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Super-resolution (diffraction unlimited) microscopy was developed 15 years
ago; the developers were awarded the Nobel Prize in Chemistry in recogni-
tion of their work in 2014. Super-resolution microscopy is increasingly being
applied to diverse scientific fields, from single molecules to cell organelles,
viruses, bacteria, plants, and animals, especially the mammalian model organ-
ism Mus musculus. In this review, we explain how super-resolution microscopy,
along with fluorescence microscopy from which it grew, has aided the renais-
sance of the light microscope. We cover experiment planning and specimen
preparation and explain structured illumination microscopy, super-resolution
radial fluctuations, stimulated emission depletion microscopy, single-molecule
localization microscopy, and super-resolution imaging by pixel reassignment.
The final section of this review discusses the strengths and weaknesses of each
super-resolution technique and how to choose the best approach for your re-
search. © 2021 The Authors. Current Protocols published by Wiley Periodicals
LLC.
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INTRODUCTION
The mechanism of development cannot

usually be reduced to a single gene, rather
occurring through nonlinear interactions of
many genes in a dynamic network. Devel-
opment also occurs at all scales (Megason,
Srinivas, Dickinson, & Hadjantonakis, 2011;
Xavier da Silveira Dos Santos & Liberali, P
2019; Zinner, Lukonin, & Liberali, 2020), and
so super-resolution microscopy is crucial as a
foundation for imaging at other developmental

scales (Maiques, Georgouli, & Sanz-Moreno,
2019; Tröger et al., 2020). Fluorescence mi-
croscopy is a powerful and versatile tool that
has proved essential for biological discoveries
(e.g., Dunn & Sutton, 2008; Hecksher-
Sørensen & Sharpe, 2001; Mertz, 2019;
Nowotschin, Ferrer-Vaquer, & Hadjantonakis,
2010; Renz, 2013; Ricci et al., 2020; Turney
& Lichtman 2008; Udan & Dickinson, 2010),
and even before the widespread adoption of
fluorescence contrast, microscopy has been
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instrumental for research on the mouse
(Auerbach, 1954; Lyon, 1955; Serbedzija,
Bronner-Fraser, & Fraser, 1992; Zucker,
Hunter, & Rogers, 1998) as a model organism
(Choi, Kwok, & Yun, 2015; Phifer-Rixey &
Nachman, 2015). Classical fluorescence mi-
croscopes are, however, limited in resolution
because of the wave nature of light and the in-
ability of optical systems to focus these waves
precisely owing to diffraction and unavoidable
aberrations inherent in the optical system.

Why, therefore, not give up on the optical
microscope and pursue electron microscopy
(EM)? Indeed, with the introduction of EM
to support research scientists from the late
1940s, EM was regarded as the ultimate in
microscopy. However, light microscopy per-
sisted for the following simple and compelling
reasons. Apart from size, cost, and mainte-
nance issues, electron microscopes generally
have to be operated under vacuum, which
precludes observing and analyzing living or-
ganisms. The beam energy is extremely high,
and samples can be very easily damaged—
particularly in the hands of novice operators.
Moreover, the electron beam can only reveal
surface features (scanning EM) or penetrate
a shallow depth into cells, necessitating very
thin sections (transmission EM). Electron
micrographs are more prone to artifacts (not
all of which are easily recognized and dealt
with) than light microscope images. They are
also monochrome and can only be pseudocol-
ored. With a light microscope it is possible
to observe a wide range of biological activity,
in color, and to easily label multiple targets
with fluorescent markers. This is why optical
nanoscopy or super-resolution microscopy
has been developed and is now a powerful
research tool of the 21st century. This re-
view does not consider light microscopy–EM
correlative methods. The reader is directed
to Verkade & Collinson (2019) for a thor-
ough treatment of this rapidly developing
technology. For a concise, readable, and
well-referenced historical review of light
microscopy from the 17th century to the de-
velopment of super-resolution techniques, see
Wollman, Nudd, Hedlund, & Leake (2015).

Diffraction at the specimen and interfer-
ence of the diffracted rays of light are the sine
qua non of image formation. The German
physicist Ernst Abbe (1873) realized that
image formation by a lens occurs by the
recombination of light separated by scattering
or diffraction at the object and that the finer
the detail, the greater the scattering angle. In
so doing, he defined the minimum distance

(dmin) that must separate two points in order
for them to be resolved by a given optical
system. For a simple explanation of the phe-
nomenon of diffraction see Bradbury (1984),
and for an in-depth treatment see Hammond
(2015). How diffraction and interference un-
derlie the formation of microscopical images
is explained in a Current Protocols article by
Sanderson (2020).

The resolved detail, dmin, is determined by
the angular aperture of the lens, expressed as
sinα where α is the angle between the direct
and most widely scattered or diffracted beams
accepted by the aperture of the objective. dmin

is also determined by the wavelength of the
light, which for an oil immersion lens is λ/n
where λ is the wavelength of light in air and n
is the refractive index of the immersion oil. Fi-
nally, the angular range of convergence of the
incident light on the object (maximum value
sinα) is accounted for by the factor 2. Abbe’s
equation, carved on his memorial at Jena, is d
= λ / 2n.sinα. The number n.sinα Abbe called
the numerical aperture (NA)—a number that
is engraved on all objectives. Abbe did not
include any formulae in his paper, and his
theory was misunderstood for some time af-
terward (Köhler, 1981; Lauterbach, 2012). For
an excellent detailed discussion and review of
resolution, see Sheppard (2017).

Resolution just occurs (the Rayleigh cri-
terion) when the central maximum of the
diffraction pattern from the first feature
coincides with the first minimum of the
diffraction pattern of the second, closely
apposing, feature in an object (Demmerle,
Wegel, Schermelleh, & Dobbie, 2015; Fig. 2
from a Current Protocols article by Sander-
son, 2020). At this point, the dip in intensity
between the two diffraction patterns is about
26%. Sparrow suggested that two points can
just be resolved when the central minimum
dip in intensity between them is zero (Spar-
row, 1916). With Sparrow’s criterion dmin

= 0.47 λ/NA, a closer approximation to the
Abbe limit of 0.50 λ/NA is achieved. This
criterion is better suited to digitally recorded
images but is very dependent on signal-to-
noise ratio (SNR) and is not easily compared
to the full width at half maximum (FWHM)
as an estimator of the Rayleigh criterion.

The resolving power of the objective is
therefore approximately equal to the wave-
length of light divided by twice the numerical
aperture of the objective. This means that for
a standard fluorescence system, such as a con-
focal microscope, the lateral resolving power
is at best limited to around 200 to 250 nm and
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axial resolution to around 600 nm. A practical
measure of resolving power of the overall
microscope system (i.e., objective, interme-
diate optics, and camera or photomultiplier
tube [PMT]) using a subresolution fluorescent
bead is to measure the FWHM of the intensity
profile of a z-stack of the point spread func-
tion (PSF) of the bead (e.g., Cole, Jinadasa, &
Brown, 2011). The advantage of this artificial
system is that if one knows a priori that two
point sources exist in the sample, measur-
ing their separation and deriving a resolving
power limit is limited in practice only by SNR.

The limits of resolution (about 0.2 μm
laterally and 0.6 μm axially) proposed by the
criteria of Abbe, Rayleigh, and Sparrow are
based on the following assumptions and so
cannot be absolute: a single objective lens,
single-photon absorption and emission in a
time-independent linear process at the same
frequencies, and uniform illumination across
the specimen with a wavelength in the visi-
ble range. If these assumptions are negated,
then enhanced resolution is feasible. So often
Abbe’s limit dmin = λ/2.NA has been regarded
as inviolable, largely because the equation is
simple to understand and is powerful through
being cited so often without question that it is
regarded as absolute. Yet Abbe was aware that
by altering these conditions (e.g., nonlinear
two-photon microscopy; stimulated emission
depletion [STED]; structural illumination),
enhanced resolution is made possible (Abbe,
1873; Lauterbach, 2012, p. 5): “I must regard
the actual capability of the microscope in
the rigorous sense as completely exhausted
with the above described limit—as long as no
entities are claimed that are out of the reach
of the derived theory.”

Beside the simplicity of the oft-cited
equation above, Stefan Hell, the 2014 Nobel
Laureate, also suggests that the “diffraction
barrier” persisted for so long because Abbe
and Rayleigh’s equations refer to propagating
waves and the limited passband of spatial
frequencies carried by waves through the
microscope, which is fundamentally a spa-
tial filter (Hell, 2009). Hell (2009, p. 29)
comments, “The only effective pathway of
optical microscopy to the nanoscale seemed
to be [given] by the physical confinement
of light, that is, by near-field optics.” In the
far field, light diffracts and is refracted by
dioptric lenses to form images in the clas-
sical manner, propagating in an unconfined
manner, with the distances involved being
greater than the wavelength of light; radiative
power decreases according to the square of

the distance travelled. In the near field, light
is focused through an aperture with a diam-
eter smaller than the excitation wavelength,
resulting in a nonpropagating evanescent field
(or near field) on the far side of the aperture
that decomposes rapidly (see Lereu, Passian,
& Dumas, 2012; Huszka & Gijs, 2019).
Near-field techniques are diffraction unlim-
ited but are constrained to surface inspection
techniques, such as total internal reflection
fluorescence (TIRF) microscopy (Mattheyses,
Simon, & Rappoport, 2010; Oheim, Salomon,
Weissman, Brunstein, & Becherer, 2019) or
scanning probe techniques (Gerber & Lang,
2006; Kalinin et al., 2016).

