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Live-cell multiplane three-dimensional
super-resolution optical fluctuation imaging
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Super-resolution optical fluctuation imaging (SOFI) provides an elegant way of overcoming
the diffraction limit in all three spatial dimensions by computing higher-order cumulants of
image sequences of blinking fluorophores acquired with a classical widefield microscope.
Previously, three-dimensional (3D) SOFI has been demonstrated by sequential imaging of
multiple depth positions. Here we introduce a multiplexed imaging scheme for the
simultaneous acquisition of multiple focal planes. Using 3D cross-cumulants, we show that
the depth sampling can be increased. The simultaneous acquisition of multiple focal planes
significantly reduces the acquisition time and thus the photobleaching. We demonstrate
multiplane 3D SOFI by imaging fluorescently labelled cells over an imaged volume of up to
65 x 65 %x3.5 pm3 without depth scanning. In particular, we image the 3D network of
mitochondria in fixed C2C12 cells immunostained with Alexa 647 fluorophores and the 3D
vimentin structure in living Hela cells expressing the fluorescent protein Dreiklang.
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microscope is characterized by its three-dimensional
(3D) point spread function (PSF) whose spatial extents
determine the resolution in the corresponding spatial
dimensions. The image of a single fluorescent molecule essentially
corresponds to the PSF centred on the position of the molecule.
By sequentially imaging isolated fluorophores, determining their
PSF centres and mapping them into a position histogram,
localization microscopy can render the sample structure with
much finer details than classical fluorescence microscopes!™.
However, this requires the use of fluorophores that can be photo-
switched or -activated stochastically. The characteristic rates of
activation and deactivation need to be tuned such that only a
sparse subset of molecules is active per exposure and a sufficiently
high number of photons can be detected for a precise
localization®8. As an alternative to single-molecule localization,
super-resolution optical fluctuation imaging (SOFI) achieves
super-resolution using higher-order statistics with relaxed
requirements on the photo-switching kinetics>!?. SOFI relies on
reversible stochastic and independent intensity fluctuations from
fluorophores but tolerates a spatio-temporal overlap of
their images, incomplete on-off-switching and moderate
visibility of the intensity fluctuations. The method has been
successfully demonstrated with semiconductor quantum dots”!!,
organic dyes'? and fluorescent proteins!>. With the help
of time-correlated single photon counting instrumentation, the
stochastic photon emission from single fluorophores and
the associated antibunching effect was exploited in combination
with a modified SOFI analysis'4. Recently, SOFI was applied to
fluorescence fluctuations induced by stochastic approaches of
fluorescence resonance energy transfer pairs'®, where the energy
transfer donor was linked to the structure of interest and the
acceptor diffusing in the medium.

So far, 3D SOFI has only been demonstrated by stacking
sequentially acquired optical sections!>1®, In this paper, we
introduce an imaging scheme for the simultaneous acquisition of
multiple focal planes. The SOFI analysis can then be performed in
3D to increase the spatial sampling and to improve the resolution
in all dimensions. In comparison to the sequential imaging of
several depth planes, a parallel multiplane acquisition with a
numerically increased depth sampling can significantly reduce the
acquisition time and therewith limit the photobleaching of
markers. We demonstrate the performance of this approach by
imaging mitochondria in fixed cells and the vimentin network in
living cells.

Results

Multiplane 3D SOFI. The most basic implementation of SOFI
corresponds to the calculation of the temporal variance of an
image sequence of stochastically fluctuating emitters. Owing to
the independence of the fluctuations, the signals from different
emitters are uncorrelated. In consequence, the variance of the
total signal from N emitters is the sum of the variances of every
single-emitter signal I;:

N N
var Zli(r,t) :ZVar{Ii(r,t)}, (1)

where i is the index of the emitter, r denotes a pixel location on
the detector and ¢ is the time. The signal from a single emitter
located at r; corresponds to a sampled and shifted version of the
microscope’s PSF U(r — r;) with a brightness amplitude €; times a
fluctuation signal s,(f) that encodes the temporal fluctuations. The
single-emitter variance then reads

var{Ii(r,t)} = G U?(r —r;)var{s;(t)}. (2)

Obviously, the variance-equivalent PSF is given by the original
PSF raised to the power of two. This doubles the spatial frequency
support of the corresponding optical transfer function and
increases the spatial resolution.

Instead of calculating the temporal variance on each pixel
separately, the covariance of neighbouring pixels provides an
additional advantage as it cancels any uncorrelated noise.
Furthermore, by using different combinations of pixel pairs for
calculating the covariance, the final image sampling can be
increased as the covariance essentially probes the sample in the
geometrical mean of the chosen pixel pair (Fig. 1).

