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Within only a few years super-resolution fluorescence imaging based on single-molecule localization and image

reconstruction has attracted considerable interest because it offers a comparatively simple way to achieve a substantially
improved optical resolution down to ,20 nm in the image plane. Since super-resolution imaging methods such as
photoactivated localization microscopy, fluorescence photoactivation localization microscopy, stochastic optical recon-

structionmicroscopy, and direct stochastic optical reconstructionmicroscopy rely critically on exact fitting of the centre of
mass and the shape of the point-spread-function of isolated emitters unaffected by neighbouring fluorophores, controlled
photoswitching or photoactivation of fluorophores is the key parameter for resolution improvement. This review will

explain the principles and requirements of single-molecule based localization microscopy, and compare different super-
resolution imaging concepts and highlight their strengths and limitations with respect to applications in fixed and living
cells with high spatio-temporal resolution.
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Introduction

Fluorescence microscopy allows the direct observation of
cellular processes in a relatively non-invasive fashion with
molecular specificity and high temporal resolution in three
dimensions.[1] Driven by the availability of efficient fluorescent

dyes, semiconductor nanocrystals, and fluorescent proteins (FP),
as well as the development of refined labelling strategies,
almost any protein of interest can be specifically labelled.[2–6]

Because of the wave nature of light, however, the spatial reso-
lution is normally limited to about half of the wavelength of the
light in the imaging plane.[7] That is, conventional fluorescence

microscopes do not provide insight into the structural organi-
zation of vital protein assemblies and machineries with a size of
a few tens of nanometers. Only recently have methods emerged

that enable super-resolution imaging with substantially
improved optical resolution near molecular scales.[8–15] This
has been achieved by temporal control of fluorescence emission
using deterministic approaches such as in stimulated emission

depletion (STED),[16–18] structured illumination,[19–21] and
conceptually analogue methods,[22–24] or stochastic approaches
relying onwide-field single-molecule detection and localization

as in photoactivated localization microscopy (PALM),[25,26]

fluorescence photoactivation localization microscopy
(FPALM),[27,28] stochastic optical reconstruction microscopy

(STORM),[29,30] direct stochastic optical reconstruction micro-
scopy (dSTORM),[31,32] and related methods.[33–41]

This review covers the stochastic methods that isolate the
fluorescence emission of individual fluorophores from one

another using distinguishable optical characteristics with a focus
on the dSTORM concept (Fig. 1). Because several excellent

reviews have already been published[8–15] we focus on the
description of the basic requirements necessary for photoswitch-

ing and localization of individual fluorophores. We introduce the
general concepts behind single-molecule based two- (2D) and
three-dimensional (3D) localization microscopy methods, outline
different point-spread-function (PSF) fitting approaches, and

compare and discuss advantages and limitations of reversibly
photoswitchable and photoactivatable fluorophores related to
specific labelling, labelling density, and dynamic experiments

in living cells.
Fluorescence detection with a high signal-to-background

ratio is the key for precise localization of the emission pattern

of individual molecules. For negligible background noise the
localization precision depends only on the number of collected
photons N and on the standard deviation of the true PSF (s) and
can be approximated by s/ON.[42,43] Given the fact that it is
possible to detect thousands of fluorescence photons from a
single organic fluorophore before it photobleaches, localization
of individual fluorophores with one nanometer accuracy is

feasible and was used successfully to monitor molecular motor
dynamics.[44,45] From this point of view reversibly photoswitch-
able synthetic organic fluorophores in combination with

STORM and dSTORM methods emerge as very attractive
because they survive under moderate excitation conditions
for prolonged time periods, can emit thousands of photons,

and exhibit tunable photoswitching rates. However, to date
specific labelling of proteins inside of cells with reversibly
photoswitchable organic fluorophores is mainly limited to

antibody-targeting in fixed cells. On the other hand, FP, whose
reactivation with violet light after apparent photobleaching was

1This Review is published alongside a paper by Herten and coworkers as part of a proposed Research Front on Single Molecule Spectroscopy which did not

reach fruition.
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shown for the first time more than 10 years ago,[46] have the
advantage that they allow direct genetic labelling of proteins and
dynamic measurements in living cells.

