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Abstract: Super-resolution optical fluctuation imaging (SOFI)
is a super-resolution microscopy technique that overcomes the
diffraction limit by analyzing intensity fluctuations of statisti-
cally independent emitters in a time series of images. The final
images are background-free and show confocality and
enhanced spatial resolution (super-resolution). Fluorophore
photobleaching, however, is a key limitation for recording long
time series of images that will allow for the calculation of
higher order SOFI results with correspondingly increased
resolution. Here, we demonstrate that photobleaching can be
circumvented by using fluorophore labels that reversibly and
transiently bind to a target, and which are being replenished
from a buffer which serves as a reservoir. Using fluorophore-
labeled short DNA oligonucleotides, we labeled cellular
structures with target-specific antibodies that contain comple-
mentary DNA sequences and record the fluctuation events
caused by transient emitter binding. We show that this concept
bypasses extensive photobleaching and facilitates two-color
imaging of cellular structures with SOFI.

Super-resolution microscopy has significantly improved our
understanding of cell biology.[1] Among these are methods
that build on the detection of stochastic single-molecule
emission events, which are subsumed under the term single-
molecule localization microscopy (SMLM) and that allow for
imaging of cellular structures with nanometer resolution.[2]

High resolution is achieved by spatiotemporal separation of
emission events via fluorophore “blinking” and precise
localization of individual molecules. Alternatively, transient

and reversible binding of fluorophore labels enables the
isolation of single emitters in space and time, as for example,
in points accumulation for imaging in nanoscale topography
(PAINT)[3] and DNA-PAINT.[4]

An alternative and elegant way to generate super-
resolved images is provided by super-resolution optical
fluctuation imaging (SOFI). SOFI is a software-based
method of calculating resolution-enhanced images from
a time series of diffraction-limited images and provides
a useful trade-off between temporal and spatial resolution.[5]

In SOFI, contrast-enhanced and background-reduced high-
resolution images are obtained by a correlation analysis of
intensity-time traces. The method requires only the labeling
of a sample with stochastically fluctuating fluorescent emit-
ters, is compatible with a variety of imaging platforms and
flexible with respect to imaging conditions.[6] The power of
this method has successfully been demonstrated in cells using
various fluorophore labels that exhibit photoswitching and
lead to a fluctuating fluorescence signal, including quantum
dots,[5] organic dyes,[7] or fluorescent proteins.[8] However, the
usability of organic dyes and fluorescent proteins for SOFI is
limited by their inherent susceptibility to photobleaching,
although correction methods for photobleaching in SOFI
have been proposed[9] and self-blinking dyes were shown to
increase signal stability.[10] Quantum dots do not have this
problem but they are large in size and difficult to use for
target-specific labeling. Hence, it would be desirable to have
small fluorophore labels that show adjustable fluorescence
fluctuations and, at the same time, enable long acquisition
sequences without loss of signal, which would enable higher-
order statistical analysis for SOFI (leading to better resolved
images).

Here, we present fluorophore labels that transiently and
repetitively bind to a target as probes for SOFI. Transient
labels typically show a weak affinity to a target, and exchange
constantly with the buffer that constitutes a reservoir (we
refer to these labels as “exchangeable labels” hereafter). As
such, these labels are insensitive to common photobleaching
and thus yield a constant fluorescence signal over time, which
has been successfully exploited in SMLM[3, 4, 11] and stimulated
emission depletion (STED) microscopy.[12]

In order to implement exchangeable labels for SOFI, we
built on the concept of DNA-PAINT, in which stochastic
“blinking” is achieved by transient and reversible binding of
exchangeable fluorophore-labeled oligonucleotides (imager
strands) from a buffer reservoir to complementary DNA-
sequences (docking strands). Using secondary antibodies for
covalent attachment of docking strands (Figure 1A) allows
highly specific and multiplexed imaging of cellular structures
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with high spatial resolution.[13] Because of a permanent
replenishment of imager strands, DNA-PAINT is little
susceptible to photobleaching and hence allows for theoret-
ically infinitely long acquisition times.

