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ABSTRACT: We introduce a novel and universal method for fast optical high, as well as  Entropy-based Super-resolution Imaging (ESI)
super-resolution imaging. Our method is based on reconstructing super-resolved images )
from conventional image sequences containing rapid random signal fluctuations. Such
sequences could be obtained from either wide-field single-molecule blinking experiments or
rapid image sequences with fluorophores undergoing random intensity fluctuations. By
calculating the local entropy (H) and cross-entropy (xH) values pixel-by-pixel, weighted
with higher order statistics (HOS), a new image with pixel intensities representing the true
information content in the time series is obtained. We show that analyzing image sequences
by this formalism enables the reconstruction of super-resolved images, where the optical
resolution that can be achieved depends only on the number of input frames and the
higher order moments used for the calculation. We find that the acquisition of <100 frames
per sequence is sufficient to reconstruct super-resolved images of entire cells. We also
demonstrate that not only on—off switching of the fluorescent dyes, but also other dynamic
events, that is, photobleaching, can be exploited for efficient and high-resolution image

reconstructions. This method opens up the potential to obtain super-resolved images from most wide-field fluorescence
microscopy systems. By providing a universal Fiji-plugin most users of high-end fluorescence microscopy systems will now
benefit from this easy-to-use super-resolution optical microscopy method.

KEYWORDS: superresolution microscopy, entropy-based superresolution, ESI, fluctuation

ptical super-resolution microscopy, or nanoscopy, has

made a rapid foray into the biomedical sciences, recently
culminating in the Nobel prize for Chemistry 2014 being awarded
to some of the pioneers of this field." A number of different
super-resolution methods have been established during the
last 8 years, which can be roughly divided into two different
overall approaches. On the one hand, there are direct imaging
approaches using optical constraints to achieve a higher spatial
resolution, such as stimulated emission depletion (STED)*~> and
methods based on reassigning photons in confocal micros-
copy.>""" These methods require minimal to no post processing
steps to generate images with improved spatial resolution. On
the other hand, there are calculation- and localization-based
super-resolution methods that take advantage of temporal signal
fluctuations, such as superresolution optical fluctuation imaging
(SOFI),"*™*® and single molecule localization-based techniques
(PALM- and (d)STORM)."” > The significantly improved
spatial resolution in all these methods is, however, often achieved
at a cost. The application of high laser powers or prolonged light
exposure necessary to obtain a large number of image sequences
lead to photodamage and possibly to an alteration of the sample
itself. In addition, long acquisition times typically prevent the
investigation of fast dynamic events with few exceptions. Last,
but not least, the majority of these techniques require very costly
extensions to commercial microscope setups and are not easily
achieved by biological users with little to no experience in optical
engineering.
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Here, we present a new and innovative way to investigate data
acquired on conventional fluorescence microscopes, inspired by
the SOFI'® approach to superresolution microscopy. As input
data our algorithm accepts short sequences of successively
acquired images containing signal fluctuations, for example, data
obtained during PALM'® or STORM®' experiments, to calculate
entropy-weighted higher-order statistics on a pixel-by-pixel
basis.”> We find that just 100 frames per stack are sufficient to
reconstruct high-resolution images. The currently most promi-
nent fluctuation-based method, SOFI, works best with emitters
exhibiting at least two distinct states similar to fluorescence
correlation spectroscopy (FCS) experiments, where dye
molecules fluoresce upon entering the confocal laser spot. ESI
(entropy-based superresolution imaging) does not require
distinct states because (as we show below) it also works well if
the fluorescent emitters merely photobleach with time. Addi-
tionally, we also observed a certain degree of robustness against
out-of-focus contributions of fluorescent emitters. ESI takes the
statistical properties of a pixel in an image series into account and
calculates its information content™ (so-called (cross-)entropy
values) as well as centralized (joint) higher-order moments to
reconstruct a contrast-enhanced as well as resolution-enhanced
image by disentangling the information content from molecules
to prevent them from overlapping in the reconstructed images.
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Figure 1. Image formation process in ESIL. (A) Pixels of the original image as acquired by a camera with the corresponding coordinates. (B) Resulting
image with new intensity values originating from the calculation. Black pixels show intermediate pixels obtained by calculating the cross-entropy and
joint higher-order moments between two neighboring pixels. Black bidirectional arrows indicate the camera pixels that serve as inputs for the

calculation in order to obtain the highlighted ones.