Underlying Concept of Single-molecule Based
Localization Microscopy

To achieve super-resolution fluorescence imaging, fluorophore
emission has to be separated in time.Whereas in the STED case,

the phase mask defines the coordinates of fluorescence emission
(predefined in space by the zero-node), single-molecule based
localization microscopy methods randomly separate the emis-

sion of individual fluorescent molecules in time. This is
achieved by stochastic activation of individual fluorophores,
single-molecule detection using a wide-field fluorescence
microscope equipped with a sensitive charge coupled device

(CCD) camera, and precise position determination (localiza-
tion), i.e., fitting of ideal PSF to the measured photon distribu-
tions. As long as the distance between individual fluorophores

enables the unaffected analysis of the different emission spots,
i.e., individual fluorophores are spaced further apart than the
distance resolved by themicroscope (4l/2 on theCCDcamera),

the standard error of the fitted position can be made arbitrarily

small by collecting more photons and minimizing noise
factors.[43–45]

The principle procedure for single-molecule based localiza-

tion microscopy is shown in Fig. 2. A target structure is densely
labelled with photoswitchable or photoactivatable fluorophores,
the majority of which have to be transferred to the non-

fluorescent state. In the case of photoactivatable fluorophores,
the fluorophores essentially reside in their non-fluorescent state
before activation. If synthetic organic fluorophores are used, the

majority of the fluorophores has to be converted into a meta-
stable dark state upon irradiation with light. During the actual
experiment, only a subset of single emitters is switched on

stochastically per image. At any time the density of activated
fluorophores should be low enough to allow the isolated
localization of individual fluorophores. Activation and localiza-
tion is repeated many times, and a final image with superior

resolution is reconstructed from all single-molecule positions
determined. Here, a lateral resolution ofo50 nm is commonly
achieved experimentally.[25,27,32,36,47]

For optimal data analysis (i.e., signal recognition and fitting)
the signal-to-background ratio should be as high as possible.
In general, super-resolution imaging methods based on single-

molecule localization minimize fluorescence contributions
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Fig. 1. Requirements for wide-field based super-resolution microscopy according to the direct stochastic optical reconstruction

microscopy (dSTORM) concept. (a) A standard wide-field setup equipped with an oil-immersion objective, with a laser light

source, and a sensitive charge coupled device camera, (b) photoswitchable fluorophores with stable non-fluorescent states,

(c) software for precise single-molecule localization, and (d) methods for specific labelling of target molecules in fixed or living

cells such as antibodies, single-stranded oligonucleotides, or genetic tags, plasmids (fusion proteins), etc., are the basic

requirements for single-molecule based super-resolution microscopy (middle; the highly resolved structure is mirror-inverted).
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from the background using an oil-immersion objectivewith high
numerical aperture and total internal reflection fluorescence

microscopy. However, it has to be pointed out that any
wide-field fluorescence microscopy configuration (e.g., epi-
illumination) can be used as long as the signal-to-background

ratio is high enough to allow precise localization of the
fluorescence signal of individual molecules. For example,
illumination by a highly inclined and thin beam likewise enables

single-molecule detection with a high signal-to-background
ratio in the cytoplasm or nucleus of cells.[48]

As excitation sources, any continuous light source such as
gas lasers or semiconductor lasers can be used provided that

the excitation power is high enough, i.e., �20mW for efficient
excitation and read-out of single-molecule fluorescence signals
and photoswitching. Dependent on the method used, excitation

intensities in the range of less than 1 up to several tens of
kWcm�2 are experimentally applied for read-out, photoswitch-
ing, or photobleaching of the fluorophores. Fluorescence detec-

tion is commonly performed using electron-multiplying charge
coupled device (EMCCD) cameras with quantum yields of 80–
90% in the visible range at frame rates of up to 1 kHz. The CCD
chip collects the incoming photons in pixels with a typical

physical size of 16� 16 mm2 or 24� 24 mm2. Thus, when a
photon is collected by a pixel, information about the exact
location of that photon is lost and all that is measured is the

location of the pixel. To preserve most of the position informa-
tion in the fluorescence signal data a pixel size of ,2.3 times
smaller than the Abbe resolution limit of the optical system

should be used. Thus, for visible light the fluorescence signal
should be imaged ensuring an image pixel size of 80–150 nm
using appropriate magnification.