Multiplying the PSF with itself for improving the resolution as
in the variance and covariance can be generalized to higher orders
using cumulants or cross-cumulants®!!. The second-order
cumulant without time lag is equivalent to the variance and the
second-order cross-cumulant corresponds to the covariance. An
n-th order cumulant or cross-cumulant raises the PSF to the
power of n. Cumulants thus provide a mean for resolution
enhancement that is ultimately limited by the signal-to-noise
ratio (SNR) only. As shown by Dertinger et al.!!, cross-cumulants
among a group of pixel time traces allow to eliminate any noise
bias and to increase the pixel grid density, such that the cumulant
image resolution is not limited by the effective pixel size. This
results in a 3D image with up to #n° times the original number of
pixels for a cumulant order n. Figure 1 illustrates the calculation
of cross-cumulants up to the fourth order for pixels {rs,rp,rc,rp}
that may differ in any spatial direction including the so far
unexploited axial dimension. To maximize the speed and the
field-of-view, each dimension of the PSF is oversampled just
enough to satisfy Shannon’s sampling theorem!” and to ensure a
correlated signal between the cross-cumulated pixels. For a given
spatial sampling distance, the more pixels that are acquired and
read simultaneously, the faster the overall image acquisition
becomes. It is thus advantageous to use a widefield imaging
system with a high pixel-count camera that is sufficiently sensitive
and rapid to detect the emitters’ fluorescence fluctuations.

In order to fully exploit the resolving power of higher-order
cross-cumulants with a balanced image contrast, we applied a
simplified linearization'®. The absolute value of the resulting
cumulant image is first deconvolved in 3D using a Lucy-
Richardson algorithm. The log-likelihood formulation used in the
algorithm is well adapted for cumulants as long as there are no

nth order cross-cumulant computation
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Figure 1| Calculation of cross-cumulants. The cross-cumulant xx, of
order n for a pixel group S = {ra, tg, rc,¥p} can be calculated as a sum over
all partitions of S. Each addend consists of a prefactor depending on the
number of parts |P| in the particular partition P times a partition product,
which evaluates the parts p as a temporally averaged (...) product. White,
red, blue and yellow backgrounds indicate parts of a partition comprising,
respectively, one to four pixels.

| 5:5830 | DOI: 10.1038/ncomms6830 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

sign changes within a PSF. We then take the n-th root and
reconvolve the image with an n-times size-reduced PSF to limit
the apparent final resolution to a physically reasonable value
given by the support of the cumulant optical transfer function.
Figure 2a outlines a widefield setup for the simultaneous
acquisition of multiple focal planes with two cameras. The use of
an index-matched immersion objective lens (for example, a
water-immersion objective if the sample is in an aqueous
environment) minimizes spherical aberrations when imaging
thick samples. Three diagonally arranged 50:50 beam splitters
behind the lens f, split the collected fluorescence into eight
separate detection channels. Four mirrors are adjusted to direct
the light onto separate areas of the two cameras. By axially
shifting two mirrors by a distance d and 24 as indicated in Fig. 2a
and by shifting one camera by a distance 4d, eight different
optical path lengths are achieved with respect to the lens f,.
Therefore, eight distinct and conjugated depth positions are
probed in the sample. The focal plane separation in the object
space is then approximately given by d/M,, where M, is the axial
magnification (square of the lateral magnification). To comply

Intermediate

with Shannon’s sampling theorem, this distance should not
exceed half the axial resolution of the imaging system. The field
stop has an adjustable rectangular shape and is used to avoid
crosstalk between the detection channels. By adding or removing
a pair of mirrors and a beam splitter, the number of detection
channels can be increased or decreased.

