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Abstract
Stochastic optical reconstruction microscopy (STORM) and
stimulated emission depletion (STED) microscopy are two
super-resolution optical microscopy approaches that have
rapidly gained popularity in recent years. Both modalities offer
super-resolution imaging capabilities with the potential for
imaging in multiple colors, three-dimensions, and the possibility
to image in live cells. In this review, we focus on the specific
advantages and disadvantages of each technique in the context
of each other. STORM has been reported to achieve higher
spatial resolution when compared to STED, but a lengthy
acquisitionmaybe required.STEDutilizes relativelyhigher laser

intensities, but is able to generate a super-resolution image
immediately after acquisition without the need for any additional
data processing. Ultimately, the choice between STORM and
STED will depend not only on the specific application, but also
on the users’ ability to understand and optimize the various
parameters ranging from sample preparation to image acquisi-
tion, which determine the quality of the final image.
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Fluorescence microscopy has revolutionized our ability to
visualize life’s processes, particularly within cells, which
are densely packed with proteins, organelles, and other
biological matter. To do so, the approach followed in
fluorescence microscopy has been to select specific
structures of interest for imaging, rather than imaging all
of these components within the cell at the same time. This
can be done using a growing library of available
techniques for decorating subcellular targets of interest
with fluorophores or fluorescent dyes. Signal generated by
these fluorophores is then used to image that specific
subcellular structure.
For over a century, Abbe’s law was thought to have

imposed a hard limit on the spatial resolution of a
microscope. This seemed reasonable, since this resolution
was comparable to the wavelength of light used to interrogate
the sample. According to Abbe’s law from classical optics,
for a typical optical microscope, the highest achievable
spatial resolution in the lateral and axial directions can be
approximated by:

dx;y ¼ k
2NA

ð1Þ

dz ¼ 2k
NA2 ð2Þ

where dx,y is the resolution in the lateral direction, dz is the
resolution in the axial direction, k is the wavelength of
the excitation beam, and NA is the numerical aperture of the
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microscope objective. The best resolution in a conventional
microscope and visible light is achieved by means of short
wavelengths (k ~ 488 nm) and it is generally accepted to be
at best ~180 nm in the lateral directions and ~ 500 nm in the
axial direction. Conventional microscopy is unable to image
structures smaller than the limit set by diffraction.
It is worth noting that there are some other techniques that

have demonstrated resolutions in the nanometer scale. For
example, there are near-field optical microscopy approaches
such as near-field scanning optical microscopy (NSOM)
(Betzig et al. 1986, 1988), which utilize nanosized mechan-
ical tips to detect light at distances within one wavelength
from the sample. However, images can only be obtained
from the surface of the sample, which limits its applicability
for cell biology. There are also non-optical techniques such
as electron microscopy (Hayat 1974) and atomic force
microscopy (Binnig et al. 1986), which can achieve resolu-
tions that are orders of magnitude beyond those reported in
conventional optical microscopy. However, these techniques
are also subject to limitations. Electron microscopy requires
very specific and invasive sample preparation, making it
incompatible with in-vivo or live experiments. In the case of
atomic force microscopy, the technique can only provide
topological information of the surface of the sample, and
therefore intracellular imaging is not possible.
Fluorescence-based far field optical microscopy (where

far-field optical microscopy techniques refer to the detection
of light at many wavelengths away from the sample, as
opposed to previously mentioned near-field approach) is now
established as a very versatile tool for biological applications.
To date, many approaches have already been developed to
improve the quality of the images that can be generated.
Techniques such as deconvolution microscopy (Agard 1984)
and confocal microscopy (Minsky 1988; Webb 1996) have
demonstrated that it is possible to resolve objects that are
slightly smaller than the diffraction limit, in the lateral
dimension. Notably, techniques such as 4Pi (Hell and Stelzer
1992), I5M (Gustafsson et al. 1999), or selective plane
illumination microscopy (Siedentopf and Zsigmondy 1902;
Voie et al. 1993; Stelzer et al. 1995; Kumar et al. 2014),
have been able to achieve images below the diffraction limit
set by Abbe in the axial direction. Furthermore, this limit was
also overcome in the lateral direction using structured
illumination microscopy (Bailey et al. 1993; Gustafsson
2000, 2005; Hell 2007). Although these techniques can
generate images with resolutions that are better than the limit
set by Abbe’s law, these are not typically considered to be
super-resolution techniques, since they do not hold the
potential to increase resolution without limit (Hell 2003).
Recent advances in far-field optical microscopy have

demonstrated the ability to image well below the diffraction
limit, approaching the nanometer-scale (Hell and Wichmann
1994; Gustafsson 2005; Betzig et al. 2006; Hess et al. 2006;
Rust et al. 2006). In this article, we will focus on these more

recent far-field optical microscopy techniques, which are
collectively referred to as super-resolution microscopy.
There are many approaches for achieving super-resolution,

each with its own technical intricacies. Most of these super-
resolution approaches can be conceptually organized into
two main families: single-molecule localization microscopy
(SMLM) and reversible saturable optical fluorescence tran-
sitions (RESOLFT) microscopy. SMLM includes a large
family of techniques which originated from three seminal
papers that were published in the same year. These
techniques include stochastic optical reconstruction micro-
scopy (STORM) (Rust et al. 2006), photoactivation local-
ization microscopy (PALM) (Betzig et al. 2006), and
fluorescence photoactivation localization microscopy
(fPALM) (Hess et al. 2006). All of these techniques are
based on the precise localization of many individual
fluorescent molecules with very high resolution to build an
image point by point (this is enabled by experimental control
over the fluorescent molecules which can be assigned to on
or off states). This principle has subsequently been expanded
to a number of related approaches, including dSTORM
(Heilemann et al. 2008), GSDIM (F€olling et al. 2008), and
many others (Oddone et al. 2014). The second large family
of super-resolution techniques, RESOLFT (Hell 2009), is
based on the use of reversible saturable optical transitions
between fluorescent and non-fluorescent states to inhibit
fluorescence in the sample in a controlled way (Hell 2003,
2004; Hell et al. 2004). The RESOLFT family includes
techniques such as stimulated emission depletion (STED)
microscopy, ground state depletion (GSD) microscopy (Hell
and Kroug 1995), and saturated structured illumination
microscopy (Gustafsson 2005).
In this review, we will focus on the specific aspects of