Since the turn of the millennium, an in-
creasing number of microscopy techniques
have emerged that are able to overcome the
resolution limit of traditional far-field light
microscopy (Betzig et al., 2006; Heilemann
et al., 2008; Hess, Girirajan, & Mason, 2006;
Klar, Jakobs, Dyba, Egner, & Hell, 2000;
Rust, Bates, & Zhuang, 2006), and these
are collectively known as super-resolution
microscopy techniques. In fact, 2006 has been
described as “an annus mirabilis for the field”
(Hell, 2014). Super-resolution techniques
can be performed on a range of microscope
configurations, including widefield, confocal,
TIRF, and light sheet systems, and this will
have implications for both the resolution and
the imaging depth achievable (reviewed in
Thorn, 2016; Haage, 2018). The term “super-
resolution microscopy” is here to stay but
is disliked by many, including Stefan Hell
(Marx, 2013) one of the Nobel Laureates in
the field, as being imprecise.

Super-resolution imaging can be per-
formed on various types of microscope
setups, and it is important to understand the
relative benefits of each (Fig. 1). In widefield
setups, excitation light evenly illuminates
the entire field of view. This allows for rapid
imaging of larger areas but also suffers from
blurring due to out-of-focus light reaching the
camera detector (Fig. 1A; reviewed in Ver-
daasdonk, Stephens, Haase, & Bloom, 2014).
Confocal imaging overcomes this issue by
providing optical sectioning, so that only light
from the plane of focus reaches the detector.
This is achieved through the use of a pinhole,
which blocks out-of-focus light (Fig. 1B;
reviewed in Conchello & Lichtman, 2005).
In short, this provides point illumination and
point detection (Sanderson, 2019). However,
using this approach, samples are excited point
by point rather than the entire field of view
being illuminated. In traditional confocal
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Figure 1 Super-resolution-compatible fluorescence microscope setups. Green line = excitation
light; red solid line = emitted light from the focal plane; dotted red line = out-of-focus emitted light.
(A) Widefield microscopes illuminate the entire field of view; blurring in the image is caused by out-
of-focus light reaching the camera. (B) Confocal microscopes use pinholes to excite a single xy
position and block out-of-focus light from reaching the detector; the excitation position is scanned
along the sample (or the pinholes moved on a spinning disk). (C) Total internal reflection fluores-
cence (TIRF) microscopes cause the excitation light to reflect back off of the coverslip so that the
sample is only illuminated by an evanescent wave coming off the laser light that only penetrates
to a very shallow depth. (D) Light sheet microscopes illuminate the sample perpendicular to the
imaging objective; out-of-focus light is minimized as the sample is not illuminated above or below
the focal plane.

systems, the excitation point is scanned across
the field of view, meaning that acquisition
is quite slow. Spinning disk confocal setups
increase imaging speed by parallelizing ac-
quisition using a spinning metal disk with
multiple holes that act as pinholes, but these
systems have slightly lower resolution and are
not compatible with certain confocal-based
super-resolution techniques (Hosny et al.,
2013; Qin, Isbaner, Gregor, & Enderlein,
2021; Shimozawa et al., 2013). Other setups
that allow for optical sectioning include TIRF
and light sheet microscopes. TIRF uses a very
steep laser angle and a mismatch in refractive
index of the immersion and sample medium to
cause the laser light to reflect off the coverslip
so that the sample is only illuminated by an
evanescent field coming off the laser light (Fig.
1C; reviewed in Martin-Fernandez, Tynan,
& Webb, 2013). The evanescent wave only
propagates a few hundred nanometers into the
sample, so while this provides optical section-
ing, it only allows for imaging of a very thin
layer right next to the coverslip. Light sheet
microscopy, meanwhile, uses multiple objec-
tives to produce a thin sheet of excitation light
perpendicular to the imaging objective (Fig.
1D; reviewed in Girkin & Carvalho, 2018;
Power & Huisken, 2017; Watkins & St Croix,
2018). As in widefield, the entire field of view

is illuminated allowing for rapid imaging, but
the optical sectioning prevents blurring from
out-of-focus light (Strobl, Schmitz, & Stelzer,
2017; Wan, McDole, & Keller, 2019).

Super-resolution techniques can take many
forms, either requiring specialized configu-
rations to optically overcome the diffraction
limit or combining traditional setups with
sample preparation or image processing
techniques. The most widely available super-
resolution techniques will be discussed below
with a focus on sample preparation require-
ments and suitability to different questions
in mouse biology. Zimmermann (2017) dis-
tinguishes between (1) methods that shift the
resolving power of the microscope beyond
the Abbe limit but that are still constrained
by it and (2) methods that increase resolution
beyond the diffraction limit and that are not
limited by it.

In the first group (1) are 4Pi microscopy
(Hell & Stelzer, 1992), the widefield equiv-
alent image interference microscopy (InM;
Gustafsson, 1999), and structured illumina-
tion microscopy (SIM; Ingerman, London,
Heintzmann, & Gustafsson, 2019; Prakash,
Diederich, Reichelt, Heintzmann, & Scher-
melleh, 2021; Vangindertael et al., 2018). 4Pi
and InM (usually I5M; Bewersdorf, Schmidt,
& Hell, 2006; Gustafsson, Agard, & Sedat,
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1999) techniques use orthogonally oriented
dual objectives—necessarily with high Strehl
ratios—to increase the collection angle of
image-forming diffracted rays, also known
as aperture enlargement (Sahl, Schönle, &
Hell, 2019). Both techniques demand precise
alignment and ideally refractive index homo-
geneity of the sample. The widefield method
demands near-perfect optical conditions and is
particularly susceptible to misalignment from
thermal drift and mechanical shock. The 4Pi
commercial turnkey microscope is no longer
available, but a recently published, very com-
prehensive protocol allows researchers to self-
build a 4Pi single-molecule localization mi-
croscope (Wang et al., 2021). For all these rea-
sons given above, and since self-building a 4Pi
microscope is a specialist endeavor, these in-
terferometric methods are not considered fur-
ther, and only SIM is discussed in this article.

The second group (2) of super-resolution
techniques that are discussed here include PSF
engineering methods (STED, ground state de-
pletion [GSD]) and stochastic methods. These
are software-based super-resolution radial
fluctuations (SRRF) and single-molecule
localization methods (direct stochastic opti-
cal reconstruction microscopy [dSTORM],
fluorescence photoactivated localization mi-
croscopy [fPALM], PALM, and DNA-based
point accumulation for imaging in nanoscale
topography [DNA-PAINT]) whereby organic
fluorophores, quantum dots, or fluorescent
proteins are switched stochastically between
dark and fluorescent states. STED, GSD, and
saturated SIM (SSIM) fall under the umbrella
of reversible saturable optical fluorescence
transitions (RESOLFT) microscopy, which
is based on the use of reversible saturable
optical transitions between fluorescent and
nonfluorescent states to inhibit fluorescence
in the sample in a controlled way (Tam &
Merino, 2015). The actual resolution im-
provement below the Abbe limit depends on
the photon yield, camera detector sensitivity,
and resolving power (Früh & Schoen, 2017;
Mund & Ries, 2020; Thompson, Larson, &
Webb, 2002).

Strategic Planning: Selection of
Imaging Technique

No imaging system is perfect, and there
will always be a trade-off between spatial
resolution, imaging speed, and SNR. SNR
is the intensity of the signal divided by the
variance in that signal due to noise. Image
contrast is the difference between the signal
and the background and may also be referred

to as the signal-to-background ratio (Vizcay-
Barrena, Webb, Martin-Fernandez, & Wilson,
2011). The inter-relationship of these factors
is explained in Stelzer (1998). The occurrence
of SNR and the fact that the image is only
a representation of the object means that it
is crucial to consider the biological question
being asked and which factors will be most
powerful in elucidating this before deciding
on the appropriate microscopy technique.
The additional restrictions imposed by the
so-called “photon budget” and the very low
tolerance of living cells to light means that it
is better to acquire noisy data and clean this
up by postprocessing image analysis than to
rely on data of dubious scientific quality taken
from dead or dying cells. Data can be analyzed
either by commercial software supplied with
a turnkey system or open source freeware.
ImageJ/Fiji (Laine et al., 2019; Schmied et al.,
2021; Schroeder et al., 2021) is both well
known and widely used, and at the end of
each section, ImageJ plugins are suggested
for each super-resolution technique.

This leads to experimental planning. Sci-
entific images are not merely pretty pictures:
they are datasets of spatial and/or temporal
photo intensity. For that reason, experiments
should be properly planned, and the statistical
analysis of data should also be considered
and not just be the “bit tacked onto the end”
of an experiment once all the image data
have been collected. We suggest you refer
to Deagle, Wee, & Brown (2017); Jonkman,
Brown, Wright, Anderson, & North (2020);
Jost & Waters (2019); Lee & Kitaoka (2018);
Sanderson (2019, p. 646); and Wait, Reiche,
& Chew (2020) for further advice and guid-
ance on planning an imaging experiment. You
should also test your samples on a classic
diffraction-limited fluorescence microscope
first to ensure they have been prepared satis-
factorily and give good results before moving
on to use a super-resolution system.

In their excellent review paper, Jonkman
et al. (2020) describe a pentagon, rather than
the triangle illustrated in Figure 2. They
suggest five trade-offs: speed, resolution, and
contrast (i.e., SNR) as above, as well as the two
extra parameters depth penetration and sample
viability. Whichever aide-memoire you adopt,
it is crucial that you consider these parameters
when planning your imaging experiment
and (if you have the choice) selecting which
microscope to use. Figure 8 in a Current Pro-
tocols article by Sanderson (2020) gives a flow
chart to help you decide which microscope to
use for each imaging task. Figure 3 here also
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Figure 2 The “iron triangle” trade-off between resolution, speed, and signal-to-noise ratio (SNR).
You can (1) collect a lot of photons but not very fast, not from a large volume, and not for very long
(good SNR); (2) collect photons rapidly but not very many, not with a small pixel size, and not in
more than one color (good speed); or (3) collect photons from a small area with a small pixel size
but not very many and not fast or for very long (good resolution of detail). Any of the three factors
can be enhanced at the expense of the other two.

shows the inter-relationships between differ-
ent techniques and how these techniques can
be combined. In short, consider whether the
sample is living or fixed and then how thick
it is. In classic fluorescence microscopy, thin
samples should preferably be imaged using
widefield microscopy, while thicker sections
should be imaged using a confocal micro-
scope; for very thick sections or tissue slices,
a multiphoton microscope is the instrument
of choice. When considering super-resolution
microscopy, most samples will be very thin
individual cells or monolayers on coverslips
of measured thickness. If the cells are thick or
tissue sections are being studied, then either
a confocal-based, TIRF-compatible, or light
sheet–compatible method needs to be used.