Mitochondria in immunostained fixed cells. In view of imaging
a deep red emitting organic fluorophore, Alexa 647, we adjusted
the distances between the focal planes in the sample to 500 nm
(Fig. 2¢,d). Using a fluorescent bead sample (Fig. 2b), we deter-
mined the transverse positioning and the mutual distortion of the
detection channels for co-registration and measured the full-
width-at-half maxima of the PSF in the transverse (320 nm) and
axial dimension (1.2 um). The mutual distortions include the
effects of small differences in lateral magnifications and distor-
tions because of non-telecentric and tilted image formation on the
camera sensors as well as different wavefront aberrations by the
optical elements of the image splitter.
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Figure 2 | Simultaneous detection of multiple focal planes. (a) Multiplane widefield fluorescence microscope. The excitation laser is focused into the
aperture of the objective to create a large illumination field. Sample features in several focal planes are imaged simultaneously by two cameras. These focal
planes are obtained by splitting the fluorescence into several channels using three 50:50 beam splitter cubes and by introducing path length differences d
and 2d with the mirrors, as well as 4d with camera 1 (the grey-shaded element positions would result in a single focal plane detection). The resulting
separation between the focal planes in the object space is then approximately d/M,, with M, being the axial magnification of the system. The images of the
focal planes are projected side-by-side on the cameras. A field stop in the intermediate image prevents overlaps between the image frames. (b) Image
frames taken with a fluorescent bead sample. (¢) Peak brightness in the image frames in b upon scanning the sample plane through the focal channels.
(d) Calibration of the focal plane separation by the positions of the brightness maxima in c.
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We labelled mitochondria by decorating fixed C2C12 cells with
antiserum against Tom20, an abundant protein of the outer
membrane, and a secondary antibody coupled to Alexa 647. At the
imaging conditions, Alexa 647 showed pronounced blinking with
an average on time of about 20 ms and an estimated off time of
1-2s. Taking 5,000 images acquired at 40 frames per second
(f.p.s.), we obtained 3D super-resolved images of mitochondria as
shown in Fig. 3 and Supplementary Movie 1. The simultaneous
acquisition of multiple focal planes allowed a volume of 65 x
65 X 3.5 um?> to be imaged without scanning. We computed third-
order cross-cumulants in order to increase the sampling density
threefold in all spatial dimensions. Instead of the original 8
sampling points along the optical axis (Fig. 3g), we therefore
obtained 22 points, which significantly improves the visibility of
structural details in depth (Fig. 3d-f). The third-order balanced
cumulant image!® clearly reveals spherical and tubular
mitochondrial features (Fig. 3ab and d-f), whereas in the
diffraction-limited image those features are barely visible
(Fig. 3c,g). The strong out-of-focus background is almost
completely removed in the 3D SOFI image. As shown in the
profiles in Fig. 3h,i, the smallest features resolved in transverse and
meridional sections of the image indicate a lateral resolution of
about 110 nm and an axial resolution better than 500 nm, which
approaches the expected threefold increase in 3D resolution.

For further comparison, Supplementary Fig. 3 shows the
second-order SOFI image without deconvolution and lineariza-
tion, where we chose a partially saturated image representation to
accommodate for the high image contrast. Residual artefacts of
the sub-pixel grid are visible around defocused features. Because
second-order SOFI improves the resolution only by a factor of
approximately /2 (ref. 9), third-order balanced SOFI resolves
small features significantly better as exemplified by Fig. 3b,h and
Supplementary Fig. 3.

Vimentin-Dreiklang-transfected living cells. To demonstrate
live-cell imaging with short acquisition times, we imaged the