In the following, we demonstrate the power of ESI and
provide detailed instructions on how to utilize ESI and its basic
theory to increase the spatial resolution' of conventional fluores-
cence images. We present ESI reconstructions of simulated
image sequences, and experimental data, such as the photo-
bleaching™*® of 100 nm fluorescent beads, and fixed U20S
cells, where the tubulin cytoskeleton was immunostained by
rapidly blinking quantum-dots. A universal plug-in for FiJi
written in Java as well as sample input data are provided to
ensure widespread reproducibility and application of ESI to
similar fluorescence image series obtained by other researchers
in the field.

Bl RESULTS AND DISCUSSION: DATA ANALYSIS AND
IMAGE RECONSTRUCTION

In the following, we describe the basic idea of the ESI
algorithm. For a detailed description of the underlying theory,
please see the Supporting Information.

ESI is a method which calculates the information content of
an image sequence exhibiting intensity fluctuations or blinking
as obtained e.g. during a single-molecule localization-based experi-
ment, such as STORM or PALM.

We then calculate the Shannon-Entropy (H) weighted with
(centralized) higher-order moments (HOS = higher order
statistics) in a pixelwise manner to reconstruct a higher resolu-
tion image from widefield fluorescence data (see Supporting
Information).

First, the entropy value is used to identify molecular signals.
The interpretation of this idea is depicted in Figure S1 in a
picturesque manner. The Shannon-Entropy can be regarded as
the expectation value of the information content of a signal. An
invariant random variable (or pixel) does not contain informa-
tion as the value does not change or in other words, the
outcome of the experiment is always the same. The information
content will increase if the pixel starts adopting a larger number
of different intensity values during an image sequence. As an
example we consider two pixels I} and I, taking the values
I ={1,1,1,1,1,1,1,1,1,1} and I, = {1,1,5,3,21,7,9,7,8}. By directly
applying the entropy definition (see eq 1 in the Supporting
Information) we obtain H(I;) = 0 for the information content of
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Figure 2. Iterative reconstruction scheme of ESI used to calculate
super-resolved images. In each step (1, .., n) a smaller stack with fewer
frames is generated and subsequently processed again as new input. In
each iteration a resulting image is calculated as the sum of the entire
stack. This loop can be interrupted after each iteration or in case the
desired resolution has been reached although it will terminate
automatically since the problem obviously reduces continuously. In
each step the pixel size will also reduce by a factor of 2, which leads to
an increased pixel density and ultimately higher localization precision.
The left rectangular box describes the steps performed in the middle,
whereas the right column shows the outcome corresponding to each
iteration.

I, and H(I,) =~ 2.31 in the case of the fluctuating signal in L,
In this sense we use the entropy to detect molecular events and
also to discriminate a fluorescence signal from noise. In this
sense one can also readily see that it is less favorable to use pure
on/off blinking events, because in this case the number of
different intensity values is rather small, although we can success-
fully reconstruct such data sets as well.

The second factor in the ESI algorithm is the calculation of
the centralized moment. Each temporal pixel trace represents
a distribution of intensity values. The so-called centralized
moments of a distribution depend on their order n (eq 4,
Supporting Information). The moments characterize different
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Figure 3. Systematic study of the improvement in lateral resolution that can be achieved by ESI as a function of the order of the centralized
moments. (A) Various reconstructions at the first iteration of a simulated triangular structure at different ESI orders. The triangle was captured on a
2000-frame image sequence showing 600 molecular PSFs per frame ensuring that the single emitters are not separated in space at any time. The total
number of emitters forming the triangle is 1117. The density of emitters was set to ~50 yum™ With increasing ESI order the width of the triangle
sides decreases by a factor(2-n)'/%, where n is the order of the centralized moment. The same experiment was performed twice with and without
broad Gaussian noise (sd = 25) present. The input data for the noisy and the noiseless case are shown in (A) represented by the first frame of the
2000-frame image sequence. The cross section of the red line in (A) is depicted in the upper graphs of (B). The bar graphs below highlight the cross
section taken at eighth order to determine the distance between the two sides of the triangle. The narrowing of the PSF (white line in (A)) as a
function of the order is summarized with/without additional noise in (C). The expected loss at low SNR-samples is shown in the inset of (C). The
gray dotted vertical line indicates the width considered the classical diffraction barrier at ~250 nm although realistic limits are around 350 nm.
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properties of the underlying distribution. Please note that the resulting in an ESI stack containing 100 reconstructed frames
first moment with n = 1 vanishes. The second order moment is after the first iteration. The next iteration will then use these
the variance of the distribution, whereas the third and the 100 frames as input data and so on. After each iteration, the
fourth order moments are shape and symmetry related. In an number of pixels increases or, in other words, the pixel size is
imaging experiment the intensity values represent the optical reduced by a factor of 2 in x-,y-direction after each iteration.