One of the most fundamental factors in
deciding which super-resolution technique to
use is the size of the object of interest or the
resolution required to identify features of in-
terest. This applies to classic microscopy also,
but it is even more important when consider-
ing using super-resolution techniques. While
super resolution microscopy is trendy, Lam-
bert & Waters (2017) rightly question whether
it is needed in all cases, and their review paper
ought to be essential reading for anyone con-
sidering using super-resolution techniques.
As they put it, “super resolution requires
super optimization.” Lambert and Waters
also make the often-overlooked point that

the figures reported for the ultimate resolv-
ing power achievable with super-resolution
techniques by developers and commercial
manufacturers are based on the best-possible
results acquired under limited conditions with
an optimized sample. We cite similar figures
drawn from several sources, but these caveats
hold true regardless. As stated above with
the iron triangle of imaging—the practical
limitations of which are speed, resolution,
and contrast—SNR, sampling rate, fluo-
rophore labeling density, optical aberrations,
and the potential for artifacts (Culley et al.,
2018; Endesfelder & Heilemann, 2014) are
also important factors to consider and build
into any super-resolution imaging protocol.
Super-resolution microscopes are particularly
sensitive to optical aberrations. The issue
of spherical aberration is dealt with in the
section on specimen preparation below, but
the other major aberrative effect is chromatic
aberration (Lambert & Waters, 2017; Möckl
& Moerner, 2020). This must be addressed in
order to align excitation and depletion lasers
in STED and where multicolor imaging is
being performed (Bates, Dempsey, Chen, &
Zhuang, 2012), particularly with respect to
image registration in SIM and single-molecule
localization microscopy (SMLM).

Essentially, be very clear in your own
mind whether you require (1) sensitivity over
resolving power or (2) image analysis over
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Figure 3 Inter-relationship between super-resolution techniques.Optical methods can fall into two broad groups:
far-field 3D methods and near-field methods. The former are diffraction limited; the near-field methods are not.
This is why the resolving power of SIM techniques are only twice as good as the Abbe limit. Nonlinear methods are
also not diffraction-limited and give rise to the SMLM family and STED techniques. Dotted lines show how different
techniques can be combined. Black text indicates specific super-resolution techniques, while blue text indicates
microscope operations. AFM, atomic force microscopy; DNA-PAINT, DNA-based point accumulation for imaging
in nanoscale topography; GSD, ground state depletion; InM, image interference microscopy; NSOM, near-field
scanning optical microscopy; PALM, photoactivated localization microscopy (also called fPALM); RESOLFT, re-
versible saturable optical fluorescence transitions (generic term); SHG, second harmonic generation; SIM, struc-
tured illumination microscopy; SMLM, single-molecule localization microscopy (generic term); SPIM, selective
plane illumination microscopy; SSIM, saturated structured illumination microscopy; STED, stimulated emission
depletion microscopy; STORM, stochastic optical reconstruction microscopy (also includes dSTORM, the “direct”
variant of STORM); TIRF, total internal reflection fluorescence microscopy.

resolving power. For example, increasing
the sensitivity and SNR may allow you to
determine the presence of subresolution struc-
tures smaller than the diffraction limit, and this
may be sufficient to answer the hypothesis that
the imaging experiment is designed to answer.
Equally, computer-assisted image analysis
can reveal information that cannot necessarily
be seen by eye (Verdaasdonk et al., 2014;
commentary by Swedlow, 2010, on an article
by Carlton et al., 2010). Further examples are
given in Lambert & Waters (2017).

If you are examining dead fixed tissue,
the issue of photon flux or “photon budget”
does not arise. However, when studying living
cells this becomes very important, and the
light flux directed onto the specimen must be
considered within the constraints of the iron
triangle above. The exact reasons and mech-
anisms for light-induced cell toxicity or the
toxic effect of fluorophore labeling is still not
understood.

Phototoxicity, with references, has been
covered in a Current Protocols article by
Sanderson (2020). In addition Wäldchen,
Lehmann, Klein, van de Linde, & Sauer
(2015) have shown that transfection reduces
photoresistance and increases the likelihood of
cell death with high irradiance. The influence
of wavelength has long been known. The sum-
mary information on phototoxicity given in
Box 1 of Stelzer (2015) is particularly drawn
to readers’ attention. Cells can withstand
∼1 kW/cm2 at 640 nm for several minutes
but only ∼5 mW/cm2 at 405 nm. When
fluorophores are excited to reactive states,
such as long-lived triplet states, they form
reactive oxygen species (ROS), a major cause
of phototoxicity. Tosheva, Yuan, Pereira,
Culley, & Henriques (2020) and Cordes,
Maiser, Steinhauer, Schermelleh, & Tinnefeld
(2011) have studied the effect of phototoxicity
in super-resolution microscopy and suggest
several stratagems to reduce this, such as low
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phototoxicity fluorescent probes, using longer
wavelength illumination with long exposures
rather than short bursts, and including oxygen
scavengers or bubbling nitrogen through the
medium to reduce the formation of ROS.

HeLa cells are reportedly more robust than
other cell lines. Stockley et al. (2017) have
developed a modified Eagle’s medium from
which they removed photoactive components
to assist cell growth and division during imag-
ing. However, Morawski, Motley, & Campbell
(2019) report that antibody-conjugated fluo-
rophores lose signal more rapidly in serum-
free medium, so it is a question of working out
by trial and practice whether your fluorescent
probe and cell model will work.

Data processing is a vital step in super-
resolution microscopy. A great deal of pro-
cessing power, RAM, and storage are required.
The reasons for gigabytes or even terabytes
of data storage space are because of the very
large datasets that are required. It can help to
arrange for data to be streamed to a separate
processing computer and for GPU computing
to assist the core processing unit. See Piet-
zsch, Saalfeld, Preibisch, & Tomancak (2015)
and Bria, Iannello, Onofri, & Peng (2016) for
further advice.

Fixation and Labeling for
Super-Resolution Imaging

Good preservation of subcellular structure
is critical for successful super-resolution
imaging (e.g., Jimenez, Friedl, & Leterrier,
2020). Fixation with formaldehyde has long
represented the standard in fluorescence mi-
croscopy, but the advent of super-resolution
techniques has shown formaldehyde fixation
to be slow and incomplete. Super-resolution
imaging has highlighted how the use of
formaldehyde as fixative agent can result
in loss of morphologic integrity and even
mislocalization of proteins (Schnell, Dijk,
Sjollema, & Giepmans, 2012; Tanaka et al.,
2010). Methanol, methanol-containing for-
malin, and other precipitating or coagulating
fixatives (Eltoum, Fredenburgh, Myers,
& Grizzle, 2001) should be avoided. In
EM, where ultrastructural preservation is
paramount, the standard for chemical fixation
is glutaraldehyde, which acts faster and results
in more complete fixation than formaldehyde
(Huebinger, Spindler, Holl, & Koos, 2018).
However, glutaraldehyde fixation cannot so
easily be applied to fluorescence imaging, as
the extensive crosslinking can block access
of antibodies to epitopes and structures of
interest (Hayat, 2002).

The small dialdehyde glyoxal represents
a good compromise between these two op-
tions, providing faster, stronger fixation than
formaldehyde but nonetheless leaves epitopes
accessible for antibody detection (Bussolati
et al., 2017; Dapson, 2007; Richter et al.,
2018). Glyoxal is able to fix both cells and
tissue without issues of penetration, produc-
ing strong fixation of proteins and nucleic
acids and preserving overall cell morphology
(Richter et al., 2018). An optimal glyoxal
fixative solution should contain 3% (w/v)
glyoxal, 20% (v/v) ethanol, and 0.75% (v/v)
acetic acid, adjusted to pH of 4 with 1 M
NaOH (Richter et al., 2018). The solution
should be used within a few days to avoid
precipitation of glyoxal (Richter et al., 2018).
Fixation should be performed for at least 1 hr.

Glyoxal fixation may not be suitable in all
cases, as certain cell types such as oocytes,
embryos, and stem cells may show superior
immunofluorescent labeling in formaldehyde-
fixed cells (Celikkan et al., 2020). There may
also be differences in structural preservation
and immunolabeling of certain subcellular
targets. Glyoxal appears to provide vastly im-
proved preservation of membrane and soluble
proteins, while results are mixed for detection
of mitochondrial targets (Richter et al., 2018).

Choice of labeling strategy is also cru-
cial in super-resolution imaging. Organic
dyes have excellent photophysical properties
(Heilemann, van de Linde, Mukherjee, &
Sauer, 2009) but suffer high background
fluorescence from nonspecific binding. A
recent review (Choi, Lee, Park, Lee, & Lee,
2021) lists various suitable probes for subcel-
lular organelles, and Hu, Nguyen, Rabasco,
Oomen, & Ewing (2021) and Dankovich &
Rizzoli (2021) both present in-depth reviews
of recent super-resolution labeling strategies.
A particular challenge lies in identifying
suitable probes for live-cell single-molecule
studies (Wang, Frei, Salim, & Johnsson, 2019;
Zhang & Raymo, 2020). Working with live
cells avoids the artifacts that fixation may
introduce, but other factors such as permeabil-
ity, steric size, toxicity, and photoswitching
efficiency become important.

