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Fluorescence Nanoscopy in Whole Cells by Asynchronous Localization

of Photoswitching Emitters
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ABSTRACT We demonstrate nanoscale resolution in far-field fluorescence microscopy using reversible photoswitching and
localization of individual fluorophores at comparatively fast recording speeds and from the interior of intact cells. These
advancements have become possible by asynchronously recording the photon bursts of individual molecular switching cycles.
We present images from the microtubular network of an intact mammalian cell with a resolution of 40 nm.

INTRODUCTION

Far-field fluorescence microscopy is of key relevance to the
life sciences because it enables three-dimensional imaging of
cellular constituents with unrivaled specificity. However, for
many years its resolution was limited by diffraction to about
half the wavelength of light, A/2 > 200 nm. Matters began to
change when it became clear that the spectral properties of
the fluorescence markers, in particular their molecular states,
may not only be used to generate signal, but also to dramat-
ically increase the spatial resolution (1). For example, stim-
ulated emission depletion microscopy (2) overcomes the
diffraction limit by effectively confining the fluorescent state
of the marker to a well-defined region <A/2. To this end, a
beam of light is used to effectively keep the marker in the
ground state everywhere except at a point or line where this
beam is zero (3). This concept has been extended to using
any marker which can be optically kept or transferred to a
dark state, in particular to photoswitchable organic fluo-
rophores and photoactivatable proteins (3). In all cases, the
subdiffraction image is assembled sequentially in time, by
translating the location of the intensity zero through the sam-
ple. When assembling an image in this way the (switchable)
fluorophores must undergo several off-on-off cycles.
Multiple switching is elegantly avoided if the molecules
are recorded individually rather than in an ensemble. This is
possible by illuminating deactivated but switchable dyes
with so little activation light that only a few isolated mole-
cules are transferred to the bright state at a time. Upon
excitation, the on-state molecules can fire many fluorescent
photons in a row, while their neighboring molecules remain
entirely dark. Since a single molecule in the on-state already
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represents the smallest possible spot no additional optical
confinement is needed to reduce the fluorescent spot any
further. However, unlike in the ensemble case, where the
position of the bright marker molecules is given by the
position of the zero, the exact position of the switched-on or
activated molecule is unknown. By imaging the burst of
emitted fluorescence on a pixilated detector such as a camera
and exploiting the a priori knowledge that the emission stems
from the same point, the position of the molecule can be
determined with a precision much higher than the full width
at half-maximum of the point-spread function (PSF) of the
imaging lens (4-9). In this way each molecule can be pre-
cisely mapped so that an image can be assembled. After
recording, the molecule has to be switched off again, mean-
ing that the molecule underwent just a single switching
cycle. This single molecule recording method was termed
photoactivated localization microscopy (PALM) (10), fluo-
rescence photoactivation localization microscopy (FPALM)
(11), or stochastic optical reconstruction microscopy (STORM)
(12). Its resolution is determined by the localization precision
which is given by ~FWHM//n, with n being the number of
photons detected per activated molecule. In fact, the reso-
lution of the final image can be somewhat tuned by including
only those events where n is above a certain threshold.
Implemented in a wide-field setup, this novel nanoscopy
form is very powerful (13). Nonetheless it has so far entailed
a number of limitations. Working with low densities of
fluorescent molecules (14), it is so sensitive to diffuse back-
ground that a total internal reflection fluorescence micro-
scope has been preferred for recording. This measure limited
the method to two-dimensional samples, specifically to sec-
tioned slices thinner than 100 nm (10). Furthermore, extremely
long image acquisition times of 2—12 h were reported to form
a meaningful image of biological specimens (10). We now
overcome these limitations by changing both the fluorescent
protein and the mode with which we record the biological
sample. In particular, employing the fast reversibly photo-
switching fluorescent protein (RSFP) rsFastLime (15), a
variant (V157G) of the reversibly switchable fluorescent
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protein Dronpa (16), in combination with fast and asynchro-
nous recording (17), accelerates image acquisition ~ 100-fold,
cutting down the recording time to 2—2.5 min. Furthermore,
our strategy reduces background, thus allowing us to image
from within the interior of intact (nonsliced) cells. Because
we record nontriggered, spontaneous off-on-off cycles with-
out synchronization of the detector, we refer to this method as
PALM with independently running acquisition (PALMIRA).

