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Abstract  Super-resolution imaging by single-molecule
localization (localization microscopy) provides the abil-
ity to unravel the structural organization of cells and the
composition of biomolecular assemblies at a spatial reso-
lution that is well below the diffraction limit approaching
virtually molecular resolution. Constant improvements
in fluorescent probes, efficient and specific labeling tech-
niques as well as refined data analysis and interpretation
strategies further improved localization microscopy. Today,
it allows us to interrogate how the distribution and stoichi-
ometry of interacting proteins in subcellular compartments
and molecular machines accomplishes complex intercon-
nected cellular processes. Thus, it exhibits potential to
address fundamental questions of cell and developmental
biology. Here, we briefly introduce the history, basic prin-
ciples, and different localization microscopy methods with
special focus on direct stochastic optical reconstruction
microscopy (dSTORM) and summarize key developments
and examples of two- and three-dimensional localization
microscopy of the last § years.
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Introduction

Due to the availability of efficient fluorescent probes and
labeling recipes, fluorescence microscopy allows the direct
observation of cellular processes in fixed and living cells
as well as in complete organisms with molecular specific-
ity and high temporal resolution in three dimensions (Gie-
pmans et al. 2006; Haugland 2005; Lippincott-Schwartz
and Patterson 2009; Pawley 2006). Due to the wave nature
of light, however, the spatial resolution is limited to about
half of the wavelength of the light in the imaging plane
(Abbe 1873; Rayleigh 1903), that is, conventional confo-
cal and wide-field fluorescence microscopy does not pro-
vide insight into the structural and dynamic organization
of biological samples such as vital protein assemblies and
machineries with a size of a few tens of nanometers.
Within recent years, different far-field microscopic
approaches have been introduced that have found a way to
bypass the so-called diffraction barrier exploiting concepts
to distinguish fluorescence emission of fluorophores in an
additional dimension, e.g., absorption, fluorescence emis-
sion, and fluorescence lifetime (Betzig 1995; Heilemann
et al. 2002; van Oijen et al. 1998), and thus localize their
positions individually. However, the number of distinguish-
able spectroscopic characteristics of fluorophores is too low
to distinguish thousands of fluorophores per diffraction-
limited area that compose a typical biological structure. On
the other hand, fluorescence emission of fluorophores is
distinguishable also in time allowing the temporal separated
fluorescence detection of fluorophores. Thus, the key to
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super-resolution imaging is confinement of the number of
simultaneously fluorescing fluorophores. This is achieved
in a deterministic way by generating a light pattern that
prevents the emission of fluorophores in a defined area, as
used by stimulated emission depletion (STED) (Dyba and
Hell 2002; Hell and Wichmann 1994; Willig et al. 2006),
and structured illumination microscopy (SIM) (Gustafs-
son 2000, 2005; Heintzmann and Cremer 1999; Kner et al.
2009) or in a stochastic way by temporally modulating the
emission of individual fluorescent molecules by photoacti-
vation, photoconversion, or photoswitching, as used in pho-
toactivated localization microscopy (PALM) (Betzig et al.
2006; Manley et al. 2008; Shroff et al. 2007), fluorescence
photoactivation localization microscopy (FPALM) (Hess
et al. 2006, 2007), stochastic optical reconstruction micros-
copy (STORM) (Bates et al. 2007; Huang et al. 2008b;
Rust et al. 2006), direct STORM (dSTORM), (Heilemann
et al. 2008, 2009; van de Linde et al. 2011b), and related
localization microscopy approaches (Baddeley et al. 2009;
Bock et al. 2007; Folling et al. 2008; Geisler et al. 2007;
Gunkel et al. 2009; Lemmer et al. 2008; Steinhauer et al.
2008; Vogelsang et al. 2009) (Table 1). Historically, locali-
zation microscopy started with the efforts of Lidke et al.
(2005) to use the fluorescence intermittencies of semicon-
ductor quantum dots for single-molecule localization. The
authors envisioned that a high-resolution image consisting
of individually localized points may be reconstructed and
termed it “Pointillism” (Table 1). However, because blink-
ing characteristics of quantum dots can be best described
by a power law (Kuno et al. 2000), densely labeled struc-
tures are difficult to resolve. Alternatively, transient bind-
ing of fluorescent probes to the target structure (Giannone
et al. 2010; Sharonov and Hochstrasser 2006) or the con-
version of fluorogenic probes by catalysts (Roeffaers et al.
2009) can be exploited to bypass the diffraction limit by the
reconstruction of a super-resolved image.