STORM as a representative of SMLM, and STED as a
representative of the RESOLFT family. Although the general
principles are very similar across each of the individual
members of the SMLM and RESOLFT families, there are
slight differences in implementation which lead to consid-
erations that are unique to each of them. With regards to the
SMLM family, the focus of this review is on STORM, but it
is important to note that it shares many similarities with
PALM. At the time that both techniques were introduced, the
key difference between STORM and PALM was that
STORM utilized photoswitchable dyes which were intro-
duced via immunostaining, whereas PALM utilized pho-
toactivatable fluorophores which were endogenously
expressed. This has led to subtle differences in the various
protocols associated with each technique (e.g. specific
methods for controlling the on/off behavior of fluorophores,
quantitative analysis after data acquisition, or sample prepa-
ration, to name a few). Some of these differences are now
blurred with advances in fluorophore technology and with
the invention of other related SMLM techniques. In each
section, we will focus the discussion on the unique
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considerations related to the classical implementation of
STORM; wherever possible, relationships to subsequent
versions of STORM as well as to PALM and other related
SMLM techniques will be discussed.
STORM and STED are among the most popular super-

resolution techniques (Fig. 1). Proof of this lies in the
significant achievements that these techniques have enabled.
In particular, using STORM, acquisition of images showing
the actin cytoskeleton in fixed cells with resolutions of
10 nm in the lateral direction and 20 nm in the axial
direction have been reported (Xu et al. 2012). Another
compelling example of the achievements reached using
STORM was the discovery that actin and spectrin form a
ring-like cytoskeletal structure in axons (Xu et al. 2013). In
living cells, STORM has been used to image at resolutions of
30 nm in the lateral direction and 50 nm in the axial
direction, at a temporal resolution of 1–2 s (Jones et al.
2011). In terms of multiple colors, STORM imaging has
been demonstrated in fixed cells for up to five different colors
(Tam et al. 2014b). In the case of STED microscopy, lateral
resolutions of up to 6 nm have been reported using STED in
diamond samples (Rittweger et al. 2009). However, in
biological samples, ~40 nm of both lateral and axial
resolution have been reported when combining STED with
4Pi microscopy (Schmidt et al. 2008), although 20 nm is the
highest lateral resolution reported using STED on a biolog-
ical sample (Donnert 2006). Furthermore, STED experiments

have been carried out in the brain of a living mouse, showing
images of neurons over extended periods of time with 70 nm
lateral resolution (Berning et al. 2012).
Both STORM and STED have been used to reveal the

nanoscale organization of different structures in cells
(Fig. 2). In this review, we discuss the technical details
behind STORM and STED related to relevant aspects of their
implementation, with an emphasis on how the similarities
and differences contribute to the advantages and disadvan-
tages of each technique. We also comment on other super-
resolution techniques that may be an alternative to overcome
limitations present in STORM and STED.

Fluorophore control

STORM and STED are both based on the ability to control
subsets of fluorophores that are forced to be non-fluorescent
and other subsets that are forced to be capable of fluores-
cence. Whereas STORM utilizes a random approach for the
assignment of fluorophores to non-fluorescent and fluores-
cent states, STED utilizes a targeted approach in which
designated fluorophores are directly assigned to their appro-
priate states in specific areas of the sample. These strategies
for controlling the fluorescence are critical for achieving
super-resolution.
In the case of wide-field microscopy, all the fluorophores

are imaged at the same time, and the resulting image is a

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

Fig. 1 Acquisition strategies in STORM and STED. (a) An artificially

generated example of closely spaced filaments, which has features
that are smaller than the optical diffraction limit, can be decorated with
fluorophores at a very high density. (b) A simulation of the resulting

diffraction limited image if all of the subsequent fluorophores are
illuminated at the same time, as is the case with most conventional
fluorescence microscopy approaches. (c–f) In STED, a sub-diffraction
region is illuminated using two different sources. The first source (in

blue) turns on all fluorophores within the white circle. The second
source (in orange) is superimposed, and turns off the fluorophores in a
region surrounding a small point. As a consequence, only fluorescence

in the blue area visible in the figure is detected, while the fluorophores

in the orange area are turned on and then immediately forced off. The

excitation and STED beams are scanned across the sample to capture
the image, as is done in confocal microscopy, to generate a super-
resolution image. (g–j) In STORM, all of the fluorophores are

maintained in an off-state using a combination of imaging buffers
and illumination with an appropriate light source throughout imaging. A
small subset of fluorophores is randomly turned on using a second light
source, and imaged briefly before they return to the off-state. An image

of the resulting structure is built up as different subsets of fluorophores
turn on and off. (f and j) The underlying filaments can be visualized
after the STED beam completes its scan or after sufficient numbers of

fluorophores have been captured and localized using STORM.
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combination of the overlapping blur induced by the diffrac-
tion limited image of each fluorescent molecule. In STORM,
and in general in all of the SMLM techniques, fluorophores
are imaged in a single-fluorophore regime (i.e. one molecule
at a time). After the image of a single fluorophore (or in
practice, a collection of non-overlapping images of individ-
ual fluorescent molecules) has been acquired, the localization
of each fluorophore is determined by calculating with high
precision the centroid of the fluorescent signal recorded from
a single molecule. With each frame, a subset of localizations
is generated. All of the successful localizations accumulated
from many frames are then used to generate a final super-
resolution image of the sample. Fundamentally, this process
requires that fluorophores can be switched between fluores-
cent and non-fluorescent states (Patterson and Lippincott-
Schwartz 2002; Fern�andez-Su�arez and Ting 2008). This can
be achieved in a number of different ways, giving way to the
many different implementations of SMLM. For example, in
PALM, this was first achieved using photoactivatable

fluorescent proteins. In STORM a dye-pair approach was
used in its first implementation (Rust et al. 2006; Bates et al.
2007). Two different fluorophores, which are referred to as
the activator and reporter dyes, are conjugated onto an
antibody. The reporter dye is responsible for the signal that
generates the final image when excited by the imaging laser
(Fig. 3a–c), and it is maintained in a non-fluorescent state
through the use of an imaging buffer (see Sample prepara-
tion). To randomly activate the fluorescence of a small
subset of non-overlapping reporter dye molecules, the
activation laser in combination with the activator dye is
needed. When the activator dyes on any given antibody
receive sufficient stimulation from an activation laser
(Fig. 3a–c; see Laser intensity), they can cause a neighbor-
ing reporter dye molecule to become fluorescent [typically if
it is on the same secondary antibody, it is close enough to
cause activation (Dempsey et al. 2009)]. The efficiency of
the activation is governed by two main factors: first, the ratio
of activator dyes to reporter dyes (there is an optimal ratio

(a) (b) (c)

(d) (e) (f)