METHODS
PALMIRA setup

The arrangement of our wide-field imaging setup is illustrated in Fig. 1. The
beam of an Argon Ion Laser (Innova 300, Coherent, Santa Clara, CA)
running at a wavelength of 488 nm is intensity-controlled by an acousto-
optical tunable filter (AOTF, AA Opto Electronic, New York, NY) and
expanded by a telescope (7). Background is removed by a cleanup filter
(ZA88, 10, Chroma Technology, Rockingham, VT) and the beam is con-
verted from linear to circular polarization by a quarter wave plate (L4) and
subsequently coupled into a regular commercial wide-field microscope
(DMIRE 2, Leica Microsystems, Wetzlar, Germany). We assure uniform
epiillumination of a 10-um field-of-view by under-illuminating the back
aperture of the objective lens (HCX APO 100X/1.30 Oil U-V-I 0.17/D,
Leica Microsystems). The fluorescent light is collected by the same
objective lens, separated from the laser light by a dichroic filter (495DCXR,
Chroma Technology) and imaged onto an electron multiplying charge-
coupled device (CCD) camera (IXON-Plus DU-860, Andor Technology,
Belfast, Northern Ireland). Stray laser light and background outside the
dye’s emission spectrum is removed by a notch filter (NVF, DNPF488-25,
LOT-Oriel, Darmstadt, Germany) and a bandpass filter (BP, HC525/50,
Semrock, Rochester, NY).

Position determination

The planar positions of the fluorophores in a sparsely activated sample are
determined by the use of Hogbom’s classical CLEAN algorithm (18) in
conjunction with a mask-fitting algorithm of the Airy spot. The CLEAN
algorithm provides data segmentation whereas the localization serves to find
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AOTF
BP
FIGURE 1 PALMIRA setup. The excitation beam is intensity controlled

by an acousto-optical tunable filter (AOTF) and expanded by a telescope (7).
Background is removed by a cleanup filter (CF) and the beam is converted
from linear to circular polarization by a quarter wave plate (L4) and coupled
into a regular commercial wide-field microscope. The fluorescent light is
separated from the laser light by a dichroic filter (DF) and imaged onto an
electron multiplying (EM) CCD camera. Stray laser light and background is
removed by a notch (NF) and a bandpass filter (BP).
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the precise position of the emitting molecule. This interplay between the two
algorithms is illustrated in Fig. 2. The subtraction of the PSF entailed by the
CLEAN algorithm resulted in a more adequate treatment of slightly over-
lapping Airy peaks as was the case for simple connection-based segmen-
tation procedures.

The localization itself is equivalent to the Gaussian mask-fitting al-
gorithm described in Thompson et al. (19) and runs in the form of a fixed
point iteration: At the beginning, the starting point 7y is set to the center of
the pixel with the highest photon count. Then, in each iteration, the center of
mass 7, of the data multiplied by a PSF centered at the point 7,_; is
determined. Usually, the algorithm converges after a few iterations. If after
50 iterations the path of F’so — 7 is longer than the size of an Airy disk, this
is considered as a divergence, and the corresponding molecule is discarded.
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FIGURE 2 The combined CLEAN/mask-fitting algorithm used to iden-
tify and localize single emitters in individual camera frames. Each image is
initially smoothed by a Gaussian filter that is much narrower than the PSF
(full width at half-maximum of 70 nm); the resulting noise reduction is
sufficient to provide notably better segmentation without compromising the
localization precision. Subsequently, the pixel with the highest photon count
is identified and used as a starting point for the mask-fitting iteration
described in the text. If this iteration converges, the retrieved two-
dimensional position of the marker is tabulated together with the number
of photons constituting the event. A theoretical PSF is then subtracted from
the image, scaled in such a way that the amplitude at the dye’s position
becomes zero above the median background. The algorithm then reiterates,
identifying the pixel with the highest photon count. The escape point is
reached when this photon count is below a certain threshold value, which is
chosen well above background level to avoid artifacts.
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Drift and vibration compensation

During our typical image acquisition times of 2-2.5 min, we observed a
sample drift of some tens of nanometers. Therefore, we added fluorescent
microspheres to the samples. By tracking these bright particles (typically
more than 2000 photons/frame), we corrected for the errors in the de-
termined positions of individual fluorophores during the post-processing
analysis.