point spread function (PSF) at different positions. Calculating the All data shown in the following were analyzed using our
moments, or in other words, raising the PSF (which is approxi- universal Fiji-Plugin (see Supporting Information), which was
mated by a Gaussian density function) to the n-th power leads efficiently translated to Java from an original custom-coded
to a \/n—fold narrowing of the Gaussian signal with a similar C++-routine implementing the entire theory described in detail

in the SL
By publishing this work we hope to make fluctuation-based
methods for high- and superresolution microscopy more popular

and readily available.

effect as shown in the original SOFI approach published in 2009
by Dertinger et al.

To obtain ESI reconstructed images, first the centralized
moment (Hyqs, entropy higher-order statistics) is calculated
for every original pixel in an image (see Figure 1A).

Then, the product of the cross entropy (xH) and the joint B DEMONSTRATION OF THE PERFORMANCE OF ESI:

centralized moments of two neighboring pixels is calculated to SUPER-RESOLUTION IMAGING USING SIMULATED
obtain interpolating information about correlations of the informa- DATA AND DATA OBTAINED FROM SINGLE
tion content between two adjacent original pixels. FLUORESCENT PARTICLES
Since ESI, as described above, only calculates one additional Computer Simulations. To systematically assess the
intermediate pixel between two neighboring pixels, we designed capabilities of ESI we carried out computer simulations. First,
it as an iterative process such, that for each iteration only we created a triangular structure composed of 1117 molecular
a defined number of subset frames is processed, as illustrated PSFs emitting at a central wavelength of 550 nm and imaged
in Figure 2. For example, an initial image stack of 2000 frames through an objective lens with an NA of 1.49 (Figures 3 and 4).
is divided into 100 substacks containing 20 consecutive The pixel size for the simulations was set to S0 nm. The
image frames each. Every substack is then processed separately, pointspread functions have been approximated by a 2D-Gaussian
1051 DOI: 10.1021/acsphotonics.5b00307
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Figure 4. Systematic study of the achievable lateral resolution of ESI as a function of the iterations at a fixed order of the centralized moments. The
matrix shown in (A) visualizes reconstructions at constant orders (n = 2, 4, 6, 8) as a function of the iteration (columns) indicated by the blue
arrows. In each iteration, three frames of the previous stack are used to reconstruct a single ESI stack used for the next iteration. The initial stack
consisting of 2000 frames is reduced to 666 frames after the first iteration (222 frames for the second and 74 after the third iteration). (B) graphically
summarizes the fwhm of one side of the triangle as a function of the iteration at constant order (color-coded).

density function G(xy) = Iyexp{—[((x — x0)*/20%) +
(&0 = y)/ 20‘5)]}, with o, = 0,. The number of photons
detected per active molecule per frame was calculated to be
~10000 photons, which nicely matches the molecular brightness
of a conventional organic dye at typical acquisition times of
~30—50 ms/frame in STORM/PALM image sequences.

The same simulation was performed by adding a broad
Gaussian noise to every pixel of the image sequence with a
standard deviation of sd = 25 in order to artificially degrade
the signal-to-noise ratio (Figure 3B). For Figures 3 and 4, three
original frames are used to reconstruct a single ESI frame if not
stated otherwise. In general, the more frames one includes in the
analysis, the higher is the probability to reconstruct an emitter.