All stochastic single-molecule localization microscopy
techniques (Table 1) share the same concept that only a
sparse subset of fluorophores is allowed to stay in its flu-
orescent on-state at any time of the experiment. 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
(localization), i.e., fitting of ideal point-spread functions
(PSFs) to the measured photon distributions. As long as the
distance between individual fluorophores residing simulta-
neously in their on-state (i.e., per frame) is larger than the
distance resolvable by the microscope (>\/2 on the CCD
camera), individual fluorophores can be clearly localized.
Since the localization precision (i.e., the accuracy of posi-
tion determination of a single fluorophore) depends mainly
on the number of collected photons, N, and on the standard
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deviation, o, of the PSF, single fluorophores can be local-
ized with an accuracy approximated by o/N'? for negligi-
ble background (Mortensen et al. 2010; Thompson et al.
2002).

Single-molecule localization microscopy with synthetic
fluorophores

While all single-molecule localization microscopy methods
share the same concept of temporal separation of fluores-
cence emission, they use different concepts to accomplish
this experimental requirement (Table 1). To ensure that only
a sparse subset of fluorophores resides in the on-state at any
time of the experiment and that each fluorophore defining
the structure of interest is detected as individual emitter and
thus precisely localized, the generation of stable off-states
with lifetimes exceeding seconds is of outstanding impor-
tance. While this task is comparatively easy to accom-
plish using photoactivatable fluorescent proteins, which
are non-fluorescent at the beginning of the experiment, the
use of standard organic fluorophores requires the trans-
fer of the majority of bright fluorophores to a long-lived,
stable off-state. This succeeds for most Alexa and ATTO
dyes—belonging to the cyanine, rhodamine, and oxazine
dye classes—upon irradiation of an aqueous solution in the
presence of millimolar concentrations of reducing thiols.
This mechanism forms the basis for the dSTORM concept
(Heilemann et al. 2008, 2009; van de Linde et al. 2011b).
The dyes are cycled between the singlet ground and first
excited singlet state until the dye enters the triplet state. The
triplet state can then be quenched to repopulate the singlet
ground state either by oxygen or by the thiolat (the actual
reducing species) to form a semi-reduced fluorophore radi-
cal anion, the fully reduced leuco form of the fluorophore,
or a thiol adduct (Dempsey et al. 2009; van de Linde et al.
2011a). Finally, the singlet ground state is recovered by
the oxidation of the reduced off-state, e.g., with molecular
oxygen. Because the off-state of most organic fluorophores
absorbs at ~400 nm, photoinduced recovery can be applied
to control the number of fluorophores residing in the on-
state (van de Linde et al. 2011a).

Since dSTORM is easy to perform, i.e., it works with
commercial available fluorescent standard probes in aque-
ous solvents and standard protocols for immunostaining
(Heilemann et al. 2009; van de Linde et al. 2008, 2009,
2011b, 2012, 2013), it is currently the most applied single-
molecule localization microscopy concept using organic
fluorophores. The simple thiol-assisted photoswitching
mechanism (millimolar concentrations of thiols such as
B-mercaptoethylamine, cysteine, or glutathione have to be
added to the imaging buffer) and the availability of effi-
cient open-source software for two-dimensional (2D) and
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Table 1 continued
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ATTO 700); oxygen removal and addition of 100 uM

photophysics of the fluorophores by electron transfer

reactions

ascorbic acid to quench the triplet state and generate
reduced fluorophores with off-state lifetimes >20 ms;

70-700 photons per on-event

Most techniques work optionally with a second laser (405 nm) to increase the reactivation efficiency of the on-state (the on-switching probability). In many cases, the reactivation efficiency of

the readout laser is high enough to ensure a constant number of fluorophores residing in the on-state at any time of the experiment. With the exception of SPDM, all other localization micros-
copy techniques apply excitation intensities of a few kW cm™ (typically 1-3 kW cm™2) for fluorescence readout and off-switching or photobleaching, respectively. The recovery or reactiva-

tion intensities are two to three orders of magnitude smaller

three-dimensional (3D) multicolor localization microscopy
(e.g., rapidSTORM) (Wolter et al. 2010, 2012) facilitated
the acceptance and broad applicability of dSTORM for
different super-resolution imaging studies (Dempsey et al.
2011; Endesfelder et al. 2010, 2011; Kaminski Schierle
et al. 2011; Lampe et al. 2012; Mattila et al. 2013; Rossy
et al. 2013; Sillibourne et al. 2011; van de Linde et al.
2011b, 2012; Williamson et al. 2011; Wilmes et al. 2012;
Zessin et al. 2012).