Conventional image retrieval

In the case of negligible readout noise, the epifluorescent counterpart image
to the superresolved PALMIRA image is given by the sum of the individual
frames. The conventional images shown in Figs. 4 A and 5 A were therefore
determined by summing up all recorded frames and setting the lowest pixel
count to zero.

Protein production and purification

The RSFP rsFastLime was expressed in the Escherichia coli strain HMS 174
(DE3) and purified by Ni-NTA affinity chromatography and subsequent
size-exclusion chromatography according to standard procedures (15). The
purified proteins were concentrated to ~33 mg/ml and taken up in 100 mM
Tris-HCI, 150 mM NaCl, pH 7.5.

Single molecule spectroscopy

To acquire time traces of isolated molecules as shown in Fig. 3, coverslips
were rinsed with deionized water for 5 min and cleaned in a low pres-
sure plasma system (Femto-RF, Diener Electronic, Nagold, Germany). A
phosphate-buffered saline (PBS)-based solution with 1.27 nM rsFastLime,
0.1% (w/v) Polyvinyl alcohol (88 mol % hydrolyzed, Polysciences Europe,
Eppelheim, Germany) and 0.32% (w/v) L-ascorbic acid (A.C.S. reagent,
Sigma-Aldrich, St. Louis, MO) was prepared. The pH was adjusted to 7.4. A
40-ul1 aliquot of the solution was pipetted onto the coverslip, which was then
spin-coated for 20 s at 3000 rpm (Spin-Coater KW-4A, Chemat Technology,
Northridge, CA). The overall image acquisition time was 40 s (500 frames/s)
and the light intensity (488 nm) was 5.0 kW/cm?.

Cryosections of cytoplasmic membrane
labeled E. coli

To label the cytoplasmic membrane with the RSFP rsFastLime, we ex-
pressed a fusion protein consisting of the M 13 bacteriophage procoat protein
fused to rsFastLime. M13 is integrated into the cytoplasmic membrane. It
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has two membrane-spanning domains with both termini reaching into the
cytoplasm. The coding sequence for rsFastLime (15) was PCR amplified and
inserted into a modified pET28 expression vector harboring a M13-GFP
fusion (20) to replace the GFP coding sequence. The fusion protein was
expressed in SURE E. coli cells (Stratagene, La Jolla, CA).

Thin cryosections were prepared as described previously (21,22). E. coli
cells were fixed with 2% PFA (1 vol growth medium + 1 vol 4% (w/v) PFA)
for 30 min at room temperature. After centrifugation, cells were postfixed
with 4% and 0.1% glutaraldehyde in PBS for 2 h on ice. After being washed
twice with PBS-0.02% glycine, cells were embedded in 10% gelatin, cooled
on ice, and cut into small blocks. The blocks were infused with 2.3 M
sucrose in PBS at 4°C overnight, mounted on metal pins and frozen in liquid
nitrogen. 200-nm sections were cut at ~—110°C using a diamond knife
(Diatome, Biel, Switzerland) in an ultracryomicrotome (Leica Micro-
systems, Germany) and collected using a 1:1 mixture of 2.3 M sucrose (23)
and 2% methyl-cellulose containing 40 mM Cysteamine (BioChemika,
=98.0% (RT) (Sigma-Aldrich)). The cryosections were deposited on elec-
tric glow discharge (minus) treated coverslips, which were rinsed before-
hand with deionized water for 5 min and cleaned in a low pressure plasma
system (Femto-RF, Diener Electronic, Nagold, Germany). The mixture of
methyl cellulose and sucrose which completely covered the sample was
removed mechanically. A PBS (pH 7.4) based solution with 0.045% (v/v)
Fluospheres (FluoSpheres carboxylate-modified microspheres, 0.2 wm, Nile
red fluorescent (535/575) X 2% solids, Invitrogen, Carlsbad, CA) and
0.09% (w/v) Polyvinyl alcohol was prepared. A 40-ul aliquot of the solution
was pipetted onto the sample spinning at 3000 rpm in a spin-coating
apparatus.