vimentin network in living HeLa cells using the reversibly
switchable fluorescent protein Dreiklang!® (cf. Figs 4 and 5).
Dreiklang possesses three separate but partly overlapping
absorption spectra for exciting fluorescence and switching
it on and off. This allows for a flexible tuning of photo-
switching kinetics and number of photons per switching cycle.
We used 405nm light, which excites in the overlapping
absorption bands for switching on and off, to switch
Dreiklang at a low on-ratio of about 1%. We used 532nm
light to excite fluorescence well above the absorption maximum
in order to avoid switching Dreiklang off at the same time.
The distances between the focal planes were then adjusted to
400 nm to account for the shorter wavelength and the resulting
reduction in PSF size. The total depth range covered with
the eight planes was reduced to 2.8 pm, which was usually too
short to cover an entire vimentin network (Fig. 4a,b). By
increasing the 405nm illumination intensity, the switching
rate of Dreiklang can be increased. We adapted the frame rate so
that the exposure time corresponded approximately to the
characteristic on-time and changed the fluorescence excitation
proportionally in order to determine the maximum acquisition
speed yielding a good image quality. With illumination
intensities of about 100 W cm ~ 2 at 405nm and 3kW cm ~2 at
532 nm, the acquisition of about 1,000 frames at 325f.p.s. was
sufficient for a decent SNR in a second-order cross-cumulants
analysis (Fig. 4ef). As the total number of emitted photons
per fluorophore usually lowers with increasing switching
speeds, it is rather preferable to reduce the illumination
intensities and accordingly the acquisition speed while keeping
motion artefacts small. For Fig. 5, we reduced the number of
planes to four and additionally moved the sample along the
axis to cover a total depth of 4um in three sequential
acquisitions. For a twofold 3D resolution improvement, we
evaluated 3,000 images taken at 50fp.s. with accordingly
reduced illumination intensities of 15W cm ~2 at 405nm and
450 W em ™ 2 at 532 nm.
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Figure 3 | Mitochondria stained with Alexa 647 in fixed C2C12 cells. (a) Maximum intensity projection of the third-order balanced SOFI image
covering a volume of 65 x 65 x 3.5 pm3. (b) Zoomed region highlighted in a. (¢) Diffraction-limited widefield view of the same area as b. (d-f) x-z Sections
highlighted in a averaged over 25 pixels along y. (g) Same x-z section as f from diffraction-limited widefield stack. (h) x-Profiles from the cut 1-1 highlighted
in b. (i) z-Profile from the cut 2-2’ highlighted in e. Scale bars: (@) 5um (b,¢) 2 um (d-g) Tum in x and z.
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Figure 4 | Live-cell multiplane SOFI of Hela cells expressing vimentin-Dreiklang optimized for acquisition speed. Acquisition rates and number of
frames: (a,b) 50f.p.s., 3,000 frames; (c,d) 325f.p.s., 3,000 frames; (e-g) 325f.p.s., 1,500, 500 and 200 frames. (a,c) Maximum intensity projection of
8-plane widefield images. (b,d-g) Maximum intensity projection of second-order balanced SOFI. The original eight axial sampling points are complemented
by virtual pixels using a 3D second-order cross-cumulant analysis to yield a total of 15. (e-g) Zoomed region highlighted in ¢ showing the resulting
second-order balanced SOFI image obtained from 1,500 (4.6s), 500 (1.55s) and 200 (0.6 s) frames, respectively, and having the same central time point.
For a decent SNR, at least 500 frames seem to be needed. Scale bars: (a,b) 5um (¢ d) 2pum (e-g) Tum.

Figure 5 | Live-cell multiplane SOFI of Hela cells expressing vimentin-Dreiklang. (a) Maximum intensity projection of widefield images. (b) Maximum
intensity projection of second-order balanced SOFI. (¢) Zoomed region highlighted in b. (d-f) x-z Sections highlighted in b. Scale bars: (a,b) 5um (¢) Tum

(d-f) Tpm in x and z.

Discussion

For widefield 3D SOF]L, it is favourable to acquire multiple depth
planes simultaneously. The optimal number of detection channels
is limited by the detectable fluctuation signal from the
fluorophore and the sensitivity of the detection system. As a
guideline, the detected fluctuation amplitude in each channel
should at least exceed the read noise amplitude. Using a cross-
cumulants analysis of stochastically blinking fluorescent emitters
across the individual depth planes, the physically acquired depth
planes are supplemented by virtual planes providing a finer depth
sampling. As a result, the axial PSF needs not to be n times
oversampled as would be the case for axially scanned n-th order
3D SOFI. Accordingly, multiple simultaneously acquired focal
planes in combination with 3D cross-cumulants allow for a
reduction in the acquisition time and a better exploitation of the

available photon budget from the fluorescent markers, particu-
larly if the emitters are prone to bleaching.

The resulting contrast of the 3D cross-cumulants is more
homogeneous along the optical axis when compared with
sequential plane-by-plane 2D cross-cumulants. During sequen-
tially acquired depth sections, the cumulant response of
individual emitters might change because of stochasticity
resulting in a potentially imbalanced cumulant contrast, which
would be problematic for subsequent 3D deconvolution and
cumulant balancing (as described in ref. 18). As cross-cumulants
cancel uncorrelated noise, the image quality is greatly improved.
However, auto-fluorescence and/or strongly  defocused
fluorophores can contribute correlated noise upon photo-
bleaching. Therefore, we minimize photobleaching at best and
adjust the sequence length for the data analysis. Some cameras
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showed correlated read noise, which we attribute to clocking
noise upon charge shifting (EMCCD) or row switching (CMOS)
at high speed. Therefore, the cameras have been carefully selected
for minimizing this correlating bias.

The present implementation of a multiplane fluorescence
microscope is versatile but susceptible to misalignment of the
detection channels because of drift of the components. An
integrated image splitter with a minimal number of elements
would simplify the alignment and improve the stability. Instead of
refractive elements, it is also possible to use a specifically designed
2D grating in combination with §lass prisms to generate several
depth planes on a single camera®®. With a wavefront-corrected
grating, this concept would enable the use of high-numerical
aperture oil-immersion objectives by compensating the spherical
aberrations arising from refractive index mismatches.