We exploit the transient and reversible binding of imager
strands to DNA-labeled antibodies to generate target-specific
and bleaching-resistant “blinking” events required for SOFI
analysis (Figure 1B). We first tested the suitability of
exchangeable, dye-labeled oligonucleotides for SOFI by
immunofluorescence labeling of microtubules with primary
antibodies against the b-tubulin subunit and suitable docking-
strand labeled secondary antibodies. In a titration experiment
we applied different imager strand concentrations (P1-
AbberiorStar635P) to generate the site-specific intensity
fluctuations required for the SOFI correlation analysis and
found imager strand concentrations in the lower nanomolar
range to be most suitable (Figures 1C, S1). While in
unprocessed images, target-specific and background signals
are difficult to discriminate due to a large amount of freely
diffusing imager strands, the background signal was efficiently
removed in 2nd order SOFI images, and fine microtubule
structures became visible (Figure 1C). This is because in
SOFI, uncorrelated background signal is efficiently elimi-
nated. Using higher or lower imager strand concentrations
reduced the quality of the processed images, probably due to
low numbers of “blinking” events or quasi-permanent signals,
respectively (data not shown). We found the imager strand
concentrations in the range of 5 to 20 nm well suited for SOFI
analysis, as they ensure an optimal level of intensity fluctua-
tions and at a same time a good signal-to-background ratio.
We recommend using this concentration range as a starting
point, and to eventually optimize this parameter in new
experiments, for example, for different DNA sequences or
target structures.

We next estimated the resolution enhancement in SOFI
images by applying an image decorrelation analysis as
described by Descloux et al.[14] We therefore imaged and
analyzed U2-OS cells immunolabeled for b-tubulin. We
compared image resolution after decorrelation analysis of
mean intensity time series projections (395� 18 nm), 2nd

order (285� 14 nm), and 3rd order (218� 14 nm) SOFI

images. The resolution enhancement is in good agreement
with theoretical estimates, predicting a spatial resolution that
is proportional to the square-root of the SOFI correlation
order.[5] Since the spatial resolution reported by the decorre-
lation analysis might be impacted by background signal from
freely diffusing imager strands, we performed a second
analysis by quantifying the intensity profile across the micro-
tubule axis as a metric for image resolution. Determination of
the mean microtubule diameters (FWHM) revealed 329�
50 nm, 245� 25 nm and 205� 29 nm for the mean intensity
time series projection, 2nd order and 3rd order SOFI image,
respectively (Figure 2 A). As a third approach and to access
the local resolution in our images, we performed Fourier-ring-
correlation (FRC) analysis using the NanoJ Fiji package.[15]

The resulting FRC maps show a homogenous distribution of
FRC values in cell regions, and resolution enhancement
correlates well with decorrelation analysis and tubulin
measurements (Figure S2).

To demonstrate the versatility of exchangeable labels for
SOFI, we labeled two other cellular structures and generated
SOFI images. Mitochondria and the endoplasmic reticulum
were labeled by targeting the outer membrane protein
TOM20 and calnexin, respectively (Figure 2B). In 2nd order
SOFI images, the background signal is strongly reduced, and
the resolution enhancement allowed the visualization of the
structural features associated with the intracellular mem-
brane structures. On this imaging data, we quantified the
degree of photobleaching occurring during SOFI experiments
with exchangeable fluorophores. Under the experimental
settings applied (see materials and methods), we find a rather
constant fluorescence signal over time for the whole imaging
time series (Figure 2C). For comparison with a permanent
label, we recorded a fluorescence time series of Alexa Fluor
647 labeled b-tubulin using dSTORM photoswitching con-
ditions, resulting in a significant loss of signal over time
(Figure S3). We hypothesize that continuous and fast
exchange of imager strands via recurring exchange cycles
prevents target specific photobleaching. This allows long
image acquisition times and bypasses the need for correcting
a decrease in signal intensities in SOFI.[9] It would further be
interesting to explore higher-order SOFI reconstructions, and

Figure 1. Principle of SOFI with oligonucleotide-based exchangeable fluorophore labels. A) Labeling of cellular structures using oligonucleotide-
conjugated (docking strands) secondary antibodies and sequence-complementary, fluorophore-labeled oligonucleotides (imager strands).
Transient and reversible binding of imager strands causes target-specific intensity fluctuations. B) Image processing in SOFI via time-trace
analysis of stochastically fluctuating emitters. SOFI images are resolution and contrast enhanced and exhibit reduced unspecific background
signals. C) Diffraction limited (i) and resolution-enhanced 2nd order SOFI image (ii) of a microtubule-labeled U2-OS cell using P1-AbberiorStar635P
as exchangeable imager strand (scale bar 10 mm).
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thus obtain a higher spatial resolution. This will require an
analysis that avoids over-representation of high-intensity
regions which yield a stronger correlation signal than low-
intensity regions. In our hands, we found 2nd and 3rd order
a very good compromise between contrast and resolution
enhancement, signal conservation, straight-forward SOFI
analysis and computational time for image reconstruction.