The final image was generated by analyzing 70,000 frames. The overall
image acquisition time was 140 s (500 frames/s) and the light intensity (488
nm) was 5.0 kW/cm®.

a-Tubulin stained PtK2 cells

PtK2 cells were grown as described previously (24). Cells were seeded on
coverslips (Menzel, Braunschweig, Germany) in a six-well plate (Nunc,
Wiesbaden, Germany) and grown to a confluency of ~80%.

For immunofluorescence labeling, cells were fixated for 4-6 min in ice-
cold methanol and subsequently blocked for 10 min in PBS containing 1%
BSA (blocking buffer). Cells were incubated with primary antibodies (2 pg/
ml, anti-a-tubulin mouse IgG biotin conjugated, Invitrogen) diluted in
blocking buffer at room temperature for 1 h followed by PBS washes and
5 min blocking in blocking buffer. For bridging the biotinylated anti-a-tubulin
antibody with biotinylated rsFastLime, cells were incubated with Neutra-
vidin (10 pg/ml, Invitrogen) at room temperature for 1 h followed by a short
fixation with 3.7% PFA at room temperature for 5 min and subsequent PBS
washes. Finally, cells were incubated with biotinylated rsFastLime (50 g/
ml, FluoReporter Mini-biotin-XX Protein Labeling Kit, Invitrogen) at room
temperature for 1 h.

FIGURE 3 Imaging single rsFastLime molecules. Three
typical recordings of a sparse rsFastLime sample (A-C)
and the maximum projection from the whole series of
20,000 frames (D). The object marked in panel D is most
likely a single molecule as the rsFastLime concentration
was only 1.27 nM and our position retrieval algorithm did
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not show any indication that the object represents more
than one molecule. In panel E, the time trace, integrated
over the 4X4 pixels marked in panel D, is shown. The
RSFP is switched on and off over 25 times. The arrows
mark the bursts corresponding to the frames A—C. Because
switching off as well as bleaching is a truly stochastic
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process, it is unknown whether the molecule was in its dark
state or bleached after the recording.
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For sample preparation, a PBS-based solution with 0.045% (v/v)
Fluospheres, 0.09% (w/v) Polyvinyl alcohol, and 0.29% (w/v) L-ascorbic
acid was prepared. The pH was adjusted to 7.4-7.5. A 15-ul aliquot of this
solution was pipetted onto the sample, which was then spin-coated for 40 s at
3000 rpm.

The final image was generated by analyzing 60,000 frames. The overall
image acquisition time was 120 s (500 frames/s) and the light intensity (488
nm) was increased stepwise from 3.5 kW/em? to 5.0 kW/ecm?.

RESULTS

Our setup (Fig. 1) consists of a light source for excitation,
which may be complemented by another one for activation,
and a CCD camera imaging the sample at a certain frame rate
f- The imaging speed is determined by the number of mo-
lecular coordinates retrieved per second and thus by the
activation rate, while the resolution depends on the unam-
biguous assignment of detected photons to single molecules.
The density of activated fluorophores has to be low enough
to avoid simultaneous bursts from molecules with over-
lapping images on the camera.

The number of emitted photons before deactivation or
bleaching and thus the achievable resolution is a constant for
moderate excitation intensities /, while the average on-time
of a molecule, f,,, is proportional to 1//. The imaging speed
can therefore be dramatically increased by simultaneously
increasing I and the camera frame rate f such that 7., ~ 1/f,
thus maintaining the highest activation density allowing
reliable assignment of photons to individual molecules.
PALMIRA also reduces background noise to a minimum:
While frame rates faster than 1/, spread bursts over several
frames, increasing readout noise, slower frame rates would
result in additional accumulation of background.