SNAP-tag and HaloTag technology (Ba-
naz, Mäkelä, & Uphoff, 2019; Erdmann et al.,
2019; Hoelzel & Zhang, 2020) are effi-
cient methods for conjugating fluorophore
markers to proteins for labeling both living
and fixed cells. Nevertheless, these labeling
schemes often suffer from high background
arising from nonspecific binding of organic
dyes to the substrate and cellular membranes.

Valli and
Sanderson

8 of 35

Current Protocols



Fluorogenic probes (Beliu et al., 2019; Kozma
& Kele, 2019; Wang et al., 2020) have the
advantage that they do not fluoresce unless
bound to their specific small-molecule fluo-
rogens. These probes potentially allow rapid,
specific labeling with a high SNR in mul-
ticolor single-molecule studies. Photoswitch-
able and photoconvertible fluorescent probes
(e.g., Dunsing et al., 2018; Henriques & Mh-
langa, 2009; Uno et al., 2015) have from the
start been used for localization microscopy.
GMars-Q, a fluorescence protein specifically
developed for single-molecule localization ex-
periments from mMaple and rsFusionReds
from mCherry (Duwé & Dedecker, 2019), is a
brighter, more photostable fluorescent protein.
Another fluorogenic photoswitching fluores-
cent protein that shows promise is holoUnaG
(Kwon et al., 2020). FPBase (https://www.
fpbase.org) is a useful resource for selecting
a suitable fluorescent protein from the many
available, while Vaidyanathan et al. (2021)
have developed an open-source freeware to
help select multiple fluorescent proteins.

In diffraction-limited microscopy, the
image is greater by two orders of magni-
tude than the size of any fluorophore, so
the signal appears continuous. Fluorophore
brightness, potential degradation, and label-
ing density are far more critical issues with
super-resolution microscopy, particularly as
the resolving power approaches the size of the
fluorescent label used. Inadequate labeling
can lead to confusing or erroneous images
(see the explanation and Fig. 2 in Lambert
& Waters, 2017). Effectively, the fluorophore
labeling density must satisfy Nyquist’s crite-
rion (Shroff, Galbraith, Galbraith, & Betzig,
2008), otherwise ultimate resolving power
may be compromised. For example, to achieve
a resolution of 20 nm, the structure of interest
(e.g., a microtubule) must be labeled at least
every 10 nm, and so small-sized fluorophores
(nanobodies), which reduce steric hindrance,
and directly labeled primary antibodies are
to be preferred (Carrington, Tomlinson, &
Peckham, 2019; Dong et al., 2019; Gomes de
Castro, Rammner, & Opazo, 2016). However,
oversampling does not achieve extra resolving
power beyond the diffraction limit, merely
leading to smaller-sized sampling pixels,
decreased sensitivity, and higher SNR values.

General Sample Preparation
Considerations for Super-Resolution
Imaging

While each technique will have its own
specific requirements, there are several com-

mon considerations in sample preparation that
apply in general to super-resolution imaging.
Major considerations for achieving super reso-
lution include high precision of coverslip (cov-
erglass) thickness, refractive indices of immer-
sion liquids and mounting media, and choice
of labeling strategy. Sample preparation for
super-resolution microscopy demands atten-
tion to detail—in a very similar manner to EM.

Most current microscope objectives are
designed for use with 170-μm thick cov-
erslips (Jonkman et al., 2020; Sanderson,
2019). While no. 1.5 coverslips are designed
to be 170 μm thick, inconsistencies in the
manufacturing process mean that they actu-
ally vary in thickness between 160 and 190
μm (Sanderson, 1994). No. 1.5H coverslips,
on the other hand, are precise to within ±5
μm (Cromey, 2020) and can be bought from
various suppliers (e.g., CellPath, Marienfeld,
Ibidi, Thorlabs, Zeiss). This is particularly
relevant for super-resolution imaging, as error
in coverslip thickness (Uhlig, 1964) causes
spherical aberration, with the deleterious
effect increasing with the NA of the objective.
As super-resolution techniques typically re-
quire very high NA objectives, this means that
even small variations in coverslip thickness
can lead to significant losses in detected in-
tensity due to spherical aberration (for a very
useful tutorial review, see Diel, Lichtman, &
Richardson, 2020) and an increase in SNR. All
super-resolution imaging should therefore be
performed using no. 1.5H high-precision cov-
erslips for the best results, with the cell mono-
layer grown onto or the specimen mounted
against the underside of the coverslip.

Another fundamental consideration for
sample preparation for super-resolution imag-
ing is selection of the correct objective for
imaging and ensuring that the refractive index
of the mounting medium matches that of
the immersion liquid as closely as possible.
Typical objectives used for super-resolution
imaging are designed for use with immersion
liquids with refractive indices of 1.518 for
oil objectives, 1.466 for glycerol objectives,
1.404 for silicone oil objectives (Olympus),
and 1.33 for water objectives. (Note that you
should only use immersion liquids specifically
recommended by the objective manufacturer.)
Zeiss covers most of these options by pro-
ducing multi-immersion objectives. Oil
immersion objectives generally allow for the
highest NA and have the added advantage of
matching the refractive index of glass cov-
erslips, producing an optically homogenous
system (Sanderson, 2019; Uhlig, 1964). Oil
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Table 1 Media That Closely Match Typical Immersion Objectives

Medium Product Supplier, cat. no. Notes

Mounting
mediuma

Prolong Diamond Thermo Fisher
Scientific,
P36965

Glycerol based; RI ∼1.47; stays fluid;
good for fluorescent proteins

Prolong Glass Thermo Fisher
Scientific,
P36980

Hardens; RI ∼1.52 after 48 hr curing

Prolong Gold Thermo Fisher
Scientific,
P10144

Hardens; RI ∼1.42 for Alexa dyes; not
recommended for organic dyes or
fluorescent proteins

Immersion oil Immersol Carl Zeiss 518F 1.518 at 23°C; free of fluorescence
and halogen; certified according to ISO
8036-1/2

Immersol Carl Zeiss W 1.334 at 23°C

Cargille water-RI
immersion oils

Cargille Labs For both 23°C 1.330 and 37°C 1.335;
“AAA” series of immersion oils

Olympus Silicone
immersion oil

Olympus,
SIL300CS

1.406 at 23°C

Leica Type F Leica
Microsystems

1.518 at 23°C

RI, refractive index.
aLeica and Abberior say: “Please do not use Vectashield, Vectashield Hardset, or (other) embedding media containing p-
phenylenediamine (PPD) as antifading reagent.”
References: Boothe et al. (2017); Fouquet et al. (2015); Musielak, Slane, Liebig, & Bayer (2016); Peterson, Mermelstein, & Meisel
(2015); Tejedo et al. (2019).

immersion objectives with a refractive index–
matched mounting medium can therefore
produce the highest-resolution results and can
be particularly beneficial for samples with
weak signal due to the greater collection of
light afforded by a higher NA. There are,
however, situations in which glycerol or
water immersion objectives are better suited
to the samples being imaged. For example,
live-cell imaging will usually involve samples
in aqueous medium and should therefore be
performed using a water immersion objective
(Arimoto & Murray, 2004; Heine et al., 2018;
Wan, Rajadhyaksha, & Webb, 2000).

Both water and glycerol objectives often
have a long working distance and are therefore
better suited to imaging thick samples than oil
objectives (Fig. 9 on p. 1408 of Murray, 2011).
It may help to use 2,2′-thiodiethanol, which is
miscible with water and compatible with flu-
orescence imaging (Staudt, Lang, Medda, En-
gelhardt, & Hell, 2007). It can then be used
to adjust the average refractive index of the
sample to be as homogeneous as possible.
Szczurek, Contu, Hoang, Dobrucki, & Mai
(2018) suggest using sucrose- and iohexol-
based medium mixed with the commercial

mounting medium Vectashield. Regardless of
choice of objective, it is crucial to match the
refractive index of the mounting medium as
closely as possible with that of the relevant
immersion liquid. A mismatch in refractive
index causes spherical aberration that signifi-
cantly deteriorates the PSF, resulting in loss of
resolution, particularly in the axial dimension
(Diaspro, Federici, & Robello, 2002). More-
over, this effect is not only exacerbated with
increasing focus depth but also causes a de-
crease in signal intensity and a shift in the ob-
jective focus producing image distortion along
the z-axis (Besseling, Jose, & Van Blaaderen,
2015; Diaspro et al., 2002; Egner & Hell
2006). An important exception to this rule is in
the use of TIRF-based super-resolution tech-
niques, where a mismatch in the refractive in-
dex of the sample medium and immersion liq-
uid is in fact required for achieving reflection
of the excitation laser off of the coverslip and
illumination of the sample via an evanescent
wave (Martin-Fernandez et al., 2013).

Table 1 lists commercially available
mounting media that most closely match the
refractive indices of typical immersion ob-
jectives. It is best to use liquid or soft-setting
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Figure 4 Structured illumination microscopy (SIM). (A) If unknown features in a sample are illuminated with a
known regular illumination pattern, an interference pattern (moiré fringes) will appear. The unresolved structure
of the sample can be deduced from the fringes. During image acquisition, the illumination pattern is both shifted
and rotated. (B) (i) In Fourier space, a microscope’s observable space is limited by the highest frequency in-
formation that can be transmitted by the objective (white circle). When the sample is illuminated with structured
light, some higher frequencies (lined circle) are translated into the observable region. (ii) In order to produce
isotropic improvement in lateral resolution, the structured illumination must be rotated and phase shifted and all
of the resulting images combined for the reconstruction. (C) Comparison of chromosomes imaged by widefield
microscopy versus SIM. Scale bar = 5 μm. Image acquired at the Octopus Facility at the Central Laser Facility
by Chris Lynch with input from Stephen Webb, Mohamed Yusuf, Stan Botchway, and Ian Robinson.

mountants, since hard-setting mounting
medium can compress tissues and cell sam-
ples, particularly in the axial direction.