At the end of the day, the feasibility and reliability of
different localization microscopy techniques has to be
judged by test samples with well-defined molecular struc-
ture and composition. Among the various natural biologi-
cal test samples, the nuclear pore complex (NPC) with its
well-defined molecular composition, subdiffraction dimen-
sion, and eightfold symmetry holds a special position
(Adams and Wente 2013). Because the NPC is composed
of a defined number of proteins and exhibits a central chan-
nel with a diameter of ~40 nm, it is suited for testing of the
achievable resolution of different super-resolution imaging
methods and counting the number of molecules in a bio-
logical structure. The combination of raw dSTORM locali-
zation data and particle averaging techniques as first dem-
onstrated by Loschberger et al. (2012) can also be used to
reconstruct average protein positions in multiprotein com-
plexes such as the NPC with nanometer resolution (Szym-
borska et al. 2013). It neglects, however, structural hetero-
geneity of the sample by averaging individual signals—the
strength of all single-molecule methods—and does not
enhance the optical resolution.

Whereas super-resolution imaging or localization of
fluorophore-labeled target molecules does not rely on the
number of fluorophores attached to the molecule per se,
the labeling density determines the achievable resolution
of complex biological structures. According to the informa-
tion theory, the required density of fluorescent probes must
be high enough to satisfy the Nyquist—-Shannon sampling
theorem (Shannon 1949). In essence, this theorem states
that the average distance between neighboring fluorophores
(the sampling interval) must be at least two times smaller
than the desired spatial resolution. For example, to resolve
structural features with a spatial resolution of 20 nm, fluo-
rophores must be placed and localized every 10 nm. For a
2D structure, a labeling density of approximately 10* fluo-
rophores pLm ™2 or approximately 600 fluorophores within a
circular diffraction-limited region is required (Sauer 2013).

Thus, independent of the technique used, efficient and
specific labeling with fluorescent probes is a decisive aspect
of super-resolution imaging. Fluorescent proteins are the
gold standard for stoichiometric labeling of proteins in liv-
ing cells. However, they also exhibit a non-negligible size
(a cylinder with a length of 4.2 nm and diameter of 2.4 nm)
(Tsien 1998). Organic fluorophores such as rhodamine or
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carbocyanine dyes are substantially smaller (~1 nm) but
require a chemical labeling procedure such as standard
immunofluorescence using primary and secondary IgG
antibodies with a size of ~10 nm (Weber et al. 1978). Alter-
natively, small labeled camelid antibodies (nanobodies)
directed against green fluorescent protein (GFP) (Ries et al.
2012) with a smaller size (1.5 nm x 2.5 nm) can be used
for efficient labeling. One of the most promising future
labeling methods for high-density labeling is the 1,2,3-tria-
zole linkage (click chemistry) between a fluorophore modi-
fied as an azide and a reaction partner (e.g., protein) modi-
fied as an alkyne, or vice versa (Laughlin et al. 2008). This
method, however, requires further improvements concern-
ing specific labeling of the protein of interest in living and
fixed cells.

Live-cell localization microscopy

Photoswitchable or photoactivatable fluorescent proteins
(PA-FPs) were the first choice for super-resolution imag-
ing in living cells, as they enable stoichiometric labeling
and non-pertubative imaging of the sample (Lippincott-
Schwartz and Patterson 2003). Several studies have been
conducted using PA-FPs to unravel sub-diffractive mor-
phologies and dynamics of cellular components (Table 2).

One of the first realizations of live-cell super-resolu-
tion imaging investigated the structure of the actin pro-
tein MreB labeled with EYFP by PALM (Biteen et al.
2008). Furthermore, they introduced time-lapse PALM to
increase the effective labeling concentration and achieve a
sub-40 nm spatial resolution. Images were obtained with
cycles of reactivation at 407 nm and imaging of EYFP at
514 nm with a frame rate of 10 Hz and 1-2 min temporal
resolution.

PALM was also successfully implemented to investigate
the nanoscale dynamics of adhesion complexes by imag-
ing paxillin fused to tdEosFP (Shroff et al. 2008). Since
the dynamics of these complexes occurs at a timescale of
minutes, a series of PALM images, acquired over a time
>20 min, with a temporal resolution of 25-60 s was suf-
ficient to study morphological changes. PALM imaging
revealed sub-diffractive structures and different dynamics
within an adhesion complex and between complexes at a
spatial resolution of about 60 nm. Assembly and disassem-
bly of adhesions in different cell lines were also studied.
With FPALM imaging of PA-GFP, the motion of hemag-
glutinin (HA) clusters in the cell membrane of fibroblasts
with a localization precision of ~40 nm was investigated
(Hess et al. 2007) by calculating the distance distribution
of HA molecules in consecutive frames with a time resolu-
tion of 100-300 s. Thus, an effective diffusion coefficient
could be determined. A combination of single-particle

tracking and PALM imaging (sptPALM) was introduced to
study the mobility and distribution of two membrane pro-
teins (VSVG and Gag) by Manley et al. (2008). The experi-
ments gave single-molecule trajectories at a high density
(50 wum~?) and the mapping of single-molecule diffusion
coefficients of VSVG and Gag evidenced that VSVG pro-
teins exhibit a larger mobile fraction than Gag proteins.