In principle, the resolution in live cells densely stained with
Dreiklang could be further improved if the on-time ratio could be
lowered, for instance by shifting the switching light to a slightly
longer wavelength and thus substantially reduce the on-switching.
Alternatively, the fluorescence excitation wavelength could be
blue-shifted in order to increase the off-switching while keeping
the same on-switching rate. Whereas SOFI can handle multiple
markers emitting simultaneously, it is nevertheless beneficial to
keep this number reasonably low for improving the visibility of
the blinking events.

In addition to the improved structural information, SOFI may
also provide functional information via a cumulants analysis with
different time lags. This enables the quantification of signal
fluctuations at different time scales, such as the switching kinetics
of the fluorophores and also sample movements. Furthermore,
combining the information from several cumulant orders allows
to extract spatially resolved molecular state lifetimes, concentra-
tions and fluorescence amplitudes, which may be linked to the
surrounding microenvironment!$,

In summary, we introduced a fast and versatile multiplane 3D
SOFI concept allowing super-resolved cell imaging in 3D without
scanning. We imaged the outer membrane of mitochondria in
C2C12 cells as well as the vimentin network of living HeLa cells
using an eight-plane detection scheme. Compared with the
diffraction-limited image, we demonstrated an up to threefold
resolution improvement in all three dimensions in fixed cells and
a twofold 3D resolution improvement at acquisition times of a
few seconds in living cells.

Methods

Microscope setup. The custom-built microscope system (Fig. 2a) comprised a 1.2
numerical aperture x 60 water-immersion objective (UPLSAPO 60XW, Olympus),
two diode lasers for excitation and reactivation (MLL-III-635, 800 mW, Roithner
Lasertechnik, and iBeam smart, 405 120 mW, Toptica) as well as a green DPSS laser
(MLL-FN-532 800 mW, Roithner Lasertechnik), a multiplane splitter with three
50:50 beam splitters (BS013, Thorlabs) and two sCMOS cameras (ORCA Flash 4.0,
Hamamatsu). For Alexa 647 imaging, the illumination intensities were adjusted to
2kW cm ~ 2 at 635 nm (excitation) and 20 W cm ~ 2 at 405 nm (faster reactivation).
Dreiklang was switched with 15 W cm ~ 2 at 405 nm and excited with 450 W cm ~2
at 532 nm. Dreiklang switching kinetics were measured with the same setup, but
with reduced illumination intensities (5.6 W cm ~ 2 at 405nm, 0.7 W cm ~ 2 at
532nm) and an additional 365 nm LED epi-illumination with 1.6 W cm -2
(switching on).

Data analysis. A detailed description of the multiplane SOFI analysis may be
found in Supplementary Note 1 with a flowchart given in Supplementary Fig. 1. In
brief, each registered pair of image sequences from consecutive depth channels was
divided into 500-frame (Alexa 647) or 100-frame (Dreiklang) sub-sequences and
processed with a 3D cross-cumulants analysis using voxel combinations without
repetitions (Supplementary Fig. 2) and zero time delays. The frames of one depth
sequence were analysed without preprocessing, whereas the frames of the other
sequence were co-registered using an affine transformation and bilinear inter-
polation. The transformation parameters were obtained from a calibration
measurement using fluorescent beads. A subsequent fine-tuning of the image
registration using a rigid transformation on the measurement data was necessary to

6

correct for residual mechanical drift of the detection optics. From each bi-plane
cross-cumulants analysis, only virtual planes and the untransformed physical plane
were kept for further processing, because the transformed depth plane contains
correlated noise parts in neighbouring pixels introduced by the interpolation. The
heterogeneous pixel weights—arising from different responses in the detection
channels as well as the the different pixel groups used in the cross-cumulants—
were corrected by dividing their respective standard deviations throughout the
entire image. Compared with the original SOFI algorithms' '8 suggesting a
distance-factor correction by fitting a PSF model that maximizes the image
smoothness, this standard-deviation equalization has the advantage of being easier,
faster and it seemed more robust with low SNRs, and the different detection
responses are automatically corrected.

Subsequently, the bi-plane cumulant image blocks are transformed using the
previously determined transformation masks in order to have all planes aligned.
Finally, the nonlinear response of the cumulant with respect to differences in
molecular brightness and blinking was linearized by using a 3D Lucy-Richardson
deconvolution, taking the n-th root and reconvolving with an n-times size-reduced
PSF. For the display of the z coordinate, we used an ‘isolum’ colourmap compatible

with red-green colour perception deficiencies?!.