Super-Resolution Imaging by
Structured Illumination Microscopy

SIM uses patterned illumination to help
detect high-frequency information in the
sample that would be outside of the usual
sampling range of the microscope (Fig. 4;
Gustafsson, 2000). This relies on interference
of the different high-frequency patterns of the
illumination and sample, producing lower-
frequency information, which can be used to
back-calculate the subresolution features of
the sample (Fig. 4A; Heintzmann & Huser,
2017). A reconstructed SIM image requires
several acquisitions with the illumination
patterns in different positions and orientations
(Förster et al., 2014; Gustafsson, 2000). Tra-
ditional SIM implementations use sinusoidal
illumination patterns with either two-beam
illumination for 2D SIM or three-beam il-
lumination for 3D SIM (Shao, Kner, Rego,
& Gustafsson, 2011). Numerous adaptations
of SIM have been developed with different
patterns of illumination, including multispot
(York et al., 2012; York et al., 2013), parallel

Bessel beam (Gao et al., 2012), or hexagonal
lattice (Chen et al., 2014) illumination.

Most implementations of SIM can achieve
a two-fold improvement in resolution (in x and
y on 2D SIM systems and all three dimensions
on 3D SIM systems) over diffraction-limited
systems (Gustafsson, 2000; Gustafsson et al.,
2008). The improvement in resolution is lim-
ited to two-fold because the highest frequency
pattern that can be used for illumination is
equivalent to the frequency limit of the system
optics (Gustafsson, 2000). However, SSIM
(Gustafsson, 2005) and nonlinear SIM (NL-
SIM; Rego et al., 2012) are able to overcome
this limitation through nonlinear responses of
the emission rate to the illumination by satu-
rating the fluorophore-excited state with very
high illumination intensities in the case of
SSIM or through reversible fluorophore pho-
toswitching in the case of NL-SIM (Zheng
et al., 2021). These nonlinear responses allow
for theoretically unlimited resolution.

While SIM is perhaps one of the more
complex super-resolution techniques when it
comes to understanding the physical princi-
ples behind it (e.g., Wicker & Heintzmann,
2014), it is in fact one of the easier techniques
to use in terms of sample preparation, as linear
SIM techniques are compatible with standard
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fluorescence microscopy samples and can eas-
ily be used for multicolor imaging (Bates et al.,
2012; Gustafsson, 2000; Prakash et al., 2021).
SIM can, however, be somewhat limited in
imaging thicker samples. 2D SIM particularly
struggles with out-of-focus fluorescence in
samples thicker than 5 μm, as this background
fluorescence will degrade the illumination
pattern, decreasing resolution (Ingerman
et al., 2019; Mandula et al., 2012). A simple
solution for overcoming this issue for 2D SIM
imaging is implementing this technique in a
TIRF setup (Fiolka, Beck, & Stemmer, 2008;
Roth, Mehl, & Rohrbach, 2020). Traditional
3D SIM with sinusoidal illumination provides
some computational optical sectioning capa-
bilities but cannot remove shot noise, making
it unsuitable for thicker samples (York et al.,
2012). However, this has been overcome in
newer adaptions of SIM, such as multifocal
SIM (which combines structured illumination
with optical sectioning via the use of pinholes;
York et al., 2012) and lattice light sheet (which
applies a 2D lattice illumination pattern as
ultrathin light sheets; Sancataldo et al., 2019),
and as the illumination is perpendicular to
the imaging plane, there is no out-of-focus
emission (Chen et al., 2014).

As SIM systems are generally based on
widefield setups with sensitive cameras,
this technique has advantages in terms of
high-speed imaging capabilities and lesser re-
quirements in illumination intensity compared
with techniques such as STED microscopy
(discussed below), making it perhaps the best
super-resolution technique for live-cell imag-
ing (Shao et al., 2011). While SIM requires
multiple raw images for reconstruction, the
number is far fewer than in single-molecule
localization techniques (9 to 15 for SIM vs
thousands for SMLM). Even so, capturing
these few multiple images can still usefully
reduce temporal resolution by performing
image processing operations optically instead
of digitally (York et al., 2013), making it pos-
sible to view super-resolved SIM data in real
time. SIM instrumentation has also improved
to allow for rapid imaging at 100 frames per
second (fps) with minimal photobleaching
(Markwirth et al., 2019). There are exceptions,
notably SSIM, where the saturation condi-
tions cause higher rates of photobleaching and
phototoxicity, making it less suitable for live
or biological samples in general (Gustafsson,
2005). While home building a SIM instrument
is not trivial, a detailed protocol has been pub-
lished with a parts list and fully assembly
instructions (Curd et al., 2015).

There are some ImageJ plugins specifi-
cally written for handling and analyzing SIM
data. FairSIM (Müller, Mönkemöller, Hen-
nig, Hübner, & Huser, 2016), QSIM (Gao,
2015), and SIMcheck (Ball et al., 2015) are
three of the most widely used. SIMcheck is a
suite of ImageJ plugins; these plugins assist
troubleshooting, avoid common problems
with 3D SIM data, and include calibration
tools and utilities (Demmerle et al., 2017)
for common image processing tasks. Two
particularly useful reviews (Sage et al., 2015,
2019) compare the various software analysis
packages.

Software-Based Super-Resolution
Imaging (Super-Resolution Radial
Fluctuations)

Perhaps the most accessible super-
resolution techniques are those that require no
specialized microscope setups but instead rely
on software processing of images captured
on traditional microscopes. One of the most
commonly used techniques in this category is
SRRF, which uses natural fluctuations of flu-
orophores, captured over hundreds of frames,
to predict the location of each fluorophore at
improved resolution (Gustafsson et al., 2016).
It can therefore be applied to, and is particu-
larly suited to, live-cell microscopy because
SRRF operates over a wide range of fluo-
rophore labeling densities and laser excitation
powers, whereas with PALM or STORM it
is challenging to maintain sufficient density
of fluorophores emitting in each acquired
frame. Short video clips (e.g., 40 to 80 fps)
can be processed postimage acquisition to
achieve super resolution without the need for
specialized optics and fluorescent markers or
very high laser power illumination.

The SRRF algorithm is available as the
NanoJ-SRRF ImageJ/Fiji plugin (Gustafs-
son et al., 2016; https://www.ucl.ac.uk/∼
ucbpngu/SRRF.html; https://blogs.dal.ca/
dellairelab/soms/ ). The authors say that
SRRF outperforms both the similar multi-
emitter fitting (e.g., Munck et al., 2012) and
super-resolution optical fluctuation imag-
ing (Dertinger et al., 2013; Geissbuehler,
Dellagiacoma, & Lasser, 2011; Girsault
et al., 2016; Van den Eynde et al., 2019)
approaches and provides a significant re-
duction in reconstruction artifacts. Cooper
et al. (2019) (https://micro-manager.org/wiki/
Andor_SRRF-Stream) describe the algorithm
used, called “SRRF-Stream,” and image reso-
lution and quality with EMCCD and sCMOS
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Figure 5 Stimulated emission depletion (STED) mechanism demonstrated with Alexa 647 fluorescence. (A)
Alexa 647 excitation and emission spectra. Successful depletion requires the depletion laser line to coincide with
the tail end of the emission spectrum. (B) STED microscopy is achieved by alignment of the excitation beam with
a torus-shaped depletion laser. This alignment causes depletion of fluorescent molecules within the region of
overlap, producing a subdiffraction region of emission. (C) Jablonski diagrams showing mechanism of depletion.
(i) Classical fluorescence: excited electron jumps from ground state (S0) to a higher energy state (S1); internal
conversion processes (dotted arrow) are followed by release of the remaining energy in the form of a fluorescent
photon. (ii) STED: high-energy depletion laser forces the excited fluorescent molecule to immediately return to
ground state, producing a photon with a shorter lifetime and a red-shifted wavelength. (D) Confocal and STED
imaging of J774 murine macrophage cell with nuclear pore protein NUP98 labeled with Alexa 647. (E) xz views of
nuclear pores depleted by (i) 2D STED or (ii) 3D STED. In 2D STED only lateral resolution is improved, while in
3D STED part of the depletion power can be diverted to the z-axis to improve axial resolution at a cost of slightly
lower, but still subdiffraction, lateral resolution.

cameras and various fluorophores including
fluorescent proteins and organic dyes.

As Culley et al. (2018) point out, the
simplest internal control for super-resolution
images, and way to identify processing de-
fects, is to directly compare diffraction-limited
and super-resolved images of the same sam-
ple (e.g., Moeyaert & Dedecker, 2020). To
avoid human interpretation bias, the Hen-
riques group has developed the ImageJ/Fiji
plugin NanoJ-SQUIRREL (super-resolution
quantitative image rating and reporting of
error locations). The algorithm can, under
certain circumstances, identify common

super-resolution artifacts, and it provides
complimentary information to SIMcheck,
ThunderSTORM, and QUICKPalm.

Super Resolution Imaging by
Stimulated Emission Depletion
Microscopy

STED microscopy is performed on a
confocal laser scanning setup modified with
high-powered torus-shaped depletion lasers
(Fig. 5). The STED laser is aligned with
the excitation beam and depletes emission
of the molecules in the region of overlap,
producing a subdiffraction region of emission
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(Fig. 5B; Hell & Wichmann, 1994; Klar et al.,
2000). In classic fluorescence techniques, the
excitation of a fluorescent molecule causes an
electron to jump from the ground state to a
higher energy state, and the loss of remaining
energy after internal conversion processes
results in the emission of a fluorescent photon
(Fig. 5Ci; Jablonski, 1933). In STED, this
process is interrupted, and the high-energy
depletion laser forces the excited fluorescent
molecule to immediately return to ground
state. This results in the release of a photon
with a shorter lifetime and a red-shifted wave-
length (Fig. 5Cii; Hell & Wichmann 1994;
Klar et al., 2000). The depleted emission can
then be excluded from detection by setting
specific windows of detection wavelength
and through time gating (Klar et al., 2000;
Klauss, König, & Hille, 2015; Moffitt, Osse-
forth, & Michaelis, 2011; Vicidomini et al.,
2013).