The CCD chip is used to record a time series of images with

different activated fluorophore subsets, i.e., a video sequence
containing several thousands of images is recorded. The number
of images necessary to reconstruct a subdiffraction-resolution

image with satisfying resolution is determined by the structure
and varies typically between 4000 and 100 000 images. This
series is compressed to a single super-resolved image by a
computer in three stages: first, the number and location of

fluorescent emissions is determined in each image, second, the
most likely fluorophore position is computed for each emission,
and third and finally the density of emission positions in all

images combined is colour-coded to give a super-resolved
image (Fig. 2). In the first stage, the computational task is to
roughly find all positions where fluorophores have emitted, so

that the position of each emission is approximated to a precision
of ,200 nm and the number of emissions estimated. With that
information, more precise fitting is performed on each of the
candidate positions to find the emitter position (localization)

with nanometer precision. Here, three methods are commonly
used: least-squares fitting, faster-than-least-squares methods,
and maximum-likelihood estimation. Least-squares fitters oper-

ate by determining the sum of squared deviations from an ideal
PSF and aim to reduce this sum by computing its gradients with
respect to parameter change and following the gradient to a local

minimum. The reader should note how this approach is quite
tolerant to noise, but reliant on the initial position found in
the first stage. Least-squares fitters have for a long time been

considered the most precise and can be computed in real-time
(considerably faster than the acquisition) on common PC.[49]

Before such real-time capability was available, several less
precise methods had been developed to speed up computa-

tion.[43,50,51] With growing computational power, recent articles
questioned whether the encountered noise may be adequately
described with Gaussian statistics, which is the assumption

underlying least-squares fitting, and used maximum likelihood
estimators for Poisson statistics instead.[52,53]

Finally, a super-resolved image is reconstructed from this set

of fitted emission positions by spanning a fine pixel grid (often
10 nm or less, much finer than the camera pixel array) and
counting how many emissions were localized within or close to
each pixel (Fig. 2). Colour-coding these counts yields an image

that shows, with high accuracy, the number and positions of
emissions (localizations) and thereby with a small statistical
error the distribution of fluorescent probes in the sample.

Photoswitching and Photoactivation of Fluorophores

All photoswitchable fluorophores, including irreversible
photoactivation and reversible photoswitching, exhibit a fluor-

escent on-state, a non-fluorescent off-state, and a transition
between those states. In the past years, a huge amount of
photoswitchable fluorophores has been developed including

photochromic compounds,[54–56] conventional organic fluor-
ophores,[31,35,36,40,47,57] caged fluorescent dyes,[58] push–pull
fluorophores,[59] and a variety of photoswitchable FP.[4,60–62] In
the following, we restrict our considerations to irreversible

photoswitching of photoactivatable or photoconvertible FP and
reversible photoswitching of FP and synthetic organic fluor-
ophores since they are currently the most promising candidates

for single-molecule based localization microscopy. Because
both types of irreversible photoswitchable proteins, photo-
activatable and photoconvertible FP, are ‘activated’ from an

inactive to an active form, they are termed PA-FP.
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Fig. 2. Principle of single-molecule based localization microscopy. (a) A

structure is labelled with photoswitchable or photoactivatable fluorescent

probes and imaged by wide-field fluorescence microscopy. Activation of

only a subset of fluorophores at any time of the experiments allows the

isolated detection (b) and position determination of individual fluorescent

probes with high precision (c). (d) Localization pattern of all localizations

performed. To improve visualization of the localization pattern artificial

subpixels with a size of ,1/10 of the regular pixel size are usually applied

to colour code the density of localizations (e, f). dSTORM, direct stochastic

optical reconstruction microscopy.
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Single molecule-based super-resolution imaging requires
individual fluorophores to be turned ‘on’ and ‘off’ sequentially,

either by photoswitching, photoactivation, irreversible photo-
bleaching, or by any other stochastic photophysical process
(Fig. 3). Compared with reversibly photoswitchable organic

fluorophores, PA-FP[4,25–28] are superior concerning fluores-
cence labelling because they can be genetically fused to target
proteins and endogenously expressed in cells and organelles.