We used a fast CCD camera that allowed us to compress
the readout process to several milliseconds. Fig. 3 shows
three typical recordings of a sparse sample of the reversible
photoswitchable protein rsFastLime (15) at a frame rate of
500 Hz. At this rather high frequency, our camera still
operated at 97% duty cycle. The excellent signal/noise ratio
of the data is evident in the time trace (Fig. 3 E). The root-
mean-square of the combined background and readout noise
typically averaged to <1 photon/pixel.

The data shown in Fig. 3 were recorded under pure 488
nm irradiation, which not only switches off dyes in the pro-
cess of fluorescence reading but also activates dark mole-
cules. Therefore, a dynamic equilibrium is formed during
image acquisition with most of the molecules in the dark
state and a small fraction of the molecules in the bright state.
This fraction can be estimated from our single molecule
experiments as the number of frames in which the molecule
is visible, divided by the frame number of the last occurrence
of such a burst from the molecule. The analysis of >600 time
traces showed that the dynamic equilibrium keeps <0.2% of
the rsFastLime molecules in their bright state.

This activation crosstalk keeps PALMIRA simple be-
cause, unlike in PALM or STORM, only a single laser line is

Biophysical Journal 93(9) 3285-3290

Egner et al.

used for activation and readout. Activation now occurs at
arbitrary times during image acquisition, making the syn-
chronization of illumination and image acquisition redun-
dant. However, an activation density of 0.2% might be too
high for some dense samples and would have to be reduced
either by prebleaching some of the molecules or if possible
by using a different excitation wavelength at which the
action crosstalk between excitation and activation is differ-
ent. If the activation density is lower than optimal, image
acquisition can be accelerated by applying auxiliary activa-
tion light of a different wavelength. Alternatively, one can in-
crease the excitation intensity beyond the optimum (¢,, < 1/f)
at the expense of noise.

To explore the capabilities of PALMIRA, we first imaged
200-nm-thick cryosections of E. coli whose cytoplasmic
membrane was labeled with rsFastLime (Fig. 4). We ob-
tained the image by dividing the field of view into 20 nm
pixels. Each time a molecule was located within the corre-
sponding image region, that was brighter than the threshold,
the pixel value was incremented by one. Note that this image
assembly differs from that in Betzig et al. (10). In the latter
the image is formed by plotting a Gaussian around each fitted
position, with the standard deviation equaling the fit uncer-
tainty. We have not followed this procedure because it tends
to suggest more dynamic range than actually conveyed by
the number of molecules detected. In Fig. 4 B, the dynamic
range directly reflects the real number of events. In all
experiments the number of photons per activation event
followed geometrical distributions. In Fig. 4 B the threshold
was adjusted to 22 photons tuning the resolution to an es-
timated 50 nm. Nonetheless, image acquisition times of
~140 s yielded enough events to form clear images with
sufficient dynamic range. Fig. 4 B shows that several bacteria
can be identified. Their membranes are much more clearly
resolved than in the conventional image from the same
sample (Fig. 4 A).

There is no fundamental reason for this method to be
limited to (ultra)thin samples. As long as the number of ad-
dressable molecules per unit area is small enough and these
molecules are located inside a section where the shape of the
PSF does not significantly change, it is also possible to re-
cord data inside whole cells or even thicker samples.

53379

FIGURE 4 Imaging E. coli. Conventional (A) and PALMIRA (B) image
of a 200-nm-thick cryosection of cytoplasmic membrane labeled E. coli.
The image was recorded in 140 s.
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As a matter of fact, operating at the optimal frame rate and
hence being less susceptible to background, PALMIRA
allowed us to image stained «-tubulin inside whole PtK2
cells. Fig. 5 compares wide-field (Fig. 5 A) and PALMIRA
(Fig. 5 B) recordings of the same area inside the cell. While
individual microtubules are not resolved in the conventional
image they can be clearly distinguished in the PALMIRA
recording. The resolution is even high enough to pinpoint the
somewhat inhomogeneous labeling along the filaments.