STED and GSD (Hell & Kroug, 1995) mi-
croscopy are variants of the RESOLFT con-
cept. Both STED and GSD use a “doughnut”
torus-shaped laser to improve resolution, but
STED uses this laser to deplete fluorophores
after they have been excited, whereas GSD
uses this laser to switch molecules into a long-
lived metastable dark triplet state in which
they cannot be excited (Fölling et al., 2008).
The advantage of GSD is that a much lower in-
tensity depletion laser can be used. The poten-
tial disadvantage is that fluorophore choice is
limited to those with a high triplet state yield.

The resolving power and signal intensity
are limited by the de-excitation efficiency
and photobleaching of the fluorophore la-
bel. Unwanted background noise easily
degrades STED image quality and can pre-
clude quantitative analysis. Successful STED
imaging is therefore highly dependent on
dye or fluorescent protein selection, and this
will vary depending on available depletion
laser lines (Jahr, Velicky, & Danzl, 2020).
Commercial STED systems are currently
available from Leica and Abberior, and these
are equipped with 592-, 660-, and 775-nm
depletion lasers on Leica setups and 595-
and 775-nm depletion lasers on Abberior
setups (Abberior Instruments, 2020; Leica
Microsystems, 2019). In order for a fluores-
cent molecule to be depleted, the STED laser
line must fall within the tail of the emission
spectrum for that fluorophore (Fig. 5A; Klar
et al., 2000). This means that different fluo-
rophores will be compatible with the different
available depletion lasers. Multicolor STED

can therefore be challenging because of the
undesirable overlap of the wavelengths of
excitation and quenching depletion lasers. It
is, however, possible and even beneficial to
deplete multiple fluorophores with a single
STED laser, as long as these fluorophores
can be sufficiently separated by their excita-
tion and emission properties. For example,
Török et al. (2021) report using large Stokes
shift tetrazine-functionalized bio-orthogonal
probes for multicolor STED; also see Le-
ica Microsystems and Abberior Instruments
guides for appropriate dye selection. As the
area of fluorescence emission is determined
by the STED torus, imaging multiple fluo-
rophores with a single depletion laser ensures
intrinsic alignment of the different channels
(Leica Microsystems, 2019).

Commercial systems from Leica include
continuous wave 592- and 660-nm STED
lasers and a pulsed 775-nm STED laser (Leica
Microsystems, 2019), while on Abberior sys-
tems, both the 595- and 775-nm STED lasers
are pulsed (Abberior Instruments, 2020).
Pulsed lasers provide superior results as they
reduce unnecessary laser exposure of the sam-
ple and thus minimize bleaching (Wildan-
ger, Rittweger, Kastrup, & Hell, 2008). Leica
states that typical lateral resolutions on their
systems are 50 nm for 592- and 660-nm deple-
tion and 30 nm for 775-nm depletion (though
20 nm has been achieved; Leica Microsys-
tems, 2019), while Abberior claims a typical
resolution of 40 nm (but possible down to 25
nm) using their 595-nm depletion laser and a
typical resolution of 30 nm (but possible down
to 20 nm) with their 775-nm laser (Abberior
Instruments, 2020). For directions on building
STED systems, see Wu, Wu, Toro, & Stefani
(2015) and Klauss et al. (2015).

STED can also be performed in 3D, with
isotropic resolutions of down to 40 to 45 nm
having been demonstrated on a system with
separate STEDxy and STEDz depletion lasers
combined with a 4Pi unit consisting of two
juxtaposed objective lenses (Schmidt et al.,
2008). This implementation is, however, com-
plex, requiring alignment of multiple beams,
meaning that 3D STED is more commonly
achieved through the use of a tunable splitting
device, which splits the STED beam between
the xy plane and the z axis at a user-specified
ratio (Osseforth, Moffitt, Schermelleh, &
Michaelis, 2014). While this implementation
is far simpler, it does result in a tradeoff
between lateral and axial resolution. Typical
isotropic resolution achieved on these systemsValli and
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are generally around 70 to 75 nm (Leica
Microsystems, 2019).

Because of the high laser intensities, live-
cell STED is challenging (Lemon & McDole,
2020; Steffens, Wegner, & Willig, 2020). Flu-
orophore photobleaching can be minimized
using fluorophores with a low-absorption
cross-section to reduce triplet state excitation
(Vicidomini, Bianchini, & Diaspro, 2018),
and Abberior has brought out a series of
LIVE permeant live-cell dyes for STED and
confocal imaging. As with classic confocal
microscopy, temporal resolution in STED is
limited by scanning speed and the SNR; see
Figure 4 in Wu, Xu, & Xi (2021) for a com-
parison of how different STED configurations
compare in 3D axial and temporal resolu-
tion. One of the latest approaches to live-cell
RESOLFT microscopy is to use multifocal
illumination via a “honeycomb” arrangement
to switch fluorescent proteins (Bodén et al.,
2021; Dreier et al., 2019) and to parallelize the
operation in 3D in order to improve temporal
resolution and rapidly acquire 3D datasets.
Two studies (Kilian et al., 2018; Oracz, West-
phal, Radzewicz, Sahl, & Hell, 2017) assess
sources of photodamage in STED microscopy
and demonstrate that limiting transfection and
expression of fluorescent protein markers us-
ing antioxidants and ROS-scavenging buffers,
employing far-red markers, limiting laser peak
intensities, and increasing the pulse duration
of the de-excitation STED laser all mitigate
the effects of phototoxicity (for a review of fast
live-cell 3D imaging, see Vicidomini et al.,
2018).

Super-Resolution Imaging by
Single-Molecule Localization
Microscopy (dSTORM, PALM,
DNA-PAINT)

SMLM is a collective term for a plethora
of techniques that share the basic principle
of differentiating individual fluorophores by
causing them to switch on and off stochas-
tically (Fig. 6; Sauer & Heilemann, 2017).
While fluorophores within subdiffraction dis-
tances of one another cannot be differentiated
when fluorescing simultaneously, causing
them to fluoresce at different times allows
for their localizations to be pinpointed with
high precision (Fig. 6A). The main difference
between SMLM techniques is the switching
mechanism they employ (van de Linde &
Sauer, 2014; Zhang & Raymo, 2020). The
most commonly used SMLM techniques
include dSTORM, PALM, and DNA-PAINT;
each of these is briefly described below.

dSTORM takes advantage of natural long-
lived dark states of organic dyes, from which
the fluorescent molecules cannot be excited
without first returning to the ground state
(Heilemann et al., 2008). In this technique,
organic dyes are driven into the dark state
through the use of specialized buffers with
reducing and oxygen-scavenging properties
(Fig. 6B; Heilemann et al., 2008; Henriques,
Griffiths, Hesper Rego, & Mhlanga, 2011;
Lehmann, Lichtner, Klenz, & Schmoranzer,
2016). Cycling of dyes into the dark state
and stochastically back to ground state causes
blinking of individual fluorescent molecules
within the sample (Heilemann et al., 2008),
which can be influenced by the nature of the
fluorophore environment, antifade reagents,
and in particular the antioxidant Trolox (Saur
& Heilemann, 2017).

PALM, meanwhile, uses specific photoac-
tivatable or photoswitchable fluorophores.
Photoactivatable fluorophores are generally
found in a native off state, in which they can-
not be excited until a conformational change
is induced by an activation wavelength, com-
monly UV (Fig. 6C; Betzig et al., 2006).
Nanographenes (Liu et al., 2020) have been
proposed as ultrastable, very bright markers
for SMLM. Photoswitchable fluorophores, on
the other hand, natively fluoresce at a partic-
ular wavelength, but an activation wavelength
induces a conformational change producing
fluorescence at a longer wavelength (Betzig
et al., 2006). Single fluorophore localizations
are achieved in PALM through cycling of low
levels of activation light to turn on or switch
a small subset of the fluorophores in a sample
(Betzig et al., 2006).

DNA-PAINT is a newer SMLM technique
that relies on DNA binding dynamics to
achieve blinking. In this technique, target
molecules are labeled with antibodies conju-
gated to single DNA strands (Jungmann et al.,
2014; Oi et al., 2020). Fluorophore-bound
complementary strands are then introduced
into the solution, and these transiently bind
to the strands on the sample. This transient
binding temporarily immobilizes fluorophores
in the imaging plane, resulting in a blinking
effect (Fig. 6D; Cnossen et al., 2020). For
further explanation and stepwise protocol,
see Schnitzbauer, Strauss, Schlichthaerle,
Schueder, & Jungmann (2017). A very similar
technology is DNA-linked “super beacon”
dyes (Pereira, Gustafsson, Marsh, Mhlanga,
& Henriques, 2020), which eliminate the need
for photodamaging levels of illumination or
photoswitching-inducing buffers.
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Figure 6 Single-molecule localization microscopy (SMLM). (A) (i) A hypothetical fluorescently
labeled structure; (ii) Diffraction-limited microscopy: All molecules fluoresce simultaneously, and
their localizations cannot be differentiated; (iii) SMLM: By causing “blinking” of molecules, individ-
ual localizations can be pinpointed to build up a visualization of the overall structure (see Sahl
& Moerner, 2013). (B) Principle of direct stochastic optical reconstruction microscopy (dSTORM):
Jablonski energy diagram showing how fluorophores switch between fluorescent and long-lived
dark states. (C) Principle of photoactivated localization microscopy (PALM): Photoactivatable fluo-
rophores cannot be excited without exposure to an activation wavelength, commonly UV light. (D)
Principle of DNA-based point accumulation for imaging in nanoscale topography (DNA-PAINT):
Transient binding temporarily immobilizes fluorophores in the imaging plane, resulting in a blink-
ing effect. (E) dSTORM imaging of J774 murine macrophage cell with NUP98 labeled with Alexa
647 shows the expected diameter of a nuclear pore. NUP98 is found in multiple parts of the nu-
clear pore complex and is therefore not visible as a ring structure. Normalized Gaussian rendering;
uncertainty forced to 1 nm to display individual localizations as point objects.