Due to the comparatively low fluorescence quantum
yield and photostability of FPs, (F)PALM in living cells
is restricted to slower cellular processes. Imaging faster
dynamic processes in cells requires higher temporal reso-
lution, ideally without decreasing the spatial resolution. In
this regard, organic dyes are the fluorophores of choice.
They emit more photons than FPs and show tunable photo-
switching rates. Therefore, they are well suited for improv-
ing the spatiotemporal resolution in live-cell localization
microscopy experiments.

Chemical tags (Gautier et al. 2008; Keppler et al. 2003;
Los et al. 2008; Miller et al. 2005) offer an elegant method
for specific labeling of proteins with organic dyes in living
cells (Table 2). Here, a polypeptide tag, which is geneti-
cally fused to the target protein, binds to a fluorescently
labeled substrate. On the other hand, live-cell labeling with
chemical tags is also challenging because the fluorescently
labeled substrates have to exhibit high membrane perme-
ability and negligible non-specific binding in living cells.
Thus, the labeling procedure has to be optimized for each
protein and fluorescent substrate separately concerning
substrate concentration and incubation time. Furthermore,
the amount of non-specific binding of fluorescently sub-
strates to cellular organelles has to be carefully checked.
Nonetheless, some fluorescently labeled substrates are very
well suited for specific labeling of proteins in living cells.

The first demonstration of live-cell single-molecule
localization microscopy with organic dyes was performed
by dSTORM employing the trimethoprim (TMP) tag
(Wombacher et al. 2010). TMP binds to the E. coli dihy-
drofolate reductase (eDHFR). The cell-permeable dye
ATTO 655 was used to label the eDHFR tagged core his-
tone protein H2B. Since the cell provides its own reduc-
tive environment, mostly due to the presence of millimo-
lar concentration of the thiol glutathione (van de Linde
et al. 2012), ATTO 655 molecules switch between a bright
on- and a non-fluorescent off-state upon irradiation under
physiological conditions. Applying a sliding window
analysis on the localization data, the dynamic movement
of histone proteins could be observed at a temporal reso-
lution of 10 s. Slightly later, the Snap-tag technology was
also successfully applied for live-cell ISTORM in various
cell lines using the two rhodamine-based substrates SNAP-
Cell TMR-Star and SNAP-Cell 505 (Fig. 1) (Klein et al.
2011). The results demonstrated the formation of long-
lived fluorophore off-states under physiological conditions,
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Fig. 1 Live-cell SSTORM with SNAP tags. a Fluorescence image
of histone H2B proteins in a COS-7 cell stained with SNAP-Cell
TMR-Star (1 pM). Scale bar 5 wm. b Fluorescence image of the
same cell but with 532 nm excitation of ~1 kW cm_z, which induced

which can be effectively and repeatedly reactivated upon
irradiation at 405 nm (Klein et al. 2011; van de Linde et al.
2011a, b). Because rhodamine dyes tend to bind non-spe-
cifically on glass surfaces, coverslips were coated with 2 M
glycine.

The photoswitchability of some organic fluorophores
in living cells was also used to study the organization of
intracellular microcompartments (Appelhans et al. 2012).
Here, mitochondrial proteins of the outer and inner mem-
brane were labeled with tetramethylrhodamine (TMR)
via the HaloTag. Single-molecule tracking and localiza-
tion of individual protein complexes showed protein-
specific diffusion behavior within both membranes and
their substructures like cristae, indicating mitochondrial
compartmentalization.

As the different chemical tags can be used orthogonally,
multi-color super-resolution imaging is likewise possible.
For single-molecule tracking of two different plasma mem-
brane receptor proteins, a multi-color approach employ-
ing Snap- and HaloTag has been demonstrated (Benke
et al. 2012). The fluorophores used (Dy-547 for Snap and
Alexa 488 for Halo) are spectrally well separated and were
imaged sequentially. In addition, the study demonstrated
that tracking is not restricted to membrane proteins, but is
also applicable to intracellular proteins like H2B. Using a
Snap- and Clip tag in combination with the two dyes Alexa
647 and TMR, dual-color live-cell dSTORM of the beta-
2-adrenergic receptor and H2B histone proteins has been
demonstrated (Klein et al. 2012). The membrane receptor
was labeled with the cell-impermeable dye Alexa 647 and
the nucleus with TMR. To induce photoswitching of Alexa
647, the medium was supplemented with 100 mM glu-
tathione and an oxygen scavenger system.