Moreover, the genetic expression of PA-FP ensures that the
specificity and efficiency of protein labelling approaches nearly
100%, a level impossible to achieve by chemical staining with

synthetic fluorophores. Finally PA-FP are much smaller than
fluorophore-labelled antibodies, permitting higher labelling
density in biological samples and allowing for higher imaging
resolution according to the Nyquist criterion.[63] The number

of detectable photons of PA-FP iso1000, i.e., typically a few
hundred photons before they bleach, whereas organic synthetic
fluorophores can emit 41000 photons per cycle enabling a

higher localization precision.[14,43,64] Furthermore, PA-FP have
to be photobleached upon readout before the next subset of
fluorophores can be activated. Therefore, data acquisition,

i.e., the frame rate, is commonly limited to 10–25Hz.[26] Since
reversibly photoswitchable fluorophores can be imaged repeat-
edly without irreversible photobleaching at higher switching

rates, overall orders ofmagnitudemore photons are detected and
dynamic processes even of small individual cellular structures
can be observed for longer time scales with high frame rates.[65]

Photoswitching and Photoactivation Mechanisms

Common to all FP is the tertiary structure of amino acids, the
so called b-barrel that protects the inner fluorophore from the

chemical environment. PA-FP can be converted either from a

non-fluorescent state into a fluorescent state (off- on; PA-GFP
or PamCherry1) or from a fluorescent state into a red-shifted
fluorescent state (green–red photoconversion; EOS-FP, mEOS,

Dendra2) upon activation with appropriate light. The required
wavelength for photoactivation or photoconversion is commonly
around 400 nm. In the case of PA-GFP the photoactivated
form results from a UV-induced decarboxylation of the Glu222

side chain of the fluorophore,[66] whereas in green–red photo-
conversion for EOS-FP a light-induced cleavage in the peptide
backbone generates the red fluorescent form.[67] Once activated

the red form of EOS-FP can be read-out upon excitation at
570nm until it photobleaches. The reader should note that the
term ‘red’ stems from the fact that the fluorescence is red-shifted,

whereas fluorescence occurs in most cases in the yellow to
orange spectroscopic range. One advantage of using photo-
convertible FP is that an area of interest for super-resolution
imaging can be preselected by imaging the inactive form at

another wavelength. Other FP can be photoswitched reversibly
between a fluorescent on- and a non-fluorescent off-state. For
example Dronpa can be switched reversibly between a bright

on- and non-fluorescent off-state by applying 400 nm light
for activation (on-switching) and 488nm for read-out (off-
switching).[68,69]

Synthetic fluorophores have been thoroughly optimized for
photostability. Furthermore, the chemical environment has been
engineered to enable long lasting single-molecule imaging with

reduced fluorescence intermittencies.[70,71] The detailed under-
standing of the photophysics behind photobleaching pathways
paved the way for the controlled generation of non-fluorescent
states in standard synthetic fluorophores and their use in single-

molecule based super-resolution imaging. In contrast to syn-
thetic fluorophores, PA-FP reside in a non-fluorescent state
at the beginning and have to be activated upon irradiation

with light. Thus, the density of fluorophores can be controlled
arbitrarily by adjusting the activation light intensity. Synthetic
fluorophores, however, reside in their fluorescent state and the

majority of the fluorophores has to be converted into the non-
fluorescent state at the beginning of the experiment. Assuming
a cellular pattern with 1000 fluorophores within a diffractive
limited region (DLR) necessitates that only one fluorophore is

fluorescent at the same time, which requires, at a given lifetime
ton for the fluorescent on-state, an off-state lifetime toff4
1000� ton. With respect to a minimum integration time of

common sensitive EMCCD cameras of 1ms (according to a
maximum frame rate of 1 kHz) off-states with a lifetime of,1 s
or longer are required and it becomes obvious that triplet states

with much shorter lifetimes do not represent a suitable platform
for subdiffraction-resolution imaging. However, triplet states of
synthetic fluorophores with typical lifetimes of several micro-

seconds at room temperature can be used as the initial state
for follow-up reactions to generate stable off-states. Thus, only
very low concentrations of electron donors and acceptors
(micromolar concentrations) or high concentrations of otherwise

inefficient electron transfer partners are suited to selectively
quench the triplet state of fluorophores to produce charged
intermediates such as radical ions with a long lifetime.[31,41,72]

In dSTORM millimolar concentrations of thiols such as
b-mercaptoethylamine, glutathione (GSH), or dithithreitol in
aqueous solvents at pH,7–8 are used to reduce the triplet state

of commercially available ATTO and Alexa Fluor fluorophores
and generate stable non-fluorescent dark states, e.g., radical
ions, with lifetimes of several hundred milliseconds to
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Fig. 3. Reversible and irreversible photoswitching of fluorophores.