All of these techniques have similar ca-
pabilities in terms of resolution, with typical
lateral resolutions of 10 to 20 nm (von
Diezmann, Shechtman, & Moerner, 2017).
SMLM techniques are commonly performed
in a TIRF setup, with a very narrow imaging
plane close to the coverslip, and are thus

commonly performed in 2D. 3D SMLM is,
however, possible in widefield setups (von
Diezmann et al., 2017) using approaches
such as engineering of the PSF to assess
z-position or through the use of more spe-
cialized setups, such as highly inclined lam-
inated optical sheet (Tokunaga, Imamoto, &
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Sakata-Sogawa, 2008), selective plane illu-
mination microscopy (Galland et al., 2015),
or probe-refresh STORM (Lin, Gagnon,
Howard, Halpern, & Vaughan, 2018), a similar
method to DNA-PAINT. Given the similarity
in resolution, choice of appropriate single-
molecule technique will be based on other
requirements of the experiment. For example,
experiments requiring multicolor imaging can
be most easily achieved using DNA-PAINT
(or similar PAINT techniques); multicolor
imaging can be difficult by dSTORM or
PALM due to limitations in compatible dyes
and fluorophores (Arsić, Stajković, Spiegel, &
Nikić-Spiegel, 2020; Chen, Bestvater, Schau-
fler, Heintzmann, & Cremer, 2018; Ji, Shroff,
Zhong, & Betzig, 2008; Lampe, Haucke,
Sigrist, Heilemann, & Schmoranzer, 2012;
van de Linde et al., 2009). DNA-PAINT,
meanwhile, does not suffer from these lim-
itations and can be extended to labeling of
theoretically infinite structures of interest
through sequential labeling with washing out
of labels in between (Jungmann et al., 2014).
Single-particle tracking experiments require
the use of live cell–compatible techniques
and are therefore limited to PALM or adapted
PAINT techniques such as Tag-PAINT, LIVE-
PAINT, or L-H DNA-PAINT (Geertsema
et al., 2021; Nieves et al., 2019; Oi et al.,
2020). SOMAmers, a class of DNA aptamers
that are much smaller than antibodies, can be
used to label proteins (Moore & Legant, 2018;
Strauss et al., 2018). Finally, experiments re-
quiring quantitation of clustering should take
into consideration the multiple localizations
that arise from blinking of dyes in techniques
such as dSTORM (Puchner, Huang, & Gaub,
2014) and will be better suited to the use
of PALM or qPAINT, in which quantitation
is based on label-binding kinetics that are
more predictable that complex dye kinetics
(Jungmann et al., 2016).

The potential errors from SMLM tech-
niques are two-fold: those that degrade re-
solving power from localization imprecision
and position bias (Cohen, Abraham, Ramakr-
ishnan, & Ober, 2019; You, Chao, Cohen,
Ward, & Ober, 2021). Poor photoswitching
rates and very high local concentrations of flu-
orophore labeling can also lead to artifacts
(Burgert, Letschert, Doose, & Sauer, 2015;
Shivanandan, Deschout, Scarselli, & Raden-
ovic, 2014), as can “linkage error” (the dis-
tance between the protein target and its fluo-
rescent label). Background signal and camera
pixel size directly influence SNR in the image,
and—just as with live-cell imaging—stage

or sample drift can negate attempts to col-
lect high-quality data (Costello & Cox, 2021;
Mund & Ries, 2020). In a recently published
paper, Patel, Williamson, Owen, & Cohen
(2021) discuss statistical methods to improve
stochastic localization precision, mitigating
for missed blinks and false positives, while
Diekmann et al. (2020) advise on improv-
ing speed and sensitivity of image acquisi-
tion. See Möckl & Moerner (2020) and Khater,
Nabi, & Hamarneh (2020) for good reviews of
SMLM techniques, Jimenez et al. (2020) for
practical advice regarding sample preparation
and probes, and Glushonkov, Réal, Boutant,
Mély, & Didier (2018) for a combined PALM-
dSTORM stepwise protocol.

The ImageJ plugins ThunderSTORM
(Ovesný, Křížek, Borkovec, Svindrych, &
Hagen, 2014), rapidSTORM (Wolter et al.,
2012), QUICKPalm (Henriques et al., 2010),
and SMLocalizer (Bernhem & Brismar, 2018)
are all available as open-source software to
analyze SMLM data. A 2019 review (van
de Linde, 2019) compares these plugins and
other tools, such as the Python-based Vivid-
STORM (Barna et al., 2016), for localization
microscopy.

Localization microscopy is a widefield
technique, so preparing a microscope does
not present the same challenges as for SIM or
STED microscopy, where additional optical
components are required. Almada, Culley,
& Henriques (2015) describe how to adapt
a system for large fields of view with high
throughput using sCMOS detectors. MIN-
FLUX, a recent development (Gwosch et al.,
2020), combines SMLM with a STED-like,
doughnut-shaped excitation beam to further
improve resolution. Molecules directly under
the center of this doughnut-shaped beam will
not be excited, and MINFLUX thus uses this to
probe multiple positions to localize individual
switchable fluorophores. Crucially, MIN-
FLUX thus determines the position of the flu-
orophore not by where fluorescence is present
but by where it is absent (Strack, 2017). MIN-
FLUX nanoscopy provides 1- to 3-nm resolu-
tion in fixed and living cells. This is at the level
of resolution of the size of the conjugated flu-
orophore probe. The much lower light fluxes
permit concomitant increases in temporal
resolution and allows imaging of living cells.

Super-Resolution Imaging by Pixel
Reassignment

With improved PMT detectors, a great deal
of effort has gone into improving the SNR
of confocal microscopes. Improving SNR
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Figure 7 Pixel reassignment by Airyscanning. (A) Confocal pinhole is substituted with a 32-
element Airyscan detector array. Each detector is equivalent to a 0.2-AU pinhole, but the array
maintains the light collection efficiency of a 1.25-AU pinhole. (B) J774 murine macrophage cell
with nuclei stained with DAPI and nuclear pore protein NUP98 labeled with Alexa 647. Compari-
son of confocal and Airyscan. High-quality confocal imaging with scan speed, Kalman averaging,
and Nyquist sampling maximized for optimum signal-to-noise ratio. Improved resolution provided
by Zeiss Airyscan imaging and automatic deconvolution processing. The objective used was a
high-Strehl-ratio plan Apochromat 63×/NA 1.4. Scale bar = 1 μm.

is usually achieved at the expense of image
acquisition speed and resolving power—the
so-called “iron triangle” (Fig. 2). The underly-
ing concept is the mutual dependency between
these three unavoidable constraints: resolving
power, acquisition speed, and SNR. These
constraints must be considered as tradeoffs
when planning an imaging experiment, as
discussed in Strategic Planning.

The resolving power of a confocal micro-
scope is marginally improved over that of
a widefield microscope because the overall
image PSF is the product of both illumination
and detection PSFs, but this advantage is
achieved only (Cox & Sheppard, 2004) by
closing down the pinhole, ultimately to zero,
at the expense of rejecting 95% of signal
intensity at a setting of 0.2 AU to subsample
the PSF. With this smaller pinhole, besides
resolving power, contrast and SNR are also
increased. Many years ago, Colin Sheppard
(1988) realized that collecting this rejected
light could be used as a form of structural
illumination to improve resolving power. This
approach works because a displaced pinhole
produces an image about equal to the resolv-
ing power of a pinhole aligned to the optical
axis but of lower intensity. Since the PSF is
the product of illumination and detection, this
is true also of the PSF arising from a displaced
detector.

A high-sensitivity, multichannel gallium
arsenide phosphide PMT detector is able
to detect these offset signals with improved
SNR. The problem is that, with respect to
the detector axis, each individual image is
recorded from a slightly different viewing
angle and suffers from parallax. Combining
these without further processing would lead
to a blurred final image, so each individual
image must first be shifted onto a common
axis (for an excellent illustrated explanation,
see York et al., 2013). Software then sums
the signal and applies a deconvolution filter
to enhance image features near the cutoff fre-
quency. This processing is usually performed
in Fourier space (Demmerle et al., 2015)
to avoid artifacts before converting back to
images. (Fourier transforms describe images
in terms of their sine and cosine components.)

Zeiss markets this technology as the
Airyscan (Fig. 7; Weisshart, 2014), a detector
like an insect’s compound eye consisting
of 32 elements, each equivalent to a point
detector sampled with a 0.2-AU pinhole (Fig.
7A). These elements are arranged in a circular
geometry, such that the total detector area is
equivalent to a 1.25-AU pinhole setting. The
spatial resolution of the final reconstructed
image is defined by the sampling of the central
pixel, comparable to images acquired with
a conventional confocal at a 0.2-AU pinhole

Valli and
Sanderson

18 of 35

Current Protocols



setting, while the total sensitivity of the
system is equivalent to 1.25 AU (Fig. 7A).
The Airyscan is a PMT detector, rather than
a CCD/CMOS camera, which enables fast
readout. It scans the entire Airy disc, hence
the name.