However, in all live-cell experiments using organic fluo-
rophores, the generation of reactive oxygen species (ROS)
has to be considered (van de Linde et al. 2011a). ROS may

photoswitching. ¢ <STORM image reconstructed from 10,000 images
(acquired at 50 Hz). Adapted from (Klein et al. 2011), with permis-
sion

already perturb the intracellular environment during the
experiment and thus can be expected to be a serious source
of cell damage.

The possibility to combine PALM and dSTORM for
two-color super-resolution imaging was shown by Endes-
felder et al. for fixed cells using the same buffer (Endes-
felder et al. 2011). For live-cell imaging, the combination
of PA-FPs and chemical tags enabled also three-color
PALM/dSTORM of the spatiotemporal organization of
membrane receptors (Wilmes et al. 2012). Fusion proteins
of the type I interferon receptors (IFNAR1 and IFNAR2)
with PA-GFP and PAtagRFP were coexpressed with the
actin-binding Lifeact peptide (Riedl et al. 2008) coupled to
HaloTag, which was stained with ATTO 655. Three-color
super-resolution imaging was performed through cycles
of photoactivation at 405 nm and sequential excitation at
488 nm for PA-GFP, 568 nm for PAtagRFP, and 647 nm for
ATTO 655. The average localization precision achieved in
these experiments was ~25 nm. The reconstructed images
showed a cytoskeletal association of the two receptors,
indicating an interaction with actin or actin-bound adaptor
proteins (Wilmes et al. 2012).

Small membrane probes pose a different tag-independ-
ent labeling approach for membrane structures. They bind
directly to the membrane of mitochondria, endoplasmic
reticulum, lysosomes, or the plasma membrane. These
commercially available probes proved to be photoswitch-
able in living cells upon irradiation with the respective
wavelength and reactivation at 405 nm (Shim et al. 2012).
An oxygen scavenger system was applied to reduce pho-
tobleaching and prolong data acquisition time. Due to the
high labeling density, the ultrastructural dynamics of orga-
nelles could be resolved with a spatial resolution of ~40 nm
and temporal resolution of 1-15 s using multi-emitter fit-
ting algorithms. Time-lapse imaging of mitochondria
with MitoTracker Red, for example, revealed thin tubular
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intermediates between mitochondria at fission and fusion
events, which could not be resolved in conventional diffrac-
tion-limited imaging (Shim et al. 2012).

Three-dimensional super-resolution imaging in live cells
has also been demonstrated (Jones et al. 2011). Clathrin-
coated pits and their cargo transferrin were labeled with
different fluorophores using Snap-tag fusion proteins or
direct labeling. Due to high laser intensities used of up to
15 kW cm? and the resulting fast switching kinetics of
Alexa 647, a time resolution of 0.5 s and 25 nm spatial
resolution was achieved in 2D and 2 s and 50 nm (axial)
in 3D, respectively. Only with Alexa 647, which was deliv-
ered into the cell by electroporation, the cup-like morphol-
ogy of CCPs could be resolved.

Very recently, a new near-infrared fluorophore has been
introduced for live-cell imaging (Lukinavicius et al. 2013).
This new silicon—rhodamine (SiR) is highly cell-permeable
and shows a fivefold increase in fluorescence upon bind-
ing to its target protein. The fluorogenic character results
from the formation of the non-fluorescent spirolactone if
the dye aggregates or binds unspecifically to hydrophobic
structures, whereas it becomes fluorescent upon reaction
with the respective protein tag. Single-molecule localiza-
tion microscopy is also feasible, as SiR exhibits switching
behavior under physiological conditions, which was shown
for cells expressing H2B—Snap (Lukinavicius et al. 2013).

3D super-resolution imaging

In order to enable three-dimensional (3D) super-resolution
imaging, the axial symmetry of the PSF has to be broken,
that is, in conventional microscopy (in the case of zero
aberrations), the PSF of a fluorophore slightly above and
below the image plane appears equally blurred preventing

the extraction of the accurate axial fluorophore position. To
overcome the obstacle methods have been introduced that
tweak the signal in a way that the PSF above and below the
image plane looks different. Some of the ideas have already
been successfully used in single-particle tracking, and with
the ability to image only a few fluorophores defining a
densely labeled structure at a time due to temporal separa-
tion of fluorophore emission, it was straightforward to use
these established methods also for localization microscopy.
Methods used to infer information about the axial origin of
a signal can roughly be split into four groups: (1) astigma-
tism, (2) biplane, (3) PSF splitting into lobes, and (4) inter-
ferometric approaches (Table 3).