The left-hand side of Figure 3A shows the widefield re-
construction that is obtained by simply adding up all frames of
the image sequence. Starting with this conventional image, we
reconstructed images with higher spatial resolution by applying
successively higher orders of the centralized moments to weight
the Shannon entropy values. Starting with the second ESI order
(n = 2) we observe a significant narrowing of the PSFs and the
sides of the triangle near the tip become more distinguishable
(upper graphs in Figure 3B). The second ESI order effectively
decreases the width of the PSF by a factor of 2 according to
the theory (see Supporting Information). The second order
ESI image truly separates the two sides of the triangle near the
tip with and without noise. We finally measure a distance of
(219 + 2) nm in the case of no background and (217 + 4) nm
in the presence of background, as shown in Figure 3B in the
dark gray bar graphs. These values compare well to the actual
displacement of the molecules of 225 nm that was used to
create the simulation. Obviously, the additional background
affects the resolution of the algorithm. The distance appears
to be smaller, due to the uncertainty introduced by the added
noise.
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In Figure 3C we quantified the fwhm as a function of the ESI
order with and without noise. At higher ESI orders, the width
asymptotically converges against a value of ~80 nm well below
the optical diffraction limit. Reconstruction at the second or
third ESI order readily break the diffraction limit because these
orders shrink the PSF by a factor (2-2)"/% = 2 and (2-3)? ~
2.44, respectively. Please note that the results presented in
Figure 3 are limited to the first iteration of the ESI analysis.

The difference in the measured PSF between reconstructions
with and without Gaussian noise is depicted in the inset of
Figure 3C. At high noise levels, as shown in Figure 3C, the
difference drops from ~40 nm to less than 10 nm where the
decay is proportional to ~(1/n), with n being the order of the
centralized moments.

To further increase the spatial resolution of the ESI re-
constructions the resulting stack of the first set of ESI
reconstructed images can be processed iteratively multiple
times to further gain resolution as schematically depicted in
Figure 2. Figure 4A shows a systematic approach to quantify the
resolution in the reconstruction that can be achieved in terms
of the fwhm of one arm of the simulated triangle. In each row of
the image matrix in Figure 4A the ESI order is kept constant
while the number of iterations are increased. At higher numbers
of iterations (~3) and higher ESI orders the resulting pixel size
becomes so small that we observe a nonlinear decrease in
contrast (which is also observed in SOFI). In addition to that,
by shrinking the width of the PSF the outer parts of the
Gaussian distribution resembling the PSF get increasingly
dimmer (Figure 4A). As the number of frames decreases with
each iteration, also the number of different intensity values in
each pixel drops, and therefore, the entropy (average information
content) is reduced. After the third iteration the pixel size drops
to 6.25 nm. The extreme cases of n = 6 and 8 reduce the width
of the PSF to 8 and 6 nm, respectively (Figure 4B). For high ESI
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orders and high numbers of iterations the resulting image
becomes more and more pixilated (therefore, less reasonable,
because structural information will be lost) due to passing the
Nyquist-limit. A very similar effect can also be observed in
STORM reconstructions on choosing very small pixel sizes for
the rendered image.lg’%’27

For most practical purposes a reasonable increased spatial
resolution and improved image quality can easily be achieved by
applying the algorithm twice at second order to reach or even
undergo (depending on the sample) the 100 nm threshold.
Even a third iteration is realistic at second ESI order. Here one
can expect FWHMs of ~40 nm, comparable to localization
precisions achieved in single molecule localization microscopy
experiments based on STORM. Please note, however, that in
this case ESI only uses 2000 frames in total. At higher label
densities (Figures 3 and 4) and fluctuating (not necessarily
blinking!) emitters, 20 frames are sufficient for a single re-
construction. The second order enables us to reduce the fwhm
of the PSF from ~250 to 108 nm after the first iteration
corresponding to a factor of ~2.3, confirming the theory (see
Supporting Information).

For most (bright) emitters and sample preparations perform-
ing the analysis at fourth order twice, an apparent resolution of
~60 nm can be achieved. The beauty of this technique is that
any combination of orders and iterations is possible, enabling
one to utilize it to the maximum benefit of either high spatial
resolution or high noise suppression.

A comparison of the effects of combinations between the
number of iterations and ESI order (1) based on the analysis of
the simulated triangle image is shown in Figure 4B.

