Strategies to maximize performance in STimulated Emission
Depletion (STED) nanoscopy of biological specimens
Wiebke Jahr

Philipp Velicky

Johann Georg Danzl1

Institute of Science and Technology, Austria
Am Campus 1, 3400 Klosterneuburg, Austria
1
johann.danzl@ist.ac.at

Abstract
Super-resolution fluorescence microscopy has become an important catalyst for
discovery in the life sciences. In STimulated Emission Depletion (STED) microscopy, a pattern of light drives fluorophores from a signal-emitting on-state to a
non-signalling off-state. Only emitters residing in a sub-diffraction volume around
an intensity minimum are allowed to fluoresce, rendering them distinguishable
from the nearby, but dark fluorophores. STED routinely achieves resolution in the
few tens of nanometers range in biological samples and is suitable for live imaging.
Here, we review the working principle of STED and provide general guidelines
for successful STED imaging. The strive for ever higher resolution comes at the
cost of increased light burden. We discuss techniques to reduce light exposure and
mitigate its detrimental effects on the specimen. These include specialized illumination strategies as well as protecting fluorophores from photobleaching mediated
by high-intensity STED light. This opens up the prospect of volumetric imaging
in cells and tissues with diffraction-unlimited resolution in all three spatial dimensions in living samples.

Keywords: Fluorescence Microscopy, Optical Imaging, Super-Resolution Microscopy, Nanoscopy, Stimulated Emission Depletion Microscopy, STED, Protected STED, Live Imaging, Photodamage

1

1 Introduction
Light microscopy is an extremely valuable tool for the life sciences. Its broad usefulness
is underscored by the following features: (1) Sample preparation is often straightforward.
(2) Light microscopy is uniquely suited to attain molecular contrast and, in multicolour
measurements, to visualize mutual spatial arrangements. (3) Fluorescence microscopy
boasts exquisitely high signal-to-background ratio with detection efficiency ultimately
down to the single-molecule level. (4) Optical sectioning facilitates high-contrast volumetric imaging. (5) Light microscopy allows analysing living systems. These features
set optical microscopy apart from other valuable biological imaging approaches, such
as electron microscopy (EM), which has exquisite spatial resolution but is incompatible
with imaging of living specimens and offers more limited access to molecular information.

1.1 The diffraction limit
Conventional light microscopes are fundamentally limited in their spatial resolution by
diffraction of light waves to about half the wavelength of light or ∼200 nm 1–4 . Accordingly, features residing closer to each other than this diffraction resolution limit cannot
be discerned, thus preventing the analysis of fine structural details. Many biologically
relevant entities, such as cellular organelles or (macro)molecular machineries are assembled on much finer spatial scales. The diffraction limit only applies to “lens-based”
microscopy, i.e. methods that operate in the optical “far field”, where the components
of the imaging system are positioned at distances from the structure of interest that
are large compared to the wavelength of light. In contrast to “near-field” methods 5,6 ,
far-field imaging permits analysing structures inside cells or tissues non-invasively.

1.2 Super-resolution microscopy
Several powerful methods have emerged that break the diffraction resolution limit.
Diffraction-unlimited optical “nanoscopy” or “super-resolution” fluorescence microscopy
approaches offer spatial resolution that is no longer conceptually limited 7–14 . These
methods routinely achieve resolution of tens of nanometers in fixed and living samples and now reach into the single-digit nanometer domain 15,16 . They can be broadly
categorized into “coordinate-targeted” methods, such as STimulated Emission Depletion (STED) microscopy, which is the focus of this review, and single-molecule based
“coordinate-stochastic” methods. Both rely on preparing fluorophores within a diffractionlimited zone in distinguishable molecular states and reading them out sequentially 7,17 .
Any appropriately controllable state transition that turns fluorophores “on” and “off”
or, more generally speaking, that renders them distinguishable is suited.
In the single-molecule based methods 8 , a sparse subset of fluorophores is activated
in each imaging frame and the location of these spatially well separated single molecule
emission events is pinpointed with high precision. Thus, a super-resolved image builds up
cumulatively from many consecutive imaging frames. These methods include STochastic
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Optical Reconstruction Microscopy (STORM) 18 , (Fluoroescence) PhotoActivation Localization Microscopy (PALM, 19 ; fPALM, 20 ), and a series of other variants which differ
in the precise mechanism of fluorophore activation, e. g. Direct-(d)STORM and Ground
State Depletion microscopy followed by Individual Molecule return (GSIDM) 21,22 . Also
distinguishing between transiently bound and diffusing molecules in (u)PAINT ((universal) Point Accumulation for Imaging in Nanoscale Topography 23–25 ) and DNA-PAINT 26
generates the required sparse highlighting of target molecules.
In coordinate-targeted nanoscopy, a pattern of light determines the regions where
fluorescence is allowed to originate from, i.e. where fluorophores reside in a signalemitting “on”-state, on spatial scales finer than the diffraction limit (Fig. 1). The
prototypical example is STED microscopy 27–29 . Here, a light pattern transiently silences
fluorophores by stimulated emission except for those residing in the immediate (subdiffraction) vicinity of an intensity minimum, ideally an intensity “zero”. The STED
light pattern is spatially overlapped with the excitation light.
In addition, several techniques have pushed the limit of resolution while still remaining
conceptually limited by diffraction. These do not require on/off switching of fluorophores
and hence often offer fast and gentle imaging conditions where only moderate resolution
increase over conventional microscopy is required. For example, 4Pi- 30 and I5M- 31 microscopy increase the resolution along the optical (z-)axis by exploiting interferometric
effects. Structured illumination microscopy in its linear variant yields a resolution enhancement by a factor of two over conventional widefield imaging 32,33 . However, in its
nonlinear variant, conceptually unlimited resolution increase is achieved via saturation
of fluorophores 34,35 .
An interesting alternative super-resolution approach has recently emerged. “Expansion microscopy” increases effective spatial resolution by embedding in and linking the
sample to a swellable hydrogel that is then isotropically expanded 36 . Here, rather than
increasing optical instrument resolution, the physical separation between fluorophores
in the sample is increased. Effective resolution is thus increased, presently down to
∼25 nm on conventional light microscopes 37–39 . By design, this method is limited to
fixed samples.
In this review, we focus on strategies to improve STED microscopy. We will first
briefly recall some of the basic features of the interaction of light with biological matter
in fluorescence light microscopy. These considerations apply to diffraction-limited as well
as super-resolution microscopy but merit special attention in nanoscale optical imaging
because they are more likely to become limiting factors here.