Fig. 2 Examples of STORM and STED images. Top row: STORM
images of BS-C-1 cells. Conventional images were acquired using
TIRF microscopy. (a and b) Mitochondrial proteins Tom20 (green) and

ATP Synthase (red), which reside in the outer and inner mitochondrial
membranes respectively. (c) Mitochondria protein Tom20 (red) and
microtubules (green). Samples were prepared and imaged as

described previously (Tam et al. 2014b). Bottom row: STED. (d–f)
Multi-color STED images of PtK2 cells. Conventional images were
acquired using confocal microscopy. In red, NUP135 has been tagged

by means of STAR488, while in green Tubulin has been tagged using
STAR440SX. Both of these dyes are from Abberior. All images are
10 9 10 lm in size.
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for each pair of dyes, but generally, the number of activator
dyes should be higher than the number of reporter dyes per
antibody), and second, the intensity of the activation laser.
Once a subset of reporter dye molecules are activated, the

imaging laser beam is turned on and acquisition starts.
During acquisition, the intensity of the activation laser can be
adjusted in order to increase or decrease the total number of
randomly activated fluorophores. The imaging laser not only
generates fluorescence signal, but it also causes any activated
fluorophores to return to a non-fluorescent state. Therefore, a
typical STORM imaging sequence consists of one frame in
which the activation laser is turned on, randomly causing a
small subset of dye-pairs to become fluorescent, followed by
a series of frames in which the imaging laser is turned on, to
image those dye-pairs that have become fluorescent while
simultaneously causing those same dye-pairs to become
non-fluorescent, restoring the initial state (Fig. 3a–c; see
Image acquisition). This frame sequence is repeated until the
desired number of localizations is achieved.
Aside from activator-reporter dye pairs, which are rou-

tinely used in STORM, particularly for multi-color STORM
approaches (Bates et al. 2007; Huang et al. 2008a; Xu et al.
2013; Tam et al. 2014b), additional fluorophore options are
now available (Dempsey et al. 2011; Oddone et al. 2014).
As one illustrative example, conventional dyes such as
MitoTracker Red, ER-Tracker Red, and LysoTracker Red
have been used for STORM after the discovery that such
dyes can be forced to photoswitch using a STORM image
acquisition scheme (Shim et al. 2012). Although there are
many options available, the dye-pair approach is most
commonly attributed to STORM. Other implementations of
SMLM have subtle variations from STORM with regards to
the fluorophore type with which the technique is attributed
to, or in the strategy for controlling the fluorescence signal.
For example, in PALM microscopy, the fluorophores that are
typically attributed to this technique are photoactivatable
fluorescent proteins (PA-FP), which are expressed by the
sample itself through transfection. Fluorescence is controlled
by means of photoconversion or photoactivation, as opposed
to photoswitching (e.g. dye pairs in STORM) (Fern�andez-
Su�arez and Ting 2008). In both dSTORM or GSDIM,
conventionally available fluorophores are often used, which
can be placed into a dark state (e.g. long-lived radical state or
long-lived dark state) (F€olling et al. 2008; Heilemann et al.
2008). However, the acquisition strategy differs from
STORM in that a single laser can be used which continu-
ously illuminates the sample, and no activation laser is used.
STED is usually based on a confocal microscope. In the

case of this configuration, the resolution is limited by the size
of the spot at which the excitation beam is focused on the
sample. The size of the spot is set by the diffraction limit. In
STED microscopy, this limit is overcome by inhibiting
fluorescence in the outer regions of the excitation spot. This
effectively translates into a reduction of the fluorescent spot

to a size that is below the diffraction limit, and as a direct
consequence of this, the resolution of the system is increased
beyond that limit. Fluorescence inhibition in STED micro-
scopy is achieved by combining the excitation beam with a
second one, called the depletion beam. It is essential that the
wavelength of this depletion beam falls within the emission
spectrum of the dye used. Light from the depletion beam
interacts with the excited dye molecules by means of a
mechanism called stimulated emission (Hell and Wichmann
1994; Klar and Hell 1999). This mechanism is the same one
in which laser emission is based. In a fluorescent molecule,
the energy of photons from the excitation beam is absorbed,
promoting electrons in the molecule to excited states. After a
certain time, these electrons will relax, and fall back to the
ground state, emitting a fluorescence photon. These photons
can have different wavelengths, which are distributed in a
way that is characteristic of the dye molecule and is usually
known as the emission spectra for that dye. When a depletion
beam is superimposed to the excitation beam, stimulated
emission can be triggered. As a result of this mechanism, in
the presence of a depletion photon, an excited electron tends
to relax, emitting a photon that replicates both the phase and
wavelength of that particular depletion photon. In other
words, by applying a depletion beam with a wavelength
included in the emission spectrum of the dye, a preferred
relaxation wavelength is introduced. If this beam intensity is
above a certain value, called the saturation intensity, one can
force practically all the excited electrons to relax at that
wavelength. Downstream, a spectral filter can be used to
reject photons at that wavelength. In short, this means that by
applying a depletion beam above certain intensity, fluores-
cence can be switched off over controlled areas.
To reduce the size of the fluorescence spot on the sample,

the depletion beam is focused onto a ring or donut shaped
light distribution on top of the excitation spot. As explained
previously, in the areas in which the depletion beam intensity
is above the saturation intensity, fluorescence is inhibited by
stimulated emission. Owing to the shape of the ring, this only
happens in the outer parts of the excitation spot, and as a
consequence, the diameter of the fluorescence spot is
reduced, as depicted in Fig. 3f, and the resolution of the
system is improved. Furthermore, increasing the overall
intensity of the depletion beam reduces the central area of the
ring where the intensity is below the saturation intensity. This
translates into the well-known increase of resolution with
depletion intensity in STED imaging, as shown in Fig. 3f.
This is discussed in more detail in the Laser intensity section.
There are several different methods that have been reported
to generate a ring to switch off fluorescence in the outer area
of the excitation spot (Klar et al. 2000, 2001). However, the
most common method is to introduce a vortex phase mask
into the beam path, as shown in Fig. 3e. This phase mask
creates a phase singularity in the central point of the beam
where intensity is zero, generating the desired ring around the
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excitation spot when the beam is focused on the sample
(T€or€ok and Munro 2004).
Although fluorescence is inhibited in the outer area of the

excitation spot, excitation/relaxation cycles continue to occur
in the fluorescent molecules. Therefore, in STED microscopy
the electrons that relax through stimulated emission will emit
a photon, but this will not reach the detector. This translates
in a decrease of the overall signal detected when compared to
the confocal image acquired using the same excitation
intensity. To obtain comparable fluorescence signal between
confocal and STED images, the excitation beam intensity is
commonly increased in the STED image acquisition process.
Higher excitation intensities and fluorescence inhibition in
the outer parts of the excitation beam usually combine to
result in increased photobleaching. This should be definitely
considered when using STED microscopy, and may be
accounted for when preparing the sample, as will be
described later.
Comparing STORM to STED, one of the advantages of

