Gun System (Bio-Rad). 
Two days after transfection, the slices were fixed overnight with 
4% PFA and mounted with an antifading water-based mounting 
medium. For the deep-tissue two-photon experiments, transgenic 
mice expressing membrane-targeted fEGFP in small subsets of 
neurons (Thy1-mGFP) were transcardially perfused with 40 mL 
of 4% PFA in 0.12 M PB (phosphate buffer), pH 7.2–7.4. The 
brains were dissected immediately, cut into 500- to 1,000-µm- 
thick coronal sections with a vibratome (Leica) and stored in the 
same fixative at 4 °C and imaged within a few hours. All experi-
ments were conducted in accordance with the applicable European 
and National regulations (Tierschutzgesetz).

One-photon excitation (OPE) setup with 488 nm. Two different 
wide-field microscope setups were used to perform the measure-
ments. In setup 1, a 488-nm continuous-wave (CW) laser (sapphire 
488-50, Coherent) is used for excitation, whose linear polarized 
beam is expanded through a telescope system. The beam is pass-
ing a rotating λ/2-wave plate (achromatic λ/2 plate, 400–800 nm, 
Thorlabs) in order to constantly rotate the polarization plane of the 
linear polarized light. The rotation is achieved through a chopper 
wheel (Optical Chopper System, Thorlabs) that is synchronized to 
the electron-multiplying charge-coupled device (EMCCD) camera 
(see below). Thereafter, the beam is focused onto the back aperture 
of the microscope objective (NA = 1.35 oil immersion, UPlanSApo, 
60×, Olympus), which is mounted in an inverted microscope body 
(IX 71, Olympus). Emission light is passed through a dichroic mir-
ror (beam splitter z 488 RDC, AHF) and an emission filter (ET 
band pass 525/50, AHF). An additional lenses system is used to 
further magnify the image and focus it on an EMCCD camera 
(iXonEM+897 back illuminated, Andor Technology).

SPoD with ExPAN setup. ExPAN measurements were carried out 
on a second setup with a similar configuration but using a 568-nm 
CW laser (Sapphire 568, Coherent) for excitation. The excitation 
light is here combined with a 715-nm beam from a Ti:sapphire 
laser in CW mode (Mira 900, Coherent) through a dichroic mirror.  
The stimulated emission beam and excitation beam have perpen-
dicular polarizations. In comparison to setup 1, two λ/4-wave 
plates (Achromatic λ/4 plate, 400–700 nm, Newport) are used to 
rotate polarization instead of one λ/2, and a different objective 
(NA = 1.3, Fluar, 100×, Zeiss) was used. Furthermore, a motorized 
stage (Scan IM, Märzhäuser) in the x,y direction and a piezo stage 
(Custom Nano-Z200, Mad City Labs) in the z direction was used to 
position the samples. During acquisition of a video frame, overlap-
ping spots of ~10-µm diameter of the excitation and de-excitation 
light were scanned several times over the entire field of view using 
a 16 kHz resonant scanner (Electro-Optical Products Corp.).

Deep-imaging with two-photon excitation (TPE). For TPE 
experiments of deep-tissue imaging, linear polarized light from 
a pulsed laser (918 nm, 80 MHz, Chameleon, Coherent) was used. 
After beam expansion by a telescope system, the linear polar-
ized beam passes a rotating λ/2 plate (achromatic λ/2 plate, 680–
1,200 nm, Thorlabs) whose rotation is achieved the same way as 
described for the OPE path of the 488-nm setup. The collimated 
linear polarized light continues through a fourth telescope sys-
tem and is coupled into the microscope using a dichroic mirror 
and a piezo mirror (S-334.1SL, Physik Instrumente). The excita-
tion light fully illuminates the back aperture of the deep-imaging  
objective (NA = 1.05 water immersion, XLPLN 25XWMP, 25×, 
Olympus), and the emission light passes the dichroic mirror 
(multiphoton emitter HC 770/SP, AHF) and the emission filter  
(ET band pass 525/50, AHF). An additional filter is used to purify 
the emission light from reflected excitation light before being 
focused onto the EMCCD camera. For image acquisition with 
TPE, the piezo mirror is used to scan the sample. During rota-
tion of the polarization, the camera was operated with a frame 
frequency of 30 Hz and triggered the start of the piezo mirror 
movement that covered a rectangular area of the sample for each 
camera frame. Because the piezo can be operated at frequencies 
up to 300 Hz, this allowed us to cover a rectangular range of  
3 × 3 diffraction-limited excitation spots.

Software. Image data were recorded using either Solis image 
capture software (Andor) or µManager microscopy software35. 
Algorithms for image processing were implemented in Python 2.7.  
The algorithm, exemplary raw data and necessary parameters 
are available in a single ZIP file (Supplementary Software). All 
microscopy images were visualized using the “Red Hot” lookup 
table from ImageJ.

Imaging replicates. Images in the figures were representative of 
results as follows: Figure 2c: >10 replicates (images of different 
single molecule pairs); Figure 2d, >3 replicates (images of dif-
ferent single-molecule pairs); Figure 2e,g, >3 replicates (images 
of different groups of nanospheres); Figure 3a,b, >3 replicates 
(images of different microtubule networks); Figure 3c, 2 or 3 rep-
licates (images of different microtubule networks); Figure 4: >3 
replicates (images of different dendritic stretches of neurons).
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