ESI Reconstruction of 100 nm Fluorescent Beads. In
order to initially demonstrate the super-resolution capabilities
of ESI on real samples we obtained an image sequence of
100 nm fluorescent beads (Tetraspeck beads, Life Technolo-
gies, Inc., Carlsbad, CA) adhered to a glass coverslip surface.
This sample also serves as a demonstration of one of the key
features of ESI, increasing the spatial resolution of widefield
fluorescence data where the only time-dependent change in the
fluorescence signal is due to photobleaching (Figure SE-ii).
Using the iterative application of ESI as described above, the
widefield projection (represented by a maximum-intensity
projection of 5000 frames) shown in Figure SA is successively
enhanced in spatial resolution (B—D), ultimately revealing
single beads. The first iteration at fourth ESI order takes the full
image sequence into account and already improves the overall
intensity distribution leading to a sharper image (see Figure SB).
Figure SB is the sum of 1000 ESI-frames. Substacks composed
of five original images are used to calculate a fourth order ESI
image. Subsequently, this 1000-frame stack is again processed at
fourth ESI order resulting in a 100-frame stack after the second
iteration (10 frames per ESl-image). The result is shown in
Figure 5C. Finally, for a sample consisting of well-defined objects
(single beads), individual beads can be isolated in the third
iteration at second ESI order (see Figure SE-i). The input data
for our ESI routine were recorded on a DeltaVisionlOMXv2 in
conventional (widefield) mode using a NA1.42 oil immersion
objective. The bead emission was specified to be around 660 nm
resulting in a Rayleigh resolution limit of 283.5 nm. After ESI
reconstruction, the distance between the two adjacent beads
shown in Figure SEi is ~130 nm, indicating ESI’s ability to
resolve structures well below the diffraction limit.

Super-Resolution ESI Imaging of QD-Labeled U20S

Cells. To demonstrate the performance of ESI reconstructions
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Figure 5. Tetraspeck fluorescent beads with 100 nm diameter adhered
to a glass coverslip are used to demonstrate the photobleaching-based
ESI reconstruction. (A) Widefield image of the bead surface shown as
the sum of the original bead surface consisting of S000 frames. (B) ESI
reconstruction of the first iteration at 4th ESI order. The original stack
is reduced to a 1000-frame sequence by generating one ESI image
every S-frames out of the original stack, again shown as a maximum
intensity projection. (C) Continued ESI reduction to 100 frames
obtained by processing the outcome of (B) at 4th ESI order. A total of
10 frames are used to generate one new ESI image of this 100-frame
sequence following the image processing scheme detailed in Figure 2.
The remaining 100-frame sequence is finally processed at 2nd order in
the 3rd iteration to generate 10 frames resulting in image (D). The
cross-section (yellow line) is shown as a line plot in (E-i). The
intensity trajectory plotted in (E-ii) demonstrates the exponential
nature of the photobleaching process occurring in the sample.

on biological samples, we recorded time series of widefield
fluorescence images from fixed U20S cells where microtubuli
were stained with antibody-capped fluorescent quantum dots.
The initial pixel size was set to 170 nm in order to enable fast
imaging at ~20 ms/frame.

Figure 6 shows micrographs of an entire U20S cell imaged
by widefield fluorescence microscopy and the resulting ESI
image in second order reconstruction. Here, the resulting ESI
image displays on average an approximately 2-fold increased
resolution as can be seen in the adjacent cross sections. In
addition, the image contrast has improved as can be seen by the
ratio between peaks and valleys in the cross section. A total of
1000 frames are used for the entire analysis although we find
that just 200 frames or less are sufficient to reconstruct an ESI
image (Figure 6). It is also interesting to note that the signal-to-
noise-ratio of the reconstructed images has increased by a factor
of 18 compared to the conventional image.”®

Another example of 2-fold improvement in spatial resolution
is shown in Figure 7. Again, the unstained nuclear region is
reconstructed with almost zero background. ESI images result in
an excellent visualization of the cells’ tubulin network structure
as can be seen by the magnified views of the corresponding
insets to the whole cell images (center row of Figure 7). The
width of thin filaments is quantified in intensity cross sections,
indicated by the white dotted lines in the magnified inserts.
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Figure 6. ESI imaging of an entire U20S cell with microtubules
immunostained by fluorescent quantum dots. (A) Widefield image
shown as the sum of 1000 frames acquired at 18 ms/frame. (B) ESI
reconstruction in the first iteration at 2nd ESI order using S frames,
resulting from packing 200 frames into one single ESI-frame. It exhibits
a 2-fold increase in (apparent) resolution on average, as demonstrated
by the narrowing of filaments in the cross sections plots corresponding
to (A) and (B) shown on the right-hand side of the figure. Red lines
depict bimodal Gaussian fits.