STORM is that single fluorophores are being imaged, which
is particularly important for quantitative imaging (i.e. when it
is important to count the exact number of molecules in a
given structure). However, an important possibility to
consider is that the same fluorophore may become fluores-
cent more than once (e.g. through re-activation, or by
blinking), which may lead to challenges for quantitative
imaging. This challenge can be mitigated, as has been shown
in both the PALM and STORM communities, enabling one
to use PALM or STORM for quantitative imaging at the
single-protein level (Durisic et al. 2012; Sengupta and
Lippincott-Schwartz 2012). The efficiency of fluorophore
cycling (i.e. number of times that a fluorophore is excited
compared to the number of times that it is imaged) is better
for STORM than for STED, since every cycle can potentially
be captured in the case of STORM, whereas cycling occurs
repeatedly without imaging in the depletion zone for STED.
An important advantage of STED is the simplicity of
controlling fluorophores, which can make it a more versatile
option (fluorophore choice is not limited to those that can

undergo photoswitching, photoconversion, or photoactiva-
tion; however, it is limited by depletion laser choice and
availability, which will be discussed next).

Laser intensity

Generally, the laser powers needed for STORM are lower
than those needed for STED, especially taking into consid-
eration the fact that the laser beam is concentrated onto a
small area in STED, as opposed to being distributed across
the entire field in STORM. Although both STORM and
STED utilize significantly higher laser intensities when
compared to conventional microscopy (e.g. TIRF and
confocal), the relatively lower laser intensities used for
STORM may be an advantage for situations in which lower
intensities are needed. This may be important for live cell
imaging, where low laser intensities are usually desirable
(Eggeling et al. 2013a; Lakadamyali 2014; Neupane et al.
2014). However, as in any live cell imaging application,
there are many other aspects that should be considered as
well, such as acquisition time, phototoxicity, viability, and
more.
In STORM, it is important to set the laser intensities

appropriately. In the dye-pair scenario described previously
(see Fluorophore control), multiple lasers are needed. The
imaging laser intensity (Fig. 3a–c) must be high enough to
push any activated fluorophores back to the dark state, which
also depends on the imaging buffer. The imaging laser
intensity is usually fixed for the time-course of a STORM
acquisition, with a typical value around ~1 kW/cm2 at
647 nm (Tam et al. 2014b). In contrast, the activation laser
intensity must be carefully controlled during the time-course
of the experiment to set up an appropriate density of
activated fluorophores. Initially, the imaging laser alone is
able to activate a small subset of fluorophores, even in the
absence of any light from the activation laser (Heilemann
et al. 2008). However, over the acquisition time, the number
of fluorophores which can be activated at a given activation
laser intensity diminishes. Thus, the activation laser intensity

Fig. 3 Implementation of STORM and STED. (a) Sketch of a TIRF
microscope. When the imaging laser is delivered to the sample, all

fluorophores are excited. (b) In a typical TIRF-based STORM setup,
one or more activation lasers are added along with an acousto-optic
tunable filter (AOTF) to precisely control the timing of the laser pulses

delivered to the sample. (c) When using the TIRF microscope shown in
(a) to image mitochondria, the resulting image is the combination of the
overlapping fluorescence from all fluorophores. In STORM, shown in

(b), these overlapping fluorophores are separately imaged as single,
non-overlapping fluorophores. In the activation step (not shown), the
AOTF is used to deliver the activation laser to the sample, which
activates the fluorescence of a small subset of the fluorophores. Next,

the imaging laser is used to capture images of individual fluorophores
(this same laser, in combination with the imaging buffer, turns off the
fluorescence of the activated fluorophores). This three-frame

sequence shows raw data acquired using the imaging laser. By the
end of this sequence, most of the fluorophores are no longer active and

therefore the cycle can be repeated. Tens of thousands of these
frames are collected in a typical STORM experiment. (d) Sketch of a
confocal setup and of a (e) STED setup. A depletion source is

propagated through a phase plate that generates the donut shaped
intensity distribution in the focus, and is overlaid to the excitation beam
to raster scan the sample usually by means of the scanners. (f) Images

of the excitation and depletion beams that are scanned over the
sample, and the intensity curves that are related to them. The
resolution of the confocal system is related to the width of the excitation
beam, d. The combination of the excitation and depletion beams

generates a narrower fluorescence spot, which is shown in green on
the plots on the right. The width of the fluorescence spot is further
reduced from d’ to d’’ when increasing the depletion beam power.
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can be increased to raise the number of activated fluo-
rophores. Proper control of the intensity of the activation
laser can lead to higher quality STORM images. The
intensity of the activation laser should be maintained at a
level such that there are not too many activated fluorophore
molecules to minimize overlap between neighboring acti-
vated fluorophores, but at the same time not too few of them
so that the total acquisition time is not prolonged unneces-
sarily. If the intensity of the activation laser is increased too
quickly, fluorophores can start to overlap, affecting the final
quality of the STORM image. As an example, for an
experiment in which the dye pair AlexaFluor 405-AlexaFluor
647 is imaged, initially the activation laser can remain off,
but in the course the experiment its intensity is usually
gradually increased, and by the end of the STORM
acquisition, can be as high as ~ 20 W/cm2.
As a side note, the timing of the delivery of laser light to

the sample can also be adjusted to allow for longer or shorter
amounts of time for the activated fluorophores to pass back
to the dark state (e.g. by adjusting the number of frames
between which the activation laser is delivered, or by
adjusting the frame rate; see Fig. 3c). Therefore, to optimize
fluorophore control, there is a critical balance in laser
intensity, imaging buffer concentrations, and the timing of
the laser light delivery.
In STED, high depletion laser intensities are needed to