Cell cultures. C2C12 cells were cultured at 37 °C with 5% CO, using DMEM high
glucose (4.5g17 ! of glucose), containing 10% fetal bovine serum, 2% HEPES 1M,
1% MEM Non-Essential Amino Acids Solution (100 x ) and 40 pg ml ! of Gen-
tamycin (all products were purchased from Life Technologies Corporation). Cells
were plated in 35 mm Fluorodish Cell Culture Dish (World Precision Instruments)
at roughly 50,000 cells per plate on the day before fixation.

HelLa cells were cultured at 37 °C with 5% CO, using Minimum Essential
Medium Eagle with Earle’s salts, L-glutamine, sodium bicarbonate complemented
with 10% fetal bovine serum, 1 x penicillin-streptomycin, 1 X GlutaMAX, 1 x
MEM Non-Essential Amino Acids Solution (all products were purchased from Life
Technologies). Cells were plated in 4-well Nunc Lab-Tek II Chambered Coverglass
(Thermo Fisher Scientific).

Immunostaining. C2C12 cells were washed three times carefully with PBS and
were then incubated for 10 min at room temperature (RT) in 10% neutral buffered
formalin solution (4% (w/v) formaldehyde, Sigma-Aldrich) for fixation, followed
by washing three times 5 min with PBS. The cells were then incubated for 60 min in
TBS containg 0.1% Tween-20 (TBST) with 10% fetal calf serum (FCS) at RT,
followed by incubation overnight at 4 °C with a primary antibody for Tom20
(mouse monoclonal, Abcam, ab56783) diluted 1:100 in TBST with 10% FCS. Cells
were then washed three times for 5 min with PBS and incubated again at RT for 1-
2h with a secondary antibody (donkey anti-mouse, Alexa Fluo 647), diluted 1:150
in TBST with 10% FCS. After washing the cells three times for 5min with PBS, a
postfixation was performed for 10 min with formalin solution at RT. Before
addition of a 1:1 PBS/Glycerol solution, the cells were finally washed again three
times for 5min with PBS.

Imaging buffer. The Alexa 647 samples were imaged using a buffer containing an
oxygen scavenger and a thiol. The solutions were prepared using PBS (Sigma-
Aldrich), 0.5 mgml ! glucose oxidase (Sigma-Aldrich), 40 pgml ~! catalase
(Sigma-Aldrich), 6.6% (w/v) glucose and 10 mM cysteamine (Sigma-Aldrich).

Transfection with vimentin-Dreiklang. HeLa cells were transfected using
FuGENE 6 transfection reagent (Promega). For each 1.5 cm? well, 2 pl Fugene were
incubated in 33 ul OptiMEM Reduced-Serum Medium (Life Technologies) during
5min before the addition of 0.67 pg of the plasmid pMD-Vim-Dreiklang!®. The
solution then stayed 30 min at RT before it was carefully distributed over the cells.
Cells were then put back into the incubator and were left overnight before imaging.

Determination of Dreiklang switching kinetics. In order to determine the
appropriate illumination intensities for SOFI measurements, we first determined
the switching kinetics of Dreiklang from ensemble experiments with transfected
HelLa cells. We implemented an additional 365 nm LED illumination (M365L2
from Thorlabs) to characterize both on- and off-switching of Dreiklang. We used
the parallel port as a digital 8-port output to control illumination pulsing and
camera synchronization via a Matlab Mex-File?2. All the switching experiments
were carried out on the presented setup using a widefield detection and
illumination sources at 365, 405 and 532 nm with 1.6, 5.6 and 0.7 W cm ~2,
respectively. A first experiment consisted in a repeated sequence of pulses of
532-405-532-365nm light to characterize the on-switching ratios of both 405 and
365 nm illuminations (Supplementary Fig. 4a,b). The signal plotted in
Supplementary Fig. 4a,b corresponds to the background-corrected fluorescence
response from a cell transfected with Dreiklang averaged over a thresholded image.
The population ratios Pss5/Pior and Pyos/Pyor (corrected for bleaching) correspond
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to the estimated on-ratios of 365 and 405 nm light:

0 _ Ton ;365 _ Kon 365
on»365 = = )
Tons365 + Toffs365  Koff 365 + Kon 365 3)
_ Ton 405 kon 405
Pon.405 =

Ton 405 + Toff 405 Koff 405 + Kon 405

The second experiment summarized in Supplementary Fig. 4c,d consisted of a
pulsed 365nm and continuous 405 and 532 nm illumination for extracting the
absolute kinetics. The average switch-on and switch-off curves are represented in
Supplementary Fig. 4d with the fitted characteristic lifetimes 7., = 1/kofr.405 and
Toft = 1/(Kon,365 + kon,a05)- The individual on- and off-switching lifetimes for 365
and 405 nm light at the given intensities can then be estimated as