65535

43690
21845

o
)

o
FS

Intensity (a.u.)

FWHM~740 nm
00 05 10 15 20 25
Distance (um)

0.0 05
Distance (um)

10 15 20 25

Figure 7. Another example of an entire U20S cell imaged by ESL (A)
Widefield projection image composed of the sum of 1000 frames and (B)
corresponding ESI reconstruction at 2nd order as a sum of S0 resulting
ESI frames are shown. The magnified images displayed in the middle
row correspond to the blue rectangles in the figures. In order to
demonstrate the narrowing of structures after ESI reconstruction the
line plots in the last row show the cross sections indicated by the white
dotted lines along a filament within the cell.
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Gaussian approximations (red curves) show that the width of
the filaments has significantly narrowed. We also find that ESI
efficiently removes out-of-focus contributions. Therefore, all
the filaments surrounding the nucleus become visible at high
contrast while out-of-focus contributions are suppressed. This
ability makes it perfectly suitable for 3D imaging as well.

As true resolution enhancement can only be judged by
resolving two objects that are separated by a distance less than
the diffraction limit of the microscope, we choose a region in
Figure 8 highlighted by the white box, which contains two
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Figure 8. Super-resolution imaging by ESI reconstruction. (A)
conventional image of an immunostained U20S cell after acquisition
of a 1000-frame image sequence at 18 ms/frame. (B) Second-order
ESI reconstruction at 10 original frames per ESI-frame resulting in a
100-frame ESI-stack. The white region of interest (ROI) shown in the
blue box in the upper left corner of (A) and (B) highlights an area
which nicely demonstrates the improved spatial resolution. The cross
section along the yellow line is depicted in (i) and (ii) corresponding to
the lines in (A) and (B). Within the first 1000 nm the original two
peaks indicating tubulin filaments (A-i) break up into three peaks (B-ii).
The distance of these two separated filaments is determined to be
260 nm, which is just below the theoretical diffraction limit of ~270 nm
determined in the text. The FWHMs of the peaks quantify the apparent
resolution showing a tremendously increased degree of detail.

filaments with a distance of approximately 260 nm, just slightly
below the theoretical diffraction limit of 268.2 nm (although we
obtained an experimental value of ~370 nm). The theoretical
limit is obtained by applying the Rayleigh-criterion at a wave-
length of 655 nm (quantum-dot emission) and for an oil-
immersion objective lens with a numerical aperture of 1.49.
It turns out that the initial filament shown at 250 nm in the
cross-section of the widefield image, splits into two filaments at
around 100 and 360 nm in the ESI reconstruction (bottom art
of Figure 8). In addition, the width of the filaments reduces to
6 ~ 60 nm (corresponding to a fwhm of 140 nm).

Lastly we demonstrate the iterative ESI analysis process
on U20S cells as a means to successively decrease the width
of structures (which, ultimately could be used to improve
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Figure 9. U20S cell immunostained for tubulin using quantum dots. A reduction of filament size well below the diffraction limit can be seen after
just two ESI iterations. (A) Sum of 1000 frames acquired at 18 ms/frame. (B) ESI reconstruction of (A) at second ESI order exhibiting a 2-fold
increase in (apparent) resolution on average. (B) represents a sum over 100 ESI-frames after the first iteration. (C) shows the iteratively processed
stack of (B) as a sum of 10 frames at first ESI order. The white squares indicate magnified areas depicted as insets and the dashed lines correspond to

the cross sections at the bottom of the figure.

localization precision). Figure 9A depicts the widefield
representation of yet another QD-stained U20S cell. Figure
9B,C show the first and second ESI iteration at second (2-fold
improvement) and first ESI order (4/2-fold improvement),
respectively. Here, the width of individual filaments reduces
to ~136 nm. The initial stack is successively shortened from
1000 initial frames to 10 frames in the last step. In each iteration
only 10 frames of the previous step were used to reconstruct
one ESI frame. Here, again, we would like to stress the relevance
for live-cell applications.