achieve optimal resolution. It has been shown that the
resolution of a STED microscope depends on the ratio
between the depletion beam intensity and the saturation
intensity (which is the intensity of the depletion laser beam
for which the population of the excited state drops by a factor
of 1/e). As it is shown in Fig. 3f, as intensity of the depletion
beam increases, the central area of the donut becomes
reduced. This translates to the fact that resolution of a STED
system increases with increasing intensity of the depletion
beam (Westphal and Hell 2005). In theory, there is no limit
to this statement, and resolution could be improved further
and further just by increasing the depletion beam intensity. In
practice, there are two factors that can limit the light intensity
level that can be delivered to the sample. The first of these
parameters is the amount of light that the sample can
withstand. If the sample is not completely transparent, and
there is some absorption of the depletion beam wavelength,
then there is a limit to the intensity that can be delivered
without damaging it. The second parameter is the maximum
power that the depletion source itself can deliver.
Since the resolution of a STED system increases with the

depletion beam intensity, laser sources with high powers are
required. In the early implementations of the technique,
femto second pulsed laser sources and optical parametric
oscillators were used for their high peak intensities (Klar
et al. 2001; Willig et al. 2006a). Since the depleting laser
beam wavelength needs to fall within the emission spectrum
of the fluorescent dye used, these sources used for STED

microscopy limited the availability of suitable fluorescent
dyes to those that emit in the infrared region of the spectrum.
However, further developments allowed for the implemen-
tation of STED microscopy using diode lasers (Westphal
et al. 2003a,b), supercontinuum sources (Auksorius et al.
2008; Wildanger et al. 2008), continuous wave laser sources
(Willig et al. 2007), or even off-the-shelf mass-produced
laser sources (Schrof et al. 2011). This growth in the
availability of laser sources increased the number of
fluorescent dyes that are suitable for STED microscopy. In
fact, even green fluorescent protein (GFP), one of the most
commonly used dyes for microscopy, has been used for
STED imaging in both non-biological and biological samples
(Willig et al. 2006b), as well as in multicellular organisms
such as GFP-expressing C. Elegans (Rankin et al. 2011).
Recently, the use of gated detection has allowed for a

significant reduction of the depletion intensity needed for
STED imaging. In this approach, excitation is performed
using a pulsed source, and depletion is usually performed by
means of a continuous wave laser (Moffitt et al. 2011;
Vicidomini et al. 2011), although implementations using a
pulsed laser source for depletion have also been reported
(Vicidomini et al. 2013). For detection, a photon counting
device is used, which is able to determine the time at which
each photon reaches the detector. Under these conditions, not
only the number of photons detected can be determined, but
also the time at which they are detected with respect to the
excitation pulse. To generate super-resolution images, only
those photons that have arrived to the detector during a
particular range of time are considered in gated STED
(gSTED). The principle behind this technique can be
understood if it is considered that the depletion beam reduces
the lifetime of electrons in the excited state, and therefore,
photons detected at longer times after the excitation pulse are
more likely to have been generated in the central part of the
excitation point. An increase in the resolving power of the
STED system has been reported using lower STED laser
beam intensities by means of time gating, at expense of the
intensity and the signal-to-background ratio (Vicidomini
et al. 2011).
As explained earlier, high light intensity levels can have an

impact on the sample itself. High light intensity levels can
also accelerate photobleaching. These effects are important
and should be considered for in-vivo applications, since they
may affect the viability or normal function of living cells.
Other implementations of RESOLFT, in which photoswitch-
able dyes are used, may be an alternative, since these
implementations have allowed for a considerable reduction in
the light levels required to achieve super-resolution, although
longer settling times may also require longer acquisition
times (Hofmann et al. 2005; Bossi et al. 2006).
Although STORM also requires quite high light power

levels, these are spread over the whole field of view, and
since every emitted photon is used for detection, in general
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photobleaching and light intensities are less of a problem for
STORM when compared to STED.

Microscope platform

One of the main differences between STORM and STED is
the setup that is needed for their implementation. STORM
usually utilizes a wide field microscope as a platform,
whereas STED microscopy is usually based on a confocal
configuration (Fig. 3).
Most STORM implementations are based on a wide field

total internal reflectance fluorescence (TIRF) system (Fig. 3).
In TIRF systems, a beam of laser light is introduced through
the objective in an off-center location. This causes the light
that illuminates the sample to exit the objective at an oblique
angle. This angle can be adjusted by changing the distance
that the beam is displaced from the optical axis of the
objective. When the angle is set appropriately, total internal
reflection occurs on the interface formed by the cover slip
and the sample, and a thin evanescent wave reaches the
sample which effectively restricts the fluorescence illumina-
tion to a thin region of the sample immediately adjacent to
the glass surface (Axelrod 2001). TIRF systems are
commercially available on most wide field microscopes.
The advantages of using a TIRF-based STORM system are
that, first, it is very cost-effective to implement, and second,
it can achieve high signal to background ratios by restricting
the illumination of light to a thin region near the surface of
the glass coverslip. Although most STORM implementations
are based on TIRF, it is important to note that TIRF is not a
prerequisite for STORM. For example, the combination of a
selective plane illumination microscopy microscope with
SMLM has been demonstrated (Cella et al. 2011; Zhao et al.
2014).
As mentioned previously, a TIRF setup is not complicated

to implement in a cost effective manner. The sample is
illuminated by means of conventional laser sources to
activate and inhibit the fluorophores. Images of the entire
field of view are recorded at once on an electron-multiplying
charge-coupled device camera. This needs to be synchro-
nized with the illumination system, which can be done using
an acousto-optic tunable filter. These additional pieces of
hardware are commonly available. Although not an inherent
property of STORM itself, the fact that TIRF is commonly
utilized implies that STORM is particularly well-suited for
imaging cell membranes and proteins situated near it. That
said, by adjusting the angle of illumination to be near, but not
at, TIRF, it is possible to use STORM to image structures
that are located deeper inside the cell. Nevertheless, as a
general rule of thumb for TIRF-based STORM systems, the
closer the plane of focus is to the glass surface, the better the
results will be; as the focal plane moves farther away from
the glass surface, the overall background of the acquired
images increases.