The astigmatism approach introduces a cylindrical lens
into the detection path of the microscope system. This
leads to a stretching of the PSF because only one spatial
direction is tightly focused while the other is defocused
(Fig. 2). In practice, there is one point of equal PSF widths
(which can be set to be z = 0 nm), and PSFs originating
from above or below are spread to a horizontal or verti-
cal line, respectively. The rough axial position can be
extracted from the orientation of the PSF and the widths
in x and y can be calibrated to yield exact z-coordinates.
After the initial use in single-particle tracking (Holtzer
et al. 2007; Kao and Verkman 1994), the method has been
broadly applied to single-molecule localization microscopy
(Dani et al. 2010; Huang et al. 2008a, b; Xu et al. 2012).
For calibration of the defocusing behavior, usually single
fluorophores, quantum dots or small fluorescent beads are
adsorbed on a bare coverslip and moved in z while record-
ing their PSF. The obtained PSF widths in x and y are fit-
ted with a polynomial of second order, which represents a
physically derived model (Holtzer et al. 2007) or a fourth-
order polynomial to account for imperfections in the opti-
cal system (Huang et al. 2008a). To avoid fitting of a more

Table 3 Three-dimensional single-molecule localization microscopy techniques

Technique Lateral/axial resolution Axial capture range References

(FWHM) (nm)

Astigmatism (polynomial) 20-30/60-70
Astigmatism (polynomial, dual objective) 9/19
Astigmatism (sigma difference)* 40/50
Astigmatism (model-free)® <50/<100
Biplane 30/75
Double-helix PSF 30/46
PRILM 38-47/82
iPALM 22.8/9.8

0.6 wm; with stacking Huang et al. (2008a)
up to 3 pm

0.6 pm Xu et al. (2012)

1 um Henriques et al. (2010)

>3 pm York et al. (2011)

0.8 wm Juette et al. (2008)

>2 um Pavani et al. (2009)

2 wm Baddeley et al. (2011)

0.225 pm Shtengel et al. (2009)

 z-position determination via sigma difference lookup table

b Direct z-position determination by comparison with experimental PSF
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Fig. 2 a Nucleus of a Xenopus laevis A6 cell stained against the
nuclear pore complex protein gp210 with pale white bar indicat-
ing the area where the x—z-cross section b is taken; ¢ and d show
the respective x—y- and y—z-views of the distal appendage protein
CEP152 of centrioles from a U20S cell; e represents another pair of
centrioles in a COS-7 cell. All stainings were performed with Alexa
Fluor 647. Scale bar a, b 1 pum; ¢, d 200 nm; e 500 nm; color-code
(blue to red) a, b 0-4.6 um; ¢, d 0-400 nm

or less physically derived function to the calibration data, a
lookup table can be created for the extraction of the actual
axial position. In the open-source QuickPALM plugin for
ImageJ (Henriques et al. 2010), the standard deviations
of the calibration PSF in x and y are determined and the
known z-position is plotted against o, — o,. The obtained
straight line serves to look up the z-coordinates during the
course of a measurement.

To use biplane imaging, the detected signal has to be
split into two parts with an optical delay added to one of
the two signals. Both signal paths can be either imaged on
the same camera (Juette et al. 2008), or if a second camera
is at hand, the two signals can be detected separately. In the
second scheme, the full field of view is preserved. In both
approaches, a relative offset in the axial position between
both image planes has to be realized. The axial position
can be extracted from the sharpness ratio of the respec-
tive planes. The PSF widths detected on detector A and B
encode the z-coordinate just as the ratio between the x- and
y-PSF widths using the astigmatism approach.

The third family of 3D localization microscopy tech-
niques uses additional optics to split the PSF of a fluoro-
phore into two lobes that rotate around each other with
respect to the axial position of the emitter. It was first pro-
posed to engineer the PSF to a double-helix by the intro-
duction of a phase mask, which is created by a polariza-
tion-sensitive spatial light modulator (SLM) (Pavani et al.
2009). The two resulting lobes rotate around each other in

a double-helix (DH-PSF) manner, which baptized the tech-
nique. It was later proposed to use a simplified approach
adding a phase ramp in the objective aperture to half of the
signal (Baddeley et al. 2011) instead of a SLM in the light
path. In this method, termed phase ramp imaging locali-
zation microscopy (PRILM), in contrast to DH-PSF, one
lobe remains fixed while the other rotates around it. Both
techniques have in common that the available axial range is
significantly larger than in biplane- or astigmatic imaging
(Baddeley et al. 2011).

In the interferometric iPALM approach, the sample is
placed between two objectives, and thus, the signal of a
single fluorophore travels along two different light paths.
Exploiting the wave—particle duality, upon superposition
of the respective signals with a three-way beam splitter,
every single photon will interfere with itself. Depending
on the axial position, i.e., whether it is closer to objective
A or B, the fluorophore will show distinct interference
that gives information about the z-coordinate (Kanchana-
wong et al. 2010; Shtengel et al. 2009). In good agree-
ment with the sub-wavelength sensitivity, interferometry
so far yields the best axial localization precision but is
limited in axial range to about half the emitted wave-
length (Table 3).