Simple pixel reassignment is not the only
method; slightly different image scanning
approaches may be taken (Gregor & Ender-
lein, 2019; Ward & Pal, 2017), such as using
digital micromirrors or rescanning the image
and shifting the phase of the Fourier image
rather than shifting pixels directly in order
to improve raster speed and axial resolution.
Expanding the beam containing the emitted
signal before descanning it (Lam, Cladière,
Guillaume, Wassmann, & Bolte, 2017) is the
approach adopted by Olympus and Leica,
each with patented deconvolution software
(Lopez, Fujii, Doi, and Utsunomiya, 2019)
since the Airyscan is patented by Zeiss. Over-
all a 1.7× resolving power improvement is
achieved to give a lateral resolving power
of 140 nm and an axial resolving power of
400 nm. Since the information still comes
from a diffraction-limited pattern, it is limited,
as with other structured illumination methods,
to a two-fold increase in resolving power.

Assessing Different Super-Resolution
Methods: Which One Is Best for You?

First and foremost, which method is best
may be determined for you by whether your
institution has a particular super-resolution
system installed. If you are fortunate to have
access to an open-access, dedicated super-
resolution facility (e.g., ESRIC run by J.V.)
then the choice of which system to use de-
pends on the nature of your sample, how it
withstands irradiation, and what informa-
tion and resolution you require in the final
image. Figure 8 shows a comparison of the
spatial and temporal resolutions of different
techniques. For a guide to selecting the right
super-resolution technique based on your
research question, see Valli et al. (2021).

STED imaging involves very high irradi-
ant fluxes, yet its advantage is its similarity
to confocal microscopy and that it is the
only direct super-resolution technique. It is
therefore relatively fast and involves little or
no postprocessing of images. SIM will not
surpass the Abbe limit by more than two-fold,
and localization microscopy (SMLM) is very
dependent on labeling density, SNR, and
photon count since it never detects all the
fluorescent label in a particular structure. For

that reason, it is the most difficult technique of
the three in which to truly assess resolution.

SIM is not much better than a well-tuned
confocal microscope. Since the images are
postprocessed, they are particularly prone
to reconstruction artifacts, depending on the
assumptions made about the PSF and optical
transfer function (Wu & Shroff, 2018). SIM
is well suited to improving resolution and
visibility of widely spaced structures and
those that extend axially along the z-axis.
SIM uses the same dyes as widefield and
confocal microscopy, so multicolor z-stacks
are easy to acquire. It is possible to acquire
up to four color channels in SIM, as opposed
to a maximum of two channels for STED
or SMLM. SIM images can be acquired in
minutes, its temporal resolving power lying
between STED and SMLM.

It is important to remember that with
switching fluorophores on and off, super-
resolution microscopy records fluorophore
distribution rather than structure per se. When
once we taught students that the objective
is the microscope and the ultimate limit
on resolving power and image quality, in
super-resolution microscopy that limit is now
due to the nature, size, conjugation quality,
brightness, photostability, and distribution
of the fluorophore(s). If two fluorophores
simultaneously fluoresce during a single cam-
era exposure, it is possible for software to
assign two locations as one between the two
molecules. Thus it is important to use bright
fluorophores. Overexpression of fluorescent
proteins can significantly perturb the sample
and alter the useable image. It is much easier
to perform multicolor labeling with SIM than
with STED or SMLM, and using multiple
wavelengths to give multicolor images is par-
ticularly challenging with STED. Despite the
high light fluxes, one group (Steffens et al.,
2020) has used STED microscopy on account
of its 3D sectioning capability to perform
intravital live-cell imaging of neurons in mice
via an adjustable cranial window. For a recent
review of imaging through cranial windows,
see Cramer et al. (2021).

STED and localization microscopy make
huge demands on fluorophores, so it is cru-
cial to use the latest, most robust dyes (e.g.,
see Current Protocols article by Kasuboski,
Sigal, Joens, Lillemeier, & Fitzpatrick, 2012;
Török et al., 2021). You can get away with a
lower labeling density with diffraction-limited
microscopy, where the diffraction limit “fills
the gap” in the structure, but this is not possi-
ble with super-resolution microscopy. STED
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Figure 8 Spatiotemporal resolutions typically achieved by super-resolution techniques. (A)
Ranges of lateral (xy), axial (z), and temporal (T) resolutions typically achieved using each tech-
nique on biological samples. *Temporal resolution of confocal-based techniques depends on
frame size. (B) Lateral versus axial resolution of different techniques on biological samples, color
coded according to temporal resolution scale in C. (C) Temporal resolution of different techniques.
For single-molecule detection techniques (SMLM/MINFLUX), individual localizations and particle
tracking (SPT) can be acquired very rapidly, but imaging of overall structure requires numerous lo-
calizations and is therefore slow. SIM, structured illumination microscopy; SMLM, single-molecule
localization microscopy; SPT, single-particle tracking; SRRF, super-resolution radial fluctuations;
STED, stimulated emission depletion microscopy. Adapted and reprinted from Valli et al. (2021)
under CC BY 4.0 license.

also potentially suffers from high signal to
background (Wegel et al., 2016), and when
this is the case, SIM and SMLM are supe-
rior, particularly for densely packed structures,
even though STED images do not require com-
putational postprocessing. Keep in mind the
control you design into the experiment so as
not to be fooled by potential artifacts (Endes-

felder & Heilemann, 2014). One reality check
(Marx, 2013) is to computationally blur a
super-resolution image to check that it resem-
bles the confocal image that you are familiar
with. Another useful check is to process your
images through NanoJ-SQUIRREL (Culley
et al., 2018). It is also possible to use software
(Reinhard, Aufmkolk, Sauer, & Doose, 2019)
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to automatically register images collected by
SIM and dSTORM for comparison with each
other to review the real nature of the datasets
collected by super-resolution microscopy.

Localization is particularly suited to fixed
cells, more so than STED according to Bet-
zig. Localization microscopy can deliver
single-molecule spatial precision without
the high photon flux of STED (between
10 kW/cm2 and 1 GW/cm2). Hell disagrees
and counters that STED and RESLOFT are
computationally simpler and so less likely to
introduce artifacts into the image. Live-cell
super-resolution microscopy is all the more
challenging because you need to achieve tem-
poral as well as spatial resolution. Diekmann
et al. (2020) offer useful practical insights into
optimizing temporal resolution and sensitivity
for SMLM. SIM offers the best compromise
for live-cell imaging, but any live-cell work
with localization microscopy will only collect
a few frames (about 1 s worth of video) before
the cell is literally fried. Combining SIM
systems with light sheet illumination systems
(Chatterjee, Wijaya Pratiwi, Wu, Chen, & Bi-
Chang, 2018; Wu & Shroff, 2018) or splitting
the output of a pulsed laser normally used for
multiphoton microscopy (Ji, Magee, & Betzig,
2008) holds promise for the future of live-cell
imaging, but combining two technologies like
this calls for specialist or home-built imaging
platforms and all the complexity that entails.
Jacquemet, Carisey, Hamidi, Henriques, &
Leterrier (2020) have published a guide to
super-resolution microscopy that grades the
various techniques according to versatility,
availability, resolving power, sample friendli-
ness, image fidelity, and multicolor imaging.
Their results are summarized in Table 2.

The newest approach to resolving struc-
tures below the resolving power of classic
light microscopes is expansion microscopy.
This involves isotropic specimen expansion,
physically expanding preserved tissue em-
bedded in a swellable hydrogel to allow
subdiffraction-sized structures and cell or-
ganelles to be resolved (70-nm lateral and
200-nm axial resolution) and recorded. There
are reports that fluorophores are generally
quenched to about 50% initial brightness.
Fluorophores for STED microscopy, such as
Alexa 488 and Atto 565, are recommended.
Other dyes, such as Alexa 647 or Cy5, are de-
graded during the polymerization step. Space
precludes a full treatment of this subject here;
the reader is referred to Faulkner, Thomas,
& Neely (2020); Gao, Asano, & Boyden

(2017); a Current Protocols article by Klimas,
Gallagher, & Zhao (2019); Truckenbrodt,
Sommer, Rizzoli, & Danzl (2019); Wassie,
Zhao, & Boyden (2019); and Zhang, Kang,
Asano, Gao, & Boyden (2020).

Lambert & Waters (2017, p. 35) pro-
foundly remark, “super-resolution microscopy
can greatly reward the rigorous user but has the
potential to punish the casual user … requir-
ing careful planning of specimen preparation,
rigorous attention to instrument optimization
and image acquisition, and a thorough under-
standing of the practical limitations, sources
of error, and artifacts.” The introduction in
their paper is well worth reading. In conclud-
ing their paper, Lambert and Waters point out
that diffraction-limited widefield microscopes
are perfectly capable of detecting single
molecules and, in most cases, are more sen-
sitive than super-resolution setups. Equally,
well-executed image analysis, planning of
which we said earlier should precede any ex-
perimental work, can be used to make pre-
cise measurements of fluorescing structures
and features well below the diffraction limit to
reveal information that cannot be seen by eye.

CONCLUSIONS
As a powerful emergent technique in the

last 15 years, much has been written about
nanoscopy—so-called super-resolution mi-
croscopy. In 2014, Eric Betzig, Stefan W.
Hell, and William E. Moerner equally shared
the Nobel Prize for Chemistry for “the de-
velopment of super-resolved fluorescence
microscopy” and how the optical microscope
became a nanoscope. We recommend you
read their Nobel lectures provided in the Key
References, the brief report in Nature (Van
Noorden, 2014) that describes how the work
of the three Nobel laureates inter-relates, and
the superbly readable narrative by Sahl & Hell
(2019). There have also been some excellent
reviews published by experienced practition-
ers, and the following are recommended:
Follain, Mercier, Osmani, Harlepp, & Goetz
(2017); Sahl et al. (2019); Sahl, Hell, & Jakobs
(2017); Schermelleh et al. (2019); Turkowyd,
Virant, & Endesfelder (2016); Valli et al.
(2021); and Vangindertael et al. (2018).
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