STED is usually based on a confocal setup. Although
confocal microscopy is quite common, it may not be
straightforward to modify a commercial confocal system to
enhance it with STED capabilities. As mentioned previously,
there are many different ways to generate a ring of light
which is completely dark in the center (Klar et al. 2000,
2001; T€or€ok and Munro 2004). However, alignment between
excitation and depletion beams is crucial for successful
STED imaging. Aligning these two beams at the nanometric
scale is a difficult task, and some solutions have been
implemented to have them aligned by design (Wildanger
et al. 2009a), or even autoaligned by means of adaptive
optics (Gould et al. 2013).
Implementation of the scanning system may be compli-

cated because of synchronization issues with the point
detection unit. Although nowadays confocal systems can
provide acquisition times close to video rate by using
resonant scanning mirrors, raster scanning the field of view
point by point can set a limitation to the temporal resolution
that can be achieved by means of STED microscopy.
However, recent developments have been reported in which
scanning is parallelized, and several points of the field of
view are scanned at once in the same system, reducing the
scanning time and increasing the speed at which STED
images can be generated (Bingen et al. 2011; Yang et al.
2014).
Finally, another critical point in the design of a STED

system is the selection of both the excitation and depletion
laser sources, which are usually quite specific, and, in
general, costly. Since the depletion laser wavelength has to
fall within the emission spectrum of the fluorescent molecule,
the selection of the label of choice to use in the experiments
is strictly related to the hardware available in the microscope.
As mentioned previously in the Laser intensity section, it is
desirable that depletion sources can provide high optical
powers, and therefore it is ultimately the depletion source
that sets a limit to the fluorescent molecules that can or
cannot be used on a particular STED microscope.
Although STED systems are becoming more affordable

nowadays, it is probably safe to say that implementation of a
STORM system may be somehow simpler and more cost
effective than a STED system.

Sample preparation

Sample preparation usually is very specific to the technique
of choice, whether it is a super-resolution technique or not. In
the case of SMLM techniques, there can be subtle differences
depending on the type of fluorophore used.
As mentioned previously, the classical implementation of

STORM utilizes photoswitchable dyes or fluorophores.
When compared to STED, the availability of dyes for
STORM is relatively limited. The dye-pair approach requires
special protocols to conjugate fluorescent dyes to antibodies.
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For fixed cells, immunostaining is typically performed, using
a primary antibody against a target of interest, followed by a
secondary antibody. This step may be time-consuming;
however, integration of microfluidics with STORM may help
to streamline sample preparation (Tam et al. 2014a). The
secondary antibody is typically labeled with both an activator
and a reporter dye (see Fluorophore control). However, new
options for sample preparation are rapidly being developed,
including the possibility of using Fab fragments or nanobod-
ies (Ries et al. 2012). In addition, an increasing number of
photoswitchable dyes is becoming available as applications
of the technique are developed (Dempsey et al. 2011;
Oddone et al. 2014), and in specific applications, commer-
cially available dyes may even be used directly for STORM
imaging (Shim et al. 2012).
An often overlooked consideration is that STORM sam-

ples are typically imaged in aqueous imaging buffers. The
imaging buffer is critical for maintaining the fluorophores in
a dark state (e.g. not fluorescent until activated). Typically,
these buffers contain a reducing agent such as cysteamine or
b-mercaptoethanol, along with an oxygen scavenger system
(Dempsey et al. 2011). However, other options for STORM
imaging buffers also exist (Vaughan et al. 2013). The use of
an aqueous imaging buffer is a key difference between
STORM and STED (STED samples can be imaged in a
variety of different media; live samples are typically imaged
in aqueous buffer, but fixed samples are typically mounted in
mounting media).
Although there are differences between STORM and other

SMLM techniques, with additional sample preparation
modifications, some of the fluorophores which are used in
other SMLM techniques may be suitable for imaging on a
microscope that is designed for STORM (i.e. it may be
possible to perform PALM imaging on a STORM micro-
scope) (Fern�andez-Su�arez and Ting 2008). The relationship
of STORM to other SMLM techniques opens up additional
possibilities for sample preparation. Regardless of whether
dye-pairs or other fluorophores are selected, careful opti-
mization of the sample preparation protocols is required for
successful STORM imaging. In most cases, particular care is
required in the areas of fixation and high-density fluorophore
labeling. Improper fixation and immunostaining, which may
not be relevant when imaging using conventional micro-
scopes, may become apparent at increased resolution. In the
case of live imaging, there are also many options for sample
preparation (Fern�andez-Su�arez and Ting 2008). These con-
siderations might limit the applications for which STORM is
a suitable technique.
In the case of STED, the only limit to the dyes that can be

used is based on their emission spectrum. To achieve
stimulated emission, the wavelength of the depletion source
used must fall outside the excitation spectrum of the dye, but
within its emission spectrum. It is also desirable that the
wavelength of the depletion source does not coincide with

the emission peak of the dye, and should be shifted toward
longer wavelengths where emission is not so intense.
Otherwise, most of the fluorescence would be rejected by
the filter. However, when depletion wavelengths are close to
the emission spectrum peak, STED efficiency increases,
although the probability to excite fluorophores that have
remained in the ground state also increases (Vicidomini et al.
2012). STED can be performed with a wide variety of dyes,
which keeps growing with the new laser sources available for
this technique. It is true, however, that the depletion sources
available in a particular STED system will limit the dyes that
can be used in that system according to the conditions
detailed.
Other than choosing an appropriate dye for the specific

STED system, sample preparation does not require specific
protocols. However, it is desirable to follow necessary steps
to reduce photobleaching, such as use of specific mounting
media. This flexibility in sample preparation and dyes
available for STED has enabled the technique to be
applicable in-vivo (Fern�andez-Su�arez and Ting 2008;
Eggeling et al. 2013b; Neupane et al. 2014), since fluores-
cent proteins such as GFP can be used (Willig et al. 2006b),
and acquisition times are reduced (see Image acquisition
section).
Multi-color imaging can be performed using both modal-

ities. The traditional way to perform multi-color STORM
imaging is to take advantage of the fact that antibodies are
labeled with both an activator and a reporter dye; by varying
the activator dye while keeping the same reporter dye,
additional colors can be acquired in a quasi-simultaneous
manner (i.e. alternating cycles between the different colors)
(Bates et al. 2007). However, as the number of colors
increases, complexities may arise, such as cross-talk, fluo-
rophore performance, imaging buffer, and imaging time
(Tam et al. 2014b). Although there are a number of
strategies for alleviating these complexities (Bates et al.
2007; Dempsey et al. 2011), one way to side-step all of these
complexities is to use an approach for multi-color STORM
based on sequential STORM imaging (Tam et al. 2014b).
The wide availability of dyes that are compatible with

STED imaging has also allowed for multi-color STED
imaging. There are two main approaches: one uses an
excitation and depletion source for each dye, so that dyes
with different emission spectra can be used (Donnert et al.
2007; Rankin et al. 2008). Another more cost effective
approach to multi-color STED consists in selecting dyes that
have similar emission spectra but different Stokes shifts, and
therefore, different absorption maxima. These pairs of dyes
are each excited with a different laser line, but can share the
same depletion source. The acquisition strategy, then, is
based on a sequential scheme, in which each color is
generated separately. Lateral resolutions of ~40 nm were
reported, imaging mitochondrion in mammalian cells (Sch-
midt et al. 2008). As in the case for traditional multi-color
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STORM, it is important to ensure that the pairs of dyes are
selected to minimize cross talk between them.