(a) The fluorescence signal of reversibly photoswitchable fluorophores

can be read-out upon excitation until it enters a non-fluorescent dark state

where it stays as long as no reactivation occurs. The reactivation can be

additional irradiation of the non-fluorescent dark state or an appropriate

chemical reaction. Once reactivated, the molecule will report fluorescence

until it enters the dark state again. The amount of photons per on state is

critical for localization microscopy since it determines its precision. (b, c)

Irreversibly photoswitchable fluorophores can be activated once and read-

out upon irradiation until the fluorophore is photobleached. Such fluoro-

phores can be (b) completely non-fluorescent at the beginning or (c) can be

converted from one fluorescent state to a red-shifted fluorescent state.
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seconds.[31,72,73] The fluorescent state of the rhodamine and

oxazine fluorophores is quantitatively recovered upon oxidation
by molecular oxygen naturally present in aqueous solvents
at concentrations of 200–250 mM at room temperature,[31] or

photoinduced in an oxygen depleted solution for cyanine
dyes.[32]

The Role of Stable Non-fluorescent Off-states
of Fluorophores

The detection and analysis of individual emitters from a
densely labelled structure comprises that the majority of fluoro-
phores must be non-fluorescent, while only a sparse subset

of fluorophores is allowed to be fluorescent at any time.
As a consequence and because of the stochastic nature of
photoswitching, fluorophores used for super-resolution imaging

must exhibit a long-lasting non-fluorescent off-state, e.g., a
stable radical ion or other charged intermediate state as used
in the dSTORM concept. Photoactivatable or photoconvertible

FP as used in PALM and FPLAM generally exhibit thermally
very stable off-states and can be switched on (‘activated’) upon
irradiation with light of specific wavelength (in most cases
,400 nm) and intensity. Thus, the density for single-molecule

based localization microscopy can be precisely adjusted. In con-
trast,most photoswitchable synthetic fluorophores are fluorescent
at the beginning of the experiment and have to be converted with

rate koff to a non-fluorescent off-state to ensure single-molecule
localization before the ground state is repopulated with rate kon.
Here the switching rates and thus the length of the on-state and

off-state of a fluorophore, i.e., the lifetimes ton and toff, directly
control the effective spot density and thus affect the ability
to resolve a structure with a given fluorophore density
NF.

[29,32,40,74,75] The ability to resolve a structure can be best

described introducing the ratio of the two rates or lifetimes,
respectively, r¼ koff/kon¼ toff/ton.

An increase of this ratio enhances the ability to localize

more fluorophores correctly, i.e., as individual single-molecule
events. Basically, the rate ratio can be increased by shortening
ton or increasing toff but it has to be considered that ton controls
the maximum reasonable frame rate. Increasing the excitation
intensity will enforce koff and thus shorten ton, whereas toff can
be prolongedwhen no or less reactivation intensity is used or the

oxidation efficiency is reduced, e.g., by depleting oxygen from
the buffer by an oxygen scavenging system.

Off-state lifetimes of photoswitchable synthetic fluoro-
phores have been reported to vary from 10 to 100ms[36,40] to

several seconds.[41,47,57,72] For metastable off-states with a short
toff, high irradiation intensities must be applied to reduce ton
and to generate a sufficient ratio r, e.g., r¼ 100 for ton¼ 1ms

and toff¼ 100ms. In the case of off-state lifetimes in the range
of seconds a sufficiently high ratio r can be achieved with
comparably long on-times and corresponding low irradiation

intensity, which is very important for live cell applications.[65]

For fixed cells, however, ton can be further decreased by
applying higher irradiation intensities to increase r and the
imaging speed (i.e., the frame rate). Currently only small areas

of a sample can be imaged on a 128� 128 pixel chip with the
highest possible imaging speed of an EMCCD camera of
,1 kHz, and hence the chip read-out time limits the acquisition

speed for investigation of larger areas or whole cells.
Because of the stochastic nature of photoswitching, multi-

fluorophore events can occur in single-molecule based localiza-

tion microscopy experiments (Fig. 4). In other words, there is a

chance that two ormore fluorophores are fluorescent at the same
time within a DLR. Consequently, the localization of the sum of

the individual PSF introduces errors or artificial localizations,
respectively.[74] To avoid multi-fluorophore localizations a
photon threshold and a geometrical inspection of the PSF

can be performed because it is expected that overlapping
PSF of differently localized individual emitters produce an
unsymmetrical resulting signal distribution. However, here it