Ton,405 = Ton = 104[ms] L““ff = 160[ms]

Toff 365 = T, ' — T

Pon,365

Toff 405 = Tnn.A()S(l/ponAl)S - 1) = 10[5] Ton,365 = Toff 365 T— Do 365 = 383[ms].
on,365

References

1. Rust, M, Bates, M. & Zhuang, X. Sub-diffraction-limit imaging by stochastic
optical reconstruction microscopy (STORM). Nat. Methods 3, 793-795 (2006).

2. Betzig, E. et al. Imaging intracellular fluorescent proteins at nanometer
resolution. Science 313, 1642-1645 (2006).

3. Hess, S, Girirajan, T. & Mason, M. Ultra-high resolution imaging by fluorescence
photoactivation localization microscopy. Biophys. J. 91, 4258-4272 (2006).

4. Folling, J. et al. Fluorescence nanoscopy by ground-state depletion and single-
molecule return. Nat. Methods 5, 943-945 (2008).

5. Heilemann, M. et al. Subdiffraction-resolution fluorescence imaging with
conventional fluorescent probes. Angew. Chem. Intl Ed. 47, 6172-6176 (2008).

6. van de Linde, S, Wolter, S, Heilemann, M. & Sauer, M. The effect of
photoswitching kinetics and labeling densities on super-resolution fluorescence
imaging. J. Biotechnol. 149, 260-266 (2010).

7. Zhu, L, Zhang, W, Elnatan, D. & Huang, B. Faster STORM using compressed
sensing. Nat. Methods 9, 721-723 (2012).

8. Babcock, H, Sigal, Y. M. & Zhuang, X. A high-density 3D localization algorithm
for stochastic optical reconstruction microscopy. Opt. Nanoscopy 1, 6 (2012).

9. Dertinger, T, Colyer, R, Iyer, G, Weiss, S. & Enderlein, J. Fast, background-free,
3D super-resolution optical fluctuation imaging (SOFI). Proc. Natl Acad. Sci.
USA 106, 22287-22292 (2009).

. Geissbuehler, S, Dellagiacoma, C. & Lasser, T. Comparison between SOFI and
STORM. Biomed. Opt. Express 2, 408-420 (2011).

. Dertinger, T, Colyer, R, Vogel, R, Enderlein, J. & Weiss, S. Achieving increased
resolution and more pixels with superresolution optical fluctuation imaging
(SOFI). Opt. Express 18, 18875-18885 (2010).

. Dertinger, T, Heilemann, M, Vogel, R, Sauer, M. & Weiss, S. Superresolution
optical fluctuation imaging with organic dyes. Angew. Chem. Intl Ed. 49,
9441-9443 (2010).

13. Dedecker, P, Mo, G. C. H, Dertinger, T. & Zhang, J. Widely accessible method
for superresolution fluorescence imaging of living systems. Proc. Natl Acad. Sci.
USA 109, 10909-10914 (2012).

14. Schwartz, O. & Oron, D. Improved resolution in fluorescence microscopy using
quantum correlations. Phys. Rev. A 85, 033812 (2012).

15. Cho, S. et al. Simple super-resolution live-cell imaging based on diffusion-

assisted Forster resonance energy transfer. Sci. Rep. 3, 1208 (2013).

. Dertinger, T, Xu, J, Naini, O, Vogel, R. & Weiss, S. SOFI-based 3D superre-

solution sectioning with a widefield microscope. Opt. Nanoscopy 1, 2 (2012).

1

f=1

1

—

1

N

1

f=}

17. Shannon, C. E. Communication in the presence of noise. Proc. IEEE 86,
447-457 (1998).

. Geissbuehler, S. et al. Mapping molecular statistics with balanced super-
resolution optical fluctuation imaging (bSOFI). Opt. Nanoscopy 1, 4 (2012).

19. Brakemann, T. et al. A reversibly photoswitchable GFP-like protein with

fluorescence excitation decoupled from switching. Nat. Biotechnol. 29, 942-947
(2011).

20. Abrahamsson, S. et al. Fast multicolor 3D imaging using aberration-corrected
multifocus microscopy. Nat. Methods 10, 60-63 (2012).

. Geissbuehler, M. & Lasser, T. How to display data by color schemes compatible
with red-green color perception deficiencies. Opt. Express 21, 9862-9874
(2013).