Image processing

STORM requires extensive image processing, which typi-
cally occurs after image acquisition. The image processing
involves identification and localization of each fluorophore,
followed by rendering of the resulting image. Identification
usually requires that individual fluorophores are non-over-
lapping (i.e. only those fluorophores that are deemed to be
high-quality images of isolated single fluorophores are
marked for analysis). There are several methods for local-
ization, but a common one uses a Gaussian as a model to
approximate the point spread function; each identified
fluorophore is fit to a Gaussian and the precise position of
the central point of this Gaussian is recorded. The brighter
the fluorophore, the more accurate the result of the localiza-
tion will be. The total image processing time depends on the
number of localizations being performed; any given STORM
image may need between 100 000 and 10 000 000 local-
izations. In general, these image processing steps prevent
immediate feedback on image quality and for inexperienced
users this lack of immediate feedback can cause unexpected
experimental failures. There are a growing number of
different algorithms for processing STORM data, many of
which help to alleviate this lag time. As an example, using a
GPU-based implementation called GraspJ, it is possible to
generate real-time STORM images to provide users with
immediate feedback (Brede and Lakadamyali 2012).
One of the main advantages of STED is the fact that, just

as in the case of confocal imaging, the images are available
immediately after acquisition; no post processing is required.
However, it is common to apply deconvolution routines on
STED images, especially on those obtained by means of
gSTED because of lower signal-to-noise ratios achieved.
Considering that the acquisition time is on the order of
seconds, or even lower if parallelized STED is used, as
mentioned in Microscope platform section (Bingen et al.
2011), and that post processing is not strictly required, the
throughput of STED microscopy is currently significantly
higher than that of STORM. This feature is especially
desirable for in-vivo applications.

Image acquisition

The acquisition process may be more difficult to optimize in
a STORM system compared to a STED system. To generate
a single STORM image, a large number of individual
acquisitions need to be obtained (Fig. 3a–c). In the case of
STORM, the acquisition process consists of a single
activation frame (in which a small subset of fluorophores
are brought from a dark state to an activated state), followed
by a sequence of imaging frames (in which single

fluorophore molecules are imaged and returned to the dark
state). This procedure can be quite time consuming, often
involving tens of thousands of frames for a high-quality
STORM image (typically about 15–30 min for a single-color
STORM image; longer for additional colors). Under these
circumstances, it is necessary to take into account possible
drift of the sample, because of the mechanical stability at the
oil interface between sample and microscope objective,
temperature changes, etc. That said, there are options to
significantly decrease the acquisition time. Since the final
image resolution is dependent on the total number of
localizations, one way to reduce the acquisition time would
be to reduce the total number of localizations. Thus, one can
speed up acquisition time at the cost of image resolution
(Jones et al. 2011). This is an important consideration for
live-cell imaging. For example, live-cell imaging was
demonstrated using PALM with spatial resolutions of
approximately 60 nm and temporal resolutions on the order
of 25 s (Shroff et al. 2008). If one were to image only single
molecules, then it would be possible to achieve temporal
resolutions on a millisecond time scale, as has been
demonstrated in the PALM community (Manley et al.
2008). Single-particle tracking PALM (spt-PALM) can be
used to study the mobility and trajectory of proteins in living
cells and to generate statistics on populations of proteins (Niu
and Yu 2008; Hoze et al. 2012). Generally, for live imaging
of larger structures, the use of compressed sensing
approaches (Zhu et al. 2012), or brighter fluorophores in
combination with higher laser intensities can also lead to
high-quality STORM images at fast acquisition speeds on the
order of a few seconds with spatial resolutions up to 30 nm
in the lateral direction and 50 nm in the axial direction, and
temporal resolutions of 1–2 s (Jones et al. 2011).
In STED, the acquisition time is comparable to the case of

confocal microscopy, and it is on the order of seconds.
Acquisition time may be longer in STED compared to
confocal because of lower signal to noise ratio or higher
spatial sampling to correspond to higher resolution. As
mentioned previously, acquisition speed in STED can be
further increased by means of parallelization. Based on this
inherent feature, STED microscopy is a great candidate for
in-vivo imaging, where dynamics are important. The tech-
nique has been used to image several different types of
samples. Of course, super-resolution has many applications
for imaging subcellular structures, not only in fixed, but also
in in-vivo samples. In this sort of applications, STED
microscopy has been reported to achieve lateral resolutions
of about 30 nm. The technique has been successfully used
for imaging at a depth of 120 lm in living organotypic brain
slices, with resolutions of 60-80 nm (Urban et al. 2011).
These studies showed changes in actin-based structures
inside spines and spine necks that could be modulated by
neuronal activity. STED has also been combined with two
photon microscopy (Moneron and Hell 2009; Bianchini
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et al. 2012), and used for deep tissue imaging in mouse brain
slices, showing that the technique is applicable even under
conditions of high scattering media (Ding et al. 2009). In
fact, STED has also been successfully applied for imaging
neurons in the brain of a live mouse over extended periods of
time with 70 nm resolution (Berning et al. 2012). STED has
been also used to study molecular dynamics, and it has been
successfully combined with fluorescence correlation spec-
troscopy in order to study single molecule dynamics in the
nanoscale volumes in the plasma membrane of living cells
(Kastrup et al. 2005; Eggeling et al. 2009; Ringemann et al.
2009).
In conclusion, although both STORM and STED are

suitable for in vivo imaging applications, from the perspec-
tive of acquisition time, the inherent temporal resolution and
flexibility in sample preparation of STED may be a clear
advantage until fast STORM acquisition schemes become
readily available.