Technical challenges of 3D localization microscopy

Most 3D localization microscopy approaches use high NA
oil-immersion objectives for surface confined total internal
reflection fluorescence (TIRF) irradiation. Another very
popular irradiation mode for intracellular imaging only
available with oil immersion is highly inclined and lami-
nated optical sheet (HILO) microscopy (Tokunaga et al.
2008).

In a sense, HILO is similar to TIRF, where illuminating
light is approaching the sample at a critical angle, so that
only molecules very close to the coverslip are illuminated
by the evanescent wave. However, instead of illuminating
only the molecules in close proximity to the coverslip as in
TIRF, HILO illuminates by a highly inclined and thin beam
under a particular angle allowing high irradiation intensi-
ties combined with high signal-to-noise ratio even inside
of cells. Unfortunately, using an oil-immersion lens for
imaging while measuring in aqueous buffer induces aber-
rations due to the refractive-index mismatch at the cover-
slip-buffer interface. Thus, the volume image of a speci-
men will appear stretched along the optical axis, an effect
well described for both confocal (Hell et al. 1993) and sin-
gle-molecule localization microscopy. The image stretch-
ing can either be accounted for experimentally (Huang
et al. 2008b) or analytically by rescaling with the factor
Noutter! Nimmersion (Biteen et al. 2012).
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Furthermore, the refractive-index mismatch leads to
spherical aberration along the z-axis that is difficult to
correct (Deng and Shaevitz 2009). By localizing a single
fluorescent particle placed in various but well-controlled
depths by an optical tweezer, it was shown that the deter-
mined z-position could be up to 30 % erroneous. This issue
is especially tricky, as the amount of false localization is
not uniform along the z-axis, that is, if single fluorophores
adsorbed on a bare glass surface were used for calibration
and the subsequent measurement is taken slightly above the
surface, the localization determination between coverslip
and focal plane will perform precisely, while a systematic
false coordinate determination will occur for fluorophores
above the focal plane.

Both sorts of aberrations can be avoided by either adjust-
ing the refractive index of the imaging buffer (Huang et al.
2008a) or by using objectives that use immersion media
with matching refractive index (glycerol immersion for tis-
sue imaging or water immersion for adherent cells). How-
ever, the resulting epifluorescence illumination geometry
results in lower excitation intensities, higher background,
and increased photodamage rendering live-cell super-res-
olution imaging experiments more difficult. In addition,
when working with glycerol and water objectives, it is cru-
cially important to ensure that the sample is aligned per-
fectly horizontally. It was shown that even small tilt angles

Fig. 3 Three-dimensional PALM imaging of a vimentin network.
a xy (top) and xz (bottom) maximum-intensity projections of PA-
mCherryl—vimentin. About 1 million unlinked localizations was
rendered in each view. Insets show further magnification of white
rectangles in xy (lines in xz) maximum-intensity projection, highlight-
ing individual vimentin fibrils in 60-nm-thick z-slices (localizations
are linked). Arrow region of fibril with apparent width <100 nm. b

@ Springer

of less than 1° deteriorate the concentric pattern of the PSF
(Arimoto and Murray 2004). The center of a PSF above
or below the focal plane will thus appear to be shifted to
the same side, which is a nice indication for coverslip tilt
if encountered. Please note that this aberration virtually
does not occur for oil-immersion objectives. Thus, it has
to be affirmed that the stage is perfectly leveled before the
immersion medium is changed.

Finally, it has to be considered that the time needed
to fully image a large 3D volume is significantly higher
compared to one single 2D snapshot because several lay-
ers have to be imaged. Unfortunately, with longer imaging
times, setups are more prone to drift, which causes severe
difficulties for later image processing. Drift compensation
is usually performed by fluorescence tracking of non-blink-
ing fiducials. Using a hydrogel with a refractive index close
to water, 100 nm fiducials can be stably immobilized and
homogeneously distributed in 3D even in close vicinity of
cells (Zessin et al. 2013). In addition, the fiducials can be
used advantageously for multicolor alignment.