We finally extended the concept of SOFI with exchange-
able oligonucleotides to two-color imaging. We labeled
microtubules and mitochondria in the same cell and per-
formed consecutive imaging in different spectral channels
using suitable target-specific imager strands (Figure 2D, P1-
AbberiorSTAR 635P and P4-Cy3b, respectively). In agree-
ment with the results presented previously, both imaging
channels exhibited less background signal and showed an
increased resolution after image processing. SOFI only
depends on stochastic “blinking” and is independent of
spectral properties. Thus, the concept can easily be extended
to multi-color imaging by for example, using multiple
spectrally distinct imager strands.[13]

In this work, we introduce oligonucleotide-based
exchangeable fluorophore labels for bleaching-insensitive
SOFI. Recurring, target-specific and fast exchange cycles of

dye-labeled DNA generate side-specific intensity fluctuations
that can be used for higher order SOFI statistical analysis.
Image processing generates background-reduced and reso-
lution-enhanced images. Compared to DNA-assisted SMLM
that typically uses a concentration of imager strands in the
range of 1 nm, SOFI demands for a higher imager strand
concentration (5–20 nm in this work) to generate sufficient
site-specific fluctuation events (Figure 3). This leads to
a higher background in fluorescence images originating

Figure 2. SOFI imaging of various cellular structures using DNA-based exchangeable fluorophore labels. A) Quantification of resolution
enhancement in SOFI images. i) Diffraction-limited mean-intensity time series projection of a microtubule-labeled U2-OS cell. ii) Magnified region
shown in (i) and corresponding to 2nd (iii) and 3rd order (iv) SOFI images (scale bars are 10 mm (i) and 1 mm (ii–iv)). Determination of full-width-
at-half-maxima (FWHM) of intensity profiles across microtubules as a metric for image resolution in magnified regions of diffraction-limited (ii,
black solid line), 2nd order SOFI (iii, black dashed line), and 3rd order SOFI (iv, grey solid line) images. The FWHM values are 329�50 nm (ii),
245�25 nm (iii), and 205�29 nm (iv). B) Diffraction-limited mean-intensity time series projection (i) and 2nd order SOFI images (ii) of
mitochondria (upper row, TOM20, yellow) and the endoplasmic reticulum (lower row, calnexin, blue) with corresponding magnified regions
shown in (iii) (scale bars are 10 mm (i and ii) and 5 mm (iii)). C) Fluorescence signal versus time recorded on a widefield microscope during SOFI
experiments with exchangeable oligonucleotides (P1-AbberiorStar635P). Labeled are microtubules (b-tubulin, magenta, 20 nm), the endoplasmic
reticulum (calnexin, blue, 20 nm), and mitochondria (TOM20, yellow, 5 nm). Shown are mean intensities � standard deviation of intensity signals
from >20 cells. D) Two-color SOFI with exchangeable oligonucleotides. Shown is a diffraction-limited mean-intensity time series projection (i)
and 2nd order SOFI image (ii) of microtubules (b-tubulin, magenta) and mitochondria (TOM20, green) (scale bar 10 mm).

Figure 3. Comparison of super-resolution imaging methods using
exchangeable, dye-labeled oligonucleotides. The imager strand concen-
tration depends on the imaging method and is typically <1 nm for
SMLM, 1–20 nm for SOFI, and >100 nm for STED.
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from freely diffusing imager strands, which however is
successfully removed by the SOFI analysis. The inherent
flexibility of DNA-PAINT with respect to oligonucleotide
design allows straight-forward manipulation of binding kinet-
ics[16] and thus to adjust the imager strand concentration as
well as the imaging speed. Furthermore, the usage of other
protein-specific DNA labels such as DNA-based aptamers[17]

are an attractive labeling alternative for SOFI imaging of
cellular structures. Imaging multiple targets with SOFI profits
from the sequence flexibility of DNA-assisted exchangeable
probes.[13] In summary, SOFI with exchangeable fluorophores
provides a useful trade-off between temporal and spatial
resolution, can easily be implemented into common micros-
copy setups and thus expands the repertoire of super-
resolution experiments using exchangeable dyes.

Acknowledgements

M.G., C.S. and M.H. acknowledge funding by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion, Project-ID 259130777, SFB 1177). J.E. acknowledges
support by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany�s Excellence
Strategy—EXC 2067/1-390729940. Open access funding ena-
bled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: DNA-PAINT · fluorescence · photobleaching · SOFI ·
super-resolution microscopy

[1] L. Schermelleh, A. Ferrand, T. Huser, C. Eggeling, M. Sauer, O.
Biehlmaier, G. P. C. Drummen, Nat. Cell Biol. 2019, 21, 72 – 84.

[2] M. Sauer, M. Heilemann, Chem. Rev. 2017, 117, 7478 – 7509.
[3] A. Sharonov, R. M. Hochstrasser, Proc. Natl. Acad. Sci. USA

2006, 103, 18911 – 18916.
[4] R. Jungmann, C. Steinhauer, M. Scheible, A. Kuzyk, P.