Resolution

Although both STORM and STED can achieve super-
resolution, the actual result depends on a number of factors.
In STORM, the spatial resolution is determined by the probe
size, labeling density, and localization precision. The use of
primary and secondary antibodies for immunostaining can
result in an effective probe size on the order of 10–15 nm,
which can affect the perceived size of a nano-scale-sized
object when imaged using STORM. As mentioned previ-
ously, resolutions of 10 nm in the lateral direction and 20 nm
in the axial direction have been achieved using STORM in
fixed cells (Xu et al. 2012). At this size scale, for certain
applications, it may be important to apply alternate strategies
for labeling structures based on smaller, 4–6 nm probes, such
as nanobodies and Fab fragments (Ries et al. 2012). Probe
size is a consideration for any fluorescence microscopy
technique, but is an even more important consideration for
super-resolution techniques. The labeling density can affect
the image resolution as well, since STORM images are
reconstructed point by point (Figs 1 and 3). If the number of
localizations per area is not sufficiently high, the final image
resolution will be reduced. Finally, as described previously,
each of the individual fluorophores are individually localized.
The precision of this localization contributes to the final
resolution of the image. Although there are many parameters
that determine localization precision (Stallinga and Rieger
2012), the most important parameter for localization preci-
sion is the number of photons collected per fluorophore.
Generally, brighter fluorophores lead to better localization
precision.
In the case of STED, as explained in previous sections, the

resolution that can be achieved using this techinque is
strongly related to the intensity of the depletion beam. If the
laser source used can deliver high intensities and the sample

can stand them, then the resolution of the technique can be
pushed to its limit. This is the case of densely packed
nitrogen-vacancy centers in diamond samples, that were
shown in STED images with an unprecedented resolution of
5.8 nm resolution (Rittweger et al. 2009), which is the
highest reported using this technique. However, selection of
photons relaxing at specific lifetimes through gated detection,
has allowed for increased resolution with lower depletion
times (Vicidomini et al. 2013).
In terms of axial resolution, both STORM and STED

have been extended to the third dimension. One of the

Table 1 Unique advantages and disadvantages of STORM and STED

STORM STED

+Typically based on wide
field TIRF microscopy.

Therefore, systems are cost
effective, and can
potentially be implemented
relatively easily by users

familiar with optics

+Usually based on confocal
microscopy. Although

implementation can be
costly and not
straightforward, users
familiar with confocal will

find a commercial STED
system easy to use

�TIRF mode works best

near glass surface (works
better with flatter cells)

+Good for imaging thicker

samples because of
confocal nature of system

�Lengthy acquisition,

although new approaches
reduce the acquisition time
needed depending on the

desired resolution

+Fast acquisition: Image can

be available in a matter of
seconds (easier to achieve
higher temporal resolution)

�Extensive post-acquisition image
processing is required to
reconstruct image

+No post-acquisition image
processing is required
(super-resolution image

immediately available)
�Samples can be prone to
drift (this can be corrected in

most cases)

+Higher throughput

+Fluorophore switching
cycles are not wasted

�Fluorophores undergo a
large number of forced on/off

switches without contributing
to the final image. This can
lead to increased

photobleaching that should
be considered in the
experiment

+Highest spatial resolution

achievable to date (best
case scenario)

+In vivo applications, where

higher temporal resolution is
needed (e.g. in living
animals)

+Lower light levels compared
to STED (more suitable for
in vivo applications in which

lower temporal resolution is
acceptable)

�Higher light levels that may
limit the samples that can be
used (new modalities

reduce these levels)

Published 2015. This article is a U.S. Government work and is in the public domain in the USA
J. Neurochem. (2015) 135, 643--658

654 J. Tam and D. Merino



simplest and most cost-effective ways to implement 3D
STORM imaging is to use an astigmatic lens, which can
yield an axial resolution of 50-60 nm over a range of
~800 nm (Huang et al. 2008b). With the addition of a
second objective, dual-objective STORM can improve the
axial resolution to ~ 20 nm (however, the range over which
images can be acquired is substantially reduced) (Xu et al.
2012). Effectively, the introduction of an astigmatic lens
changes the point spread function of the microscope. An
alternative approach, which is based on changing the point
spread function to a double helix, can also be used for three
dimensional imaging (Pavani et al. 2009). The trade-off for
these point spread function approaches is that the size of the
image of each individual single fluorophore has to be
increased (i.e. more camera pixels need to be used to
capture each individual fluorophore). In order to reach the
desired number of localizations, this typically results in
longer acquisition times (since individual fluorophores have
to be spaced further apart to minimize overlap). Dual-
objective geometries, which have been used in PALM,
might also lead to higher axial resolutions, up to 10 nm
(Shtengel et al. 2009). The trade-off of dual-objective
techniques is that samples have to be prepared in a manner
that allows for objectives to approach the sample from both
directions (thick samples may not perform well). Finally,
multi-focal imaging, in which multiple focal planes are
captured simultaneously, can also be used for three
dimensional imaging (Juette et al. 2008). The trade-off of
multi-focal techniques is that the overall intensity signal
must be split across the different focal planes (particularly
problematic for weaker signals).
STED has been extended to the z direction, with an

improvement in resolution in the axial direction. To do so,
the depleting beam is divided, and two different phase masks
are used. One of the masks is the vortex phase plate,
described previously, while the second one is a top-hat phase
mask. After each of the beams is propagated through the
corresponding phase plate they’re recombined, and focused
onto the sample. The beam traveling through the second
phase mask generates two foci of light above and below the
focal plane. When this is combined with the ring generated
by the vortex phase plate, a dark volume is generated that is
surrounded by light in every direction in the space (Harke
et al. 2008; Han et al. 2009). Lower depletion laser inten-
sities required for gSTED have allowed for more efficient
implementations of this concept, since the power of the
depleting light source needs to be divided into two different
paths. An axial resolution of ~100 nm has been reported
using this method in a biological sample (Wildanger et al.
2009b). However, by combining STED and 4Pi microscopy,
and collecting fluorescence through two different microscope
objectives, axial and lateral resolutions of ~ 45 nm have
been achieved in biological samples (Schmidt et al. 2008).
Finally, STED has been combined with adaptive optics in an

effort to reduce the effect of the aberrations introduced by the
sample and increasing its performance, especially in the case
of 3D imaging (Gould et al. 2012), and also to provide a
robust method to align the system (Gould et al. 2013).

Summary and conclusions

STORM and STED are two super-resolution techniques
based on two different fundamental strategies to control
fluorescence. STORM is based on random, massively
parallelized switching of individual fluorophores, whereas
STED relies on controlled pumping of fluorophores between
fluorescent and non-fluorescent (depleted) states.
Overall, STORM has reported the highest resolutions to

date on an optical imaging system, and has proven its utility
in many different biological problems. Although STED
images have not reported such high resolutions in biological
applications, the wide variety of dyes compatible with the
technique, and relatively simple and fast acquisition process,
make this technique suitable for in-vivo applications.
Furthermore, the advances in gSTED, which have allowed
for the reduction of the depletion beam intensity needed may
reduce the impact of imaging on living samples. The unique
advantages and disadvantages of STORM and STED are
summarized in Table 1.
In conclusion, the rise of super-resolution imaging

modalities such as STORM and STED has led to exciting
new possibilities. Both STORM and STED are great
candidates to reveal the mysteries of the nanoscale world.
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