has to be mentioned that geometrical inspection of the PSF is
inappropriate for 3D measurements where astigmatism is used
to derive axial information (as described below) and fluores-

cence intensity is a poor parameter for quantification as each
emitter might contribute differently to the resulting overlapping
photon distribution. Hence, a certain fraction of false localized
events is always present in the super-resolved image. However,

the fraction of artificial or false localization can be kept lowwith
appropriate control of the number of fluorophores residing in the
fluorescent state and becomes higher when the photoswitching

rates are set inappropriately, i.e., for low r. Using activatable
FP each protein is tagged with a single PA-FP, whereas in the
case of reversibly photoswitchable synthetic fluorophores often
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Fig. 4. Effect of photoswitching kinetics on multi-fluorophore localiza-

tion. (a) If two ormore fluorophores are fluorescent at the same timewithin a

diffractive limited region and if the fluorescence pattern passes the spot

asymmetry check and an upper and lower photon threshold, the event

will cause a false localization (multi-fluorophore localization) that does

not correspond to the physical position of any of the fluorophores. With

increasing ratio koff/kon or toff/ton, respectively, the fraction ofmismatches is

reduced and more fluorophores are localized individually.[74] (b) A network

of straight adjacent filament pairs with neighbour distances of 50, 100,

300 nm was simulated. Every filament consists of a line labelled with a

fluorophore every 8.5 nm. The simulated photoswitching properties are

based on the experimental data of the photoswitchable fluorophore Alexa

647 assuming 1000 photons detected from each fluorophore. The network

was resolved for different r¼ koff/kon. The ratio required to resolve the

filaments increases with the complexity of organization, i.e. the denser a

diffraction-limited area is labelled with photoswitchable fluorophores the

higher the ratio has to be. A low ratio of r¼ 100 suffices to resolve single

filaments with large distances (300 nm), whereas filaments with smaller

distances or crossing areas need higher ratios. (c) F0F1-ATPase and cyto-

chrome c-oxidase in the mitochondrial inner membrane of mammalian

COS-7 cells, labelled by immunocytochemistry with Alexa Fluor 647. The

direct stochastic optical reconstruction microscopy image reveals structural

details on the distribution of the proteins. The different ratios of 50, 130, and

250 reveal different structural details. The rate-ratios are already corrected

for the fact the antibodies used exhibit a degree of labelling of ,3.[74]
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multiple labelled antibodies are used as fluorescent labels. Thus,

the labelling density increases and an accordingly higher ratio
has to be applied to be able to resolve the structure (Fig. 4c).

Furthermore, it is important to mention that for those con-

cepts using reversibly photoswitchable fluorophores such as
dSTORM, each fluorophore is generally localized multiple
times. Therefore, structural information is not lost when a
two- or multi-fluorophore event is recognized and discarded

from further analysis because it is likely that the same fluoro-
phore is localized again individually. In addition, even for
inappropriately set photoswitching rates, a structure can be

resolved as long as every fluorophore is localized individually
at least once and the error-rate for discarding multi-fluorophore
events (which increases with decreasing r) is kept low.

For the use of photoactivatable fluorophores in concepts like
PALM or FPALM, two-spot events can occur stochastically or if
the irradiation intensity for activation is set too high. Then the
localization information is irretrievably lost or a false localization

is made. Since the structural resolution is controlled by the
labelling density, lost localizations decrease the achievable reso-
lution. These considerations indicate that the density of fluoro-

phores residing in their fluorescent state is easier to control in
PALM or FPALM, whereas STORM or dSTORM exhibit the
advantage that every fluorophore can be localized multiple times.

Live Cell Super-resolution Imaging

Related to specific fluorescence labelling of proteins in living
cells, the use of PA-FP is advantageous because they can be co-

expressed genetically to almost any target protein. Even though
all biological processes are subject to dynamics on different time
scales, PALM and FPALM have so far also been mainly used
for the imaging of cellular structures in fixed cells. This can be

understood considering the interrelation of temporal and spatial
resolution underlying all super-resolution imaging concepts.
Dependent on the structure investigated several hundred to

thousands of images have to be measured and processed to
reconstruct an image with subdiffraction resolution. Taking into
account the facts that the kinetics of the photoswitching process

determines the temporal resolution and PA-FP have to be
localized and photobleached in each cycle, only low frame rates
can be applied. Thus, live cell PALM or FPALM remains

restricted to relatively slow processes such as the dynamics of
adhesion complexes occurring on time scales of several tens of
seconds to minutes.[26]