The distribution of detected photons per event for the data
presented in Fig. 5 is shown in Fig. 5 E. Due to the threshold
of 1.5 photons in the CLEAN algorithm, detection of events
with a small number of photon counts was significantly less
probable. For large photon counts per event (>30), the
histogram approximately follows a geometrical distribution
with an expectation value of ~21 photons. To estimate the
resolution, we scrutinized the object indicated in Fig. 5 B
showing an agglomeration of several rsFastLime proteins.
The averaged x- and y-profiles (Fig. 5, C and D) reveal that
the resolution can be tuned to ~40 nm by only choosing
events with 35 photons or more for the data representation.
Note that the ‘‘gray values’ in our images represent the
number of single molecule events per pixel. Hence the
resolution directly results from the statistics of recording
many events. Higher thresholds would improve the resolu-
tion further but reduce the dynamic range.

DISCUSSION

In summary, we demonstrated nanoscale far-field fluores-
cence imaging based on reversible photoswitching and
detecting the photon bursts of individual molecules with
recording times of 2-2.5 min. These advancements are due
to an asynchronous laissez-faire protocol of data acquisition
that just matches the camera acquisition time to the duration
of the photon bursts. The 100-fold cut-down in recording
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time as compared to previous experiments lessens the re-
quirements on long-term stability of the setup. Dedicated
background suppression techniques such as total internal re-
flection fluorescence imaging are no longer generally re-
quired for single-molecule, localization-based applications.
The use of a standard epifluorescence setup consequently
allowed us to image features inside whole cells.

It is possible that a molecule is counted more than once in
our image. This is because the utilized protein is reversibly
switchable and because a single burst of emission may be
spread over two or more camera frames. However, the over-
counting probability is the same for every molecule, ensuring
that the image is an unbiased representation of the fluo-
rophore concentration in the sample. Controlling or knowing
the average number of total counts of a molecule is not
required. An advantage of reversible switching is that mol-
ecules that have emitted too few photons to be registered
have another chance to finally contribute to the image. Time-
lapse microscopy using PALMIRA will probably benefit
from reversibility, because the labeling density is much less
altered after the recording. Nonetheless, PALMIRA would
work equally well with irreversible switches.

In the future, individual planes inside a thicker sample will
selectively be activated and imaged. This can be accom-
plished, for example, by multiphoton-induced activation
processes. By utilizing three-dimensional position determi-
nation techniques inside these individual planes, and by
combining the information from several planes, it will be
possible to obtain subdiffraction three-dimensional images
of, e.g., whole cells, organelles, or transparent nonbiological
samples.

Higher threshold values improve the resolution at the
expense of dynamic range or imaging speed. This possibility
will be partially limited by the geometrical distribution of the
emitted photons in a burst. Since the main factor determining
the image sharpness is the label itself, the development and

FIGURE 5 Imaging stained a-tubulin inside intact PtK2
cells. Conventional (A) and PALMIRA (B) image. The
D image was recorded in 120 s. The averaged line profiles in
x(C) and y (D) direction of a single rsFastLime molecule or
agglomeration of molecules (inset in B) prove a focal plane
resolution of 40 nm. The distribution of detected photons
per single molecule event is depicted in panel E. For large
photon counts (>30), it is well approximated by a geo-
metrical distribution with an expectation value of ~21.
E Only events with 35 photons or more (red vertical line)
were chosen for the data representation.
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use of other (reversibly) switchable fluorophores with
stronger photon bursts will directly result in sharper images.
Our frame acquisition time of 2 ms is sufficient to collect
even 100-times more photons per burst, which will lead to an
overall resolution of ~4 nm. Still, the use of faster detectors
will accelerate PALMIRA imaging even further.

Limiting the amount of crosstalk in prospective markers is
of major importance, because it will allow the imaging of
dense samples without prior bleaching. The speed of the
switching process itself remains of minor importance be-
cause in our asynchronous recording protocol it has no
influence on the total acquisition time. Finally, our results
once more underscore the huge potential of molecular pho-
toswitching for nanoscale imaging with visible light and
regular lenses.
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