. Schieber, F. Mex-File Plug-in for Fast MATLAB Port I/O (64-bit Windows XP,
Vista, 7). http://apps.usd.edu/coglab/psyc770/1064.html (2010).

1

el

2

—

2!

N

Acknowledgements

We thank Professor Johan Auwerx for kindly providing the C2C12 cells, Dr Erica
Martin-Williams for proof-reading the manuscript, Professor Gabriel Popescu and

Dr Claudio Dellagiacoma for helpful comments and discussions and Gennady Nikitin for
his assistance with cell labelling. This research was supported by the Swiss National
Science Foundation (SNSF) under grants CRSII3-125463/1 and 205321-138305/1. A.G.
and E.A.D. acknowledge the grants from Neva Foundation. J.E. and S.J. greatfully
acknowledge financial support by the Deutsche Forschungsgemeinschaft through SFB
755 (projects A5 and B10) and the Cluster of Excellence Nanoscale Microscopy and
Molecular Physiology of the Brain (S.J.), and A.H. greatfully acknowledges financial
support by the German Bundesministerium fiir Bildung und Forschung (BMBF) via the
Bernstein Center for Computational Neuroscience (BCCN, project A2, FKZ
01GQ1005A), Géttingen.

Author contributions

S.G., T.L. and M.L. conceived the study. S.G. and M.L. developed the algorithm. S.G.,
AS., A.G,N.LB, P.AS., AH. and N.A/J. prepared the samples. S.G. and A.S. performed
the experiments and analyzed data. S.G. and M.L. wrote the manuscript and all authors
commented on it at every stage.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Geissbuehler, S. et al. Live-cell multiplane three-dimensional
super-resolution optical fluctuation imaging. Nat. Commun. 5:5830 doi: 10.1038/

ncomms6830 (2014).
@@@@ This work is licensed under a Creative Commons Attribution-
Cams  NonCommercial-ShareAlike 4.0 International License. The images or
other third party material in this article are included in the article’s Creative Commons
license, unless indicated otherwise in the credit line; if the material is not included under
the Creative Commons license, users will need to obtain permission from the license
holder to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/4.0/

| 5:5830 | DOI: 10.1038/ncomms6830 | www.nature.com/naturecommunications 7

© 2014 Macmillan Publishers Limited. All rights reserved.


http://apps.usd.edu/coglab/psyc770/IO64.html
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Multiplane 3D SOFI

	Figure™1Calculation of cross-cumulants.The cross-cumulant kappaX,n of order n for a pixel group Bbb S=  r A , r B , r C , r D   can be calculated as a sum over all partitions of Bbb S. Each addend consists of a prefactor depending on the number of parts |
	Mitochondria in immunostained fixed cells

	Figure™2Simultaneous detection of multiple focal planes.(a) Multiplane widefield fluorescence microscope. The excitation laser is focused into the aperture of the objective to create a large illumination field. Sample features in several focal planes are 
	Vimentin-Dreiklang-transfected living cells

	Figure™3Mitochondria stained with Alexa 647 in fixed C2C12 cells.(a) Maximum intensity projection of the third-order balanced SOFI image covering a volume of 65times65times3.5thinspmgrm3. (b) Zoomed region highlighted in a. (c) Diffraction-limited widefie
	Discussion
	Figure™5Live-cell multiplane SOFI of HeLa cells expressing vimentin-Dreiklang.(a) Maximum intensity projection of widefield images. (b) Maximum intensity projection of second-order balanced SOFI. (c) Zoomed region highlighted in b. (d-f) x-z Sections high
	Figure™4Live-cell multiplane SOFI of HeLa cells expressing vimentin-Dreiklang optimized for acquisition speed.Acquisition rates and number of frames: (a,b) 50thinspf.p.s., 3,000 frames; (c,d) 325thinspf.p.s., 3,000 frames; (e-g) 325thinspf.p.s., 1,500, 50
	Methods
	Microscope setup
	Data analysis
	Cell cultures
	Immunostaining
	Imaging buffer
	Transfection with vimentin-Dreiklang
	Determination of Dreiklang switching kinetics

	RustMBatesM.ZhuangX.Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)Nat. Methods37937952006BetzigE.Imaging intracellular fluorescent proteins at nanometer resolutionScience313164216452006HessSGirirajanT.MasonM.Ultra-hi
	We thank Professor Johan Auwerx for kindly providing the C2C12 cells, Dr Erica Martin-Williams for proof-reading the manuscript, Professor Gabriel Popescu and Dr Claudio Dellagiacoma for helpful comments and discussions and Gennady Nikitin for his assista
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