However, reversibly photoswitchable fluorophores are

brighter than FP and can be imaged repeatedly without irrever-
sible photobleaching at higher switching rates (because the
photoswitching rates are tunable). Therefore, orders of magni-

tude more photons can be detected and dynamic processes can
be observed for longer time scales with higher frame rates. Their
photoswitching, however, until recently required specific

chemical cocktails often involving oxygen depletion.[29,32,40]

This restricted super-resolution imaging with reversibly photo-
switchable fluorophores to fixed cells. Very recently, however,
it was shown that synthetic fluorophores of the Alexa Fluor and

ATTO family can be used for super-resolution imaging accord-
ing to the dSTORM concept in the presence of millimolar
concentrations of GSH under physiological conditions.[31,72]

The tripeptide GSH is the most abundant low-molecular-weight
thiol protectant and antioxidant in mammalian biology. The
thiol groups are kept in a reduced state at millimolar concentra-

tion in animal cells.[76] Thus standard synthetic fluorophores can

be used for dSTORM in living cells: GSH reduces the triplet

state and forms stable negatively charged intermediate species
with a lifetime of several hundreds of milliseconds to several
seconds under physiological conditions whereas the fluorescent

state is recovered upon oxidation of the negatively charged
intermediates by molecular oxygen. These findings raise hopes
that standard synthetic fluorophores can be used in combination
with chemical tags for live cell super-resolution imaging.

Chemical tags provide a surrogate to FP in which a geneti-
cally encoded polypeptide tag is labelled with a modular
synthetic fluorophore.[2,6,77] In addition to SNAP-, CLIP-tags

and others, trimethoprim (TMP) chemical tags can be used
advantageously for high-specific labelling of proteins in living
cells.[78,79] The TMP-tag, which is based on the high-affinity

non-covalent (and recently engineered covalent[80]) interaction
between Escherichia coli dihydrofolate reductase (eDHFR) and
TMP, is one of the few chemical tags able to label intracellular
proteins in live cells with high a signal-to-noise ratio. Because

eDHFR has a molecular weight (18 kDa) two-thirds that of GFP
and is a stable, monomeric protein, eDHFR is an attractive
protein chemical tag. The TMP-fluorophore conjugates have

no apparent toxicity, can be synthesized in a few steps, and are
readily cell permeable, reflecting the use of TMP clinically as an
antibiotic.

In fact, it has been shown that the TMP-tag is suitable for
stochastic single-molecule based localization microscopy
according to the dSTORMmethod that combines the advantage

of genetic encoding with a high photon-output photoswitchable
synthetic organic fluorophore such as ATTO 655. The method
ensures imaging of the dynamics of human histone protein H2B
in living HeLa cells under physiological conditions at resolu-

tions of,20 nm.[65] Applying a frame rate of 50Hz in combina-
tion with a sliding window algorithm[81] the dynamics of
nucleoprotein complexes were studied with nanometer spatial

resolution and a temporal resolution of several seconds. A
sliding window algorithm is used to generate dSTORM movie
sequences consisting of super-resolved images each recon-

structed from a subset of n images, e.g., a dSTORM movie
sequence from subsets of 1000 subsequent frames moving the
window always by 100 frames. Whereas the sliding window
procedure does not increase the time resolution of the method,

it enables the construction of video sequences from single-
molecule localization data. The sliding window dSTORM
method applied in live cell H2B imaging revealed movement

of ,3 nm s�1 for interphase nuclei and emphasizes the impor-
tance of the method for dynamic live cell super-resolution
imaging with small tailored synthetic organic fluorophores.[46]

Higher temporal resolutions can theoretically be easily achieved
accelerating photoswitching kinetics by application of higher
excitation intensities. However, as in all live cell experiments

the excitation has to be carefully balanced between optimal
photon flux and cell survival to enable the measurement of
biologically valuable and usable information.