Experimental. Preparation of Bead Surface. The
Tetraspeck (Life Technologies, Carlsbad, CA, U.S.A.) stock
solution containing 100 nm fluorescent beads was diluted
1:1000 in distilled water and simply allowed to dry on a clean
coverslip surface and subsequently imaged in widefield-mode
of a DeltaVisionlOMX v2.0 (GE Healthcare, Amersham, U.K.)
at 50% laser power (corresponding to an absolute power of
~4 mW behind the objective lens) and an acquisition time of
50 ms/frame.

U20S Staining Protocol. U20S cells were plated in LabTek
chambered coverglass, Nunc (8-well) for 24—36 h. Fixation of the
cells was carried out with 4% prewarmed paraformaldehyde
(Sigma) for 10 min. After fixation, the cells were washed 3 times
with phosphate buffered saline (PBS) (Cat. No. P4417, Sigma-
Aldrich) containing 0.1% (w/v) Tween and subsequently
permeabilized with 0.3% triton X-100 (Cat. No. X100—S ML,
Sigma-Aldrich) for 10 min. After additional washing with PBS for
3 times, cells were blocked with 1% w/v bovine serum albumin
(BSA; Cat. No. A7906—10G, Sigma-Aldrich) solved in PBS for
30 min, at room temperature followed by the additional washing
steps. Next 250 L antitubulin antibody (Cat. No. T8328, Sigma-
Aldrich) was added at a concentration of 20 yg/mL and incubated
for 60 min at room temperature with subsequent washing
with PBS. A total of 250 uL at 2 pug/mL Qdot655-anti mouse
secondary antibody (Q11021MP, Life Technologies) were added
and incubated overnight at 4 °C, followed by washing steps.
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Conclusions. In this publication we introduce a novel
technique for rapid super-resolution fluorescence imaging
relying on pixelwise calculation of entropy-weighted higher-
order statistics. We demonstrate the reconstruction of images
with improved spatial resolution and contrast, reconstructed
from fluctuating emitters acquired in image sequences as
typically obtained in single molecule localization microscopy.
ESI, however, does not strictly require discrete intensity states
(on/off). It can exploit any photophysical state of a fluorescent
emitter which leads to an intensity fluctuation to gain
information about the sample’s dynamic behavior and to
reconstruct higher resolution images. We demonstrated that
even a nonreversible process such as photobleaching can be
used to localize emitting structures, such as fluorescent beads.
On biological samples we have been able to achieve apparent
resolutions of ¢ ~ 59 nm (fwhm ~ 140 nm) with Quantum-
Dot-stained U20S cells well below the optical diffraction limit.
We have also provided evidence that ESI reconstructions can
achieve even further improved spatial resolution of less than
100 nm if performed with organic dye molecules.

Because of the low number of input frames required for
successful ESI reconstructions, highly dynamic intracellular
processes should become observable in future applications.
ESI-based super-resolution imaging should, under optimized
conditions, be able to compete with popular super-resolution
methods, even at video rate. Based on its mathematically fairly
simple and iterative implementation, it should be straightfor-
ward to extend ESI for massive parallelization, resulting in quasi-
instantaneous super-resolution imaging during the experiment.
By adapting this method to a graphics processor unit (GPU)
platform, we expect a 50—100-fold increase in reconstruction
speed and therefore the method is only limited by the camera
acquisition and read-out time. In addition, ESI is readily
expandable to 3D imaging by acquiring images from multiple
vertical planes and subsequent reconstruction of each plane.
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Furthermore, we would like to stress the tremendous
simplicity of ESI which should make it available to any scientist
using conventional widefield microscopes. A Fiji-plugin written
in Java and a short users guide to perform this analysis can be
found in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

A brief and clear manual of the Fiji-Plugin published with this
paper and theoretical derivations for the present work. The
Supporting Information is available free of charge on the ACS
Publications website at DOIL: 10.1021/acsphotonics.5b00307.
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