Super-resolution imaging of tissue and organs

In order to enable super-resolution imaging of whole living
organisms, novel long-term continuous imaging methods

z=1.5 ym

z=3.0 um

Axial extent of vimentin network with z-location indicated as a color
map. For clarity, localizations corresponding to 0-1.5 pm (fop) and
1.5-3 pm (bottom) are shown separately. Arrowheads in a and b indi-
cate a fibril that persists over >2 pm axially. Only linked localizations
with correlation strength >0.4 are shown. Histogram bin sizes are
60 nm for all subfigures. Scale bars 3 pum (a), 600 nm (insets), 3 pm
(b). Reproduced from York et al. (2011), with permission
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with high spatial resolution and minimal photodamage
such as selective plane illumination microscopy (SPIM)
(Huisken et al. 2004) or Bessel beam plane illumination
(Gao et al. 2012; Planchon et al. 2011) are urgently needed.
Ideally, these methods are combined with the enhanced
penetration depth and axial sectioning capabilities of two-
photon microscopy. First, realizations of super-resolution
imaging with confined two-photon activation (York et al.
2011) (Fig. 3) and SPIM (Cella Zanacchi et al. 2011, 2013)
have recently been demonstrated. Besides the use of photo-
activatable fluorescent proteins, so-called caged, non-fluo-
rescent organic dyes that can be activated upon irradiation
with UV or IR light, such as rhodamine NN dyes (Belov
et al. 2010) and carborhodamine dyes masked with photola-
bile groups (Grimm et al. 2013), could also be used advan-
tageously for axially confined localization microscopy.

Alternatively, photoswitchable fluorescent proteins and
superimposed orthogonal standing light waves generating
thousands of doughnuts can be used for live-cell super-
resolution imaging according to the RESOLFT principle
(standing for reversible saturable optical fluorescence transi-
tions). Relying on the use of fluorescent proteins, which can
be photoswitched between a stable on- and off-state under
substantially lower light intensities than STED microscopy,
the method enables super-resolution imaging of large field
of views (>100 pm x 100 pwm) in less than 1 s with subdif-
fraction spatial resolution (Chmyrov et al. 2013).

For sensitive fluorescence imaging of fixed whole
organs, new sample preparation methods such as CLAR-
ITY (Chung and Deisseroth 2013) and 3DISCO (Ertiirk
et al. 2012) have recently been developed that make organs
transparent to light while keeping them intact, providing
a detailed glimpse of their inner structure. For example,
CLARITY works by removing the fatty tissue that sur-
rounds cells and makes them opaque, while preserving the
tissue’s structure. Importantly, the tissue can be labeled
with different fluorescent probes after a washing step. The
potential of the technique has been demonstrated by imag-
ing the brain of an adult mouse allowing the visualization
of neuronal connections and local circuitry deep inside
the brain on a cellular level (Chung and Deisseroth 2013).
Congruously, the next step will be the visualization of neu-
ronal connections inside the brain with molecular resolu-
tion applying the above-mentioned method.

Conclusion and perspective

Single-molecule localization microscopy techniques have
the potential to substantially improve our understanding of
how cellular structure and function is organized. Currently,
they cannot compete with deterministic super-resolution
imaging techniques such as STED and SIM regarding

imaging speed and temporal resolution in live-cell experi-
ments, but they can provide single-molecule information
about molecular distributions, even giving absolute num-
bers of proteins present in subcellular compartments. This
ability provides the fascinating possibility to study encod-
ing of cellular function at the molecular level.

To produce faster image readout speeds over large fields
of view, Huang et al. used next-generation scientific CMOS
camera technology in combination with localization
microscopy (Huang et al. 2013). This enabled an imaging
speed of up to 32 frames per second applying an efficient
noise correction algorithm. However, with increasing imag-
ing speed, the photon output of fluorophores also has to be
improved. Therefore, new methods have to be developed
that increase the localization precision by collecting more
fluorescence photons per on-event. This can be achieved for
example using two opposing objective lenses (Ram et al.
2009; Shtengel et al. 2009; Xu et al. 2012). Alternatively,
the photoswitching rates can be decelerated by chemical
or physical means, allowing the detection of more fluores-
cence photons per switching event (Sauer 2013). For exam-
ple, triplet-state quenchers such as cyclooctatetraene (COT)
(Altman et al. 2012) can be used to increase the number of
fluorescence photons emitted per switching event by opti-
mizing the cycling between the singlet and triplet states
before the fluorophore eventually enters a long-lived off-
state (Olivier et al. 2013). For some red-absorbing dyes, the
fluorescence quantum yield and lifetime could be substan-
tially increased exchanging water by heavy water (D,0)
(Lee et al. 2013). The magnitude of this effect scales with
the emission wavelength, reaching a particularly high value
of 2.63-fold for the cyanine dye Cy7 (Klehs et al. 2013).

Alternatively, the already mentioned caged non-fluo-
rescent organic dyes that can be activated upon irradiation
with UV or IR light (Belov et al. 2010; Grimm et al. 2013)
could be used in combination with a reducing and oxidiz-
ing system (ROXS), e.g., of 1 mM ascorbic acid and 1 mM
methyl viologen under oxygen depletion (Vogelsang et al.
2008). ROXS increases the photostability of fluorophores
by efficient depopulation of the triplet state and recovery
of the singlet state (Vogelsang et al. 2008). Upon uncaging
fluorophores emit more photons, thus improving the locali-
zation precision.
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