Three-dimensional Super-resolution Fluorescence
Imaging

Contemporary to the introduction of super-resolution imaging
based on single-molecule localization, progress has been

reported on extending the principle to three dimensions. Three-
dimensional super-resolution imaging has important applica-
tions, but seems at first hard to implement because wide-field

excitation does not directly give information about fluorophore
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position and the cameras used for detection are inherently 2D.
All of the ideas put forward for 3D imaging, therefore, try to

encode information about the z-position of an emitting fluoro-
phore in a modified PSF. Besides the use of double-helical PSF
to resolve the 3D localization of single fluorophores,[82] inter-

ferrometric approaches,[83] and virtual volume super-resolution
microscopy[64] have achieved impressive axial resolutions.
Because of their relatively easy implementation the following

chapter focuses on 3D super-resolution imaging based on
introducing defocusing, i.e., dual or multi-focal-plane ima-
ging[84–90] or astigmatism into the image (Fig. 5).[91–93]

Three-dimensional astigmatism is implemented by inserting

a cylindrical lens in the detection path and thereby separating the
object planes for the x and y components, resulting in different
defocussing behaviour depending on the z position of an emitter.

To give an example, assume that the x object plane is at zx¼�1
(i.e., objects with z position �1 are most sharp in x) and the y
object plane is at zy¼ 1. Only objects at z¼ 0 will appear round

on the camera, while objects at negative z coordinates are
defocussed more in y than in x and therefore appear elongated
in y, with the elongation ratio indicating the z position. Taking
the shape of the signal into account in the PSF model function

and the fitting procedure, a calibration curve for known z offsets
can be obtained and the z information can be extracted. Dual-
focal-plane methods achieve the same effect with two cameras

or two areas of the same camera with different object planes. In
this scheme, objects appear differently sized on the two cameras,
with each detector being equivalent to one width in the astig-

matism scheme (Fig. 5).
While this idea is easy enough to realize, all of the proposed

schemes for 3D imaging do, however, introduce considerable

problems with emission density, i.e., the density of fluorophores

emitting concurrently. First, the excitation volume for 3D

samples is considerably larger than for 2D samples, but the
available detector area is the same. Second, the small detector
area is burdened with larger and unsymmetrical photon distribu-

tions complicating PSF fitting. Third, the larger PSF means
spreading the detected photons over a larger spatial area,
resulting in a higher uncertainty in the precise localization of
the lateral position. Finally, when labelling a target structure

with FP or fluorophores, a minimum number of fluorescent
probes is required to resolve the structure according to signal
theory. The required density of fluorescent probes for super-

resolution imaging can be estimated by the Nyquist–Shannon
sampling theorem.[63] As an example, to obtain a structural
resolution of 20 nm in one dimension, fluorophores have to be

positioned at least every 10 nm corresponding to a labelling
density of ,104 fluorophores mm�2. For 3D super-resolution
imaging the situation is even worse: to achieve a structural
resolution of 20 nm in all three axes the labelling density has to

be in the order of 106 fluorophores mm�3. The labelling density
thus corresponds to a fluorophore concentration in the milli-
molar range which certainly alters cellular function and can

induce side effects, e.g., the formation of non-fluorescent
fluorophore dimers.

Conclusions

Within just a few years super-resolution imaging based on
single-molecule localization has seen tremendous growth and

has been successfully applied to study various cellular structures
in fixed and living cells with quite recently unforeseeable optical
resolution. The success story was permitted by its simple rea-
lization: a standard inverse fluorescence microscope equipped

with a high numerical oil-immersion objective, continuous
wave lasers providing a power of several mW, and a sensitive
CCD camera are sufficient to initiate controlled photoswitching,

photoconversion, and photoactivation of fluorophores and
detect their single-molecule signals with high signal-to-
background ratio. Complex 2D and 3D structures can be

reconstructed using high labelling densities of appropriate
fluorophores and photoswitching conditions in combination
with efficient fitting algorithms.

In addition to the analysis of continuously labelled structures,
single-molecule based localization microscopy also has great
potential to analyze protein distributions and membrane cluster-
ing.[94–97] The understanding and control of fluorophore photo-

physics and efforts in protein engineering enables multi-colour
super-resolution imaging with PA-FP and almost any organic
synthetic fluorophore. However, even though there is ample

scope for further technical improvements concerning camera
frame and photoswitching rates that might enable dynamic
super-resolution imaging of fast cellular processes, one should

be aware of the fact that the photoinduced formation of rever-
sible and irreversible off-states are likely to produce reactive
side products. Therefore, the significance of live cell super-
resolution imagingwill also in the future critically depend on the

experimental conditions adjustable by the excitation intensity
and the labelling density.
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