Tinnefeld, F. C. Simmel, Nano Lett. 2010, 10, 4756 – 4761.
[5] T. Dertinger, R. Colyer, G. Iyer, S. Weiss, J. Enderlein, Proc.

Natl. Acad. Sci. USA 2009, 106, 22287 – 22292.
[6] T. Dertinger, A. Pallaoro, G. Braun, S. Ly, T. A. Laurence, S.

Weiss, Q. Rev. Biophys. 2013, 46, 210 – 221.
[7] T. Dertinger, M. Heilemann, R. Vogel, M. Sauer, S. Weiss,

Angew. Chem. Int. Ed. 2010, 49, 9441 – 9443; Angew. Chem.
2010, 122, 9631 – 9633.

[8] S. Duw�, E. De Zitter, V. Gielen, B. Moeyaert, W. Vandenberg,
T. Grotjohann, K. Clays, S. Jakobs, L. Van Meervelt, P.
Dedecker, ACS Nano 2015, 9, 9528 – 9541.

[9] Y. Peeters, W. Vandenberg, S. Duwe, A. Bouwens, T. Lukes, C.
Ruckebusch, T. Lasser, P. Dedecker, Sci. Rep. 2017, 7, 10470.

[10] K. Grussmayer, T. Lukes, T. Lasser, A. Radenovic, ACS Nano
2020, 14, 9156 – 9165.

[11] C. K. Spahn, M. Glaesmann, J. B. Grimm, A. X. Ayala, L. D.
Lavis, M. Heilemann, Sci. Rep. 2018, 8, 14768.

[12] a) C. Spahn, J. B. Grimm, L. D. Lavis, M. Lampe, M. Heilemann,
Nano Lett. 2019, 19, 500 – 505; b) C. Spahn, F. Hurter, M.
Glaesmann, C. Karathanasis, M. Lampe, M. Heilemann, Angew.
Chem. Int. Ed. 2019, 58, 18835 – 18838; Angew. Chem. 2019, 131,
19011 – 19014.

[13] R. Jungmann, M. S. Avendano, J. B. Woehrstein, M. Dai, W. M.
Shih, P. Yin, Nat. Methods 2014, 11, 313 – 318.

[14] A. Descloux, K. S. Grussmayer, A. Radenovic, Nat. Methods
2019, 16, 918 – 924.

[15] S. Culley, D. Albrecht, C. Jacobs, P. M. Pereira, C. Leterrier, J.
Mercer, R. Henriques, Nat. Methods 2018, 15, 263 – 266.

[16] S. Strauss, R. Jungmann, Nat. Methods 2020, 17, 789 – 791.
[17] S. Strauss, P. C. Nickels, M. T. Strauss, V. Jimenez Sabinina, J.

Ellenberg, J. D. Carter, S. Gupta, N. Janjic, R. Jungmann, Nat.
Methods 2018, 15, 685 – 688.

Manuscript received: September 29, 2020
Revised manuscript received: December 7, 2020
Accepted manuscript online: December 10, 2020
Version of record online: February 4, 2021

Angewandte
ChemieCommunications

6313Angew. Chem. Int. Ed. 2021, 60, 6310 –6313 � 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1038/s41556-018-0251-8
https://doi.org/10.1021/acs.chemrev.6b00667
https://doi.org/10.1073/pnas.0609643104
https://doi.org/10.1073/pnas.0609643104
https://doi.org/10.1021/nl103427w
https://doi.org/10.1073/pnas.0907866106
https://doi.org/10.1073/pnas.0907866106
https://doi.org/10.1017/S0033583513000036
https://doi.org/10.1002/anie.201004138
https://doi.org/10.1002/ange.201004138
https://doi.org/10.1002/ange.201004138
https://doi.org/10.1021/acsnano.5b04129
https://doi.org/10.1021/acsnano.0c04602
https://doi.org/10.1021/acsnano.0c04602
https://doi.org/10.1021/acs.nanolett.8b04385
https://doi.org/10.1002/anie.201910115
https://doi.org/10.1002/anie.201910115
https://doi.org/10.1002/ange.201910115
https://doi.org/10.1002/ange.201910115
https://doi.org/10.1038/nmeth.2835
https://doi.org/10.1038/s41592-019-0515-7
https://doi.org/10.1038/s41592-019-0515-7
https://doi.org/10.1038/nmeth.4605
https://doi.org/10.1038/s41592-020-0869-x
https://doi.org/10.1038/s41592-018-0105-0
https://doi.org/10.1038/s41592-018-0105-0
http://www.angewandte.org