1.3 Interaction of light with biological samples and fluorophores
In fluorescence microscopy, absorption of an excitation light photon by a fluorophore
followed by emission of a fluorescence photon is the desired mode of interaction between
light and fluorophores (Fig. 1b) 40 . Here, fluorophores are excited from the ground state
(typically a singlet state S0 ) to the first excited state S1 . The excited state lifetime
of fluorescent labels is typically a few nanoseconds (∼1-4 ns). The emitted fluorescence
light is of longer wavelength because some energy is dissipated via vibrational transitions,
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Figure 1 STED nanoscopy. a Schematic of molecular states for nanoscopy. b Top: Energy diagram.
S0 , singlet ground state; S1 , first excited state; τfluo , fluorescence lifetime. Curved arrows: photons.
Bottom: Excitation and emission spectra of typical fluorophore with wavelengths for excitation and
STED (vertical lines) and detection window. c Left: In conventional laser-scanning microscopy, all
fluorophores within a diffraction-limited laser focus are excited simultaneously (orange stars) and are
hence indistinguishable. Middle and right: In STED nanoscopy, a light pattern superimposed with the
excitation focus transiently silences fluorophores (black stars) except for those located at an intensity
zero, thus making fluorophores distinguishable on sub-diffraction length scales. IS , saturation intensity;
Imax , maximum STED intensity. d Timing in STED nanoscopy. The scale is zoomed into an individual
excitation (cyan) and STED (red) pulse pair. Fluorescence signal time course (orange) is indicated for
the location of the STED light intensity zero. Signal integration time is typically (tens of) µs at each
scan position. Colour code applies to all figures.

leading to a “Stokes shift” between the maxima of excitation and emission spectra.
Direct absorption of light by biological specimens Many cellular constituents absorb light, which is usually undesired in fluorescence microscopy. Often, absorption cross
sections rise for shorter wavelengths. For example, absorption by proteins drastically
increases in the blue and UV range due to the presence of aromatic amino acid side
chains. Similarly, nucleic acids absorb in the UV. Many further cell and tissue resident
chromophores, such as e. g. hemoglobin or cytochrome c, display distinct absorption
spectra. All of these lump together to a wavelength-dependent tissue absorption coef-
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ficient 41,42 that decreases from the UV/blue to the red/near infrared range, such that
long wavelengths prove advantageous for imaging.
Autofluorescence Along the same lines, some of the cellular constituents not only absorb light but also act as endogenous fluorophores. Although they typically exhibit low
quantum yield (i.e. low probability of emitting a fluorescence photon upon excitation)
they may collectively contribute a significant undesired background signal, reducing
signal-to-background ratio in fluorescence imaging. Such autofluorescence is often excited more efficiently with blue than with red light, thus again rendering the red to near
infrared spectral region an attractive choice for imaging 40 . Endogenous fluorophores typically exhibit short fluorescence lifetime, such that time-resolved fluorescence detection
can be useful for suppressing this unwanted background.
Scattering and aberrations Under ideal conditions, imaging light would traverse the
biological specimen in an unperturbed manner as in a perfectly transparent and homogeneous sample of the appropriate refractive index, thus producing an ideal focus in
the sample or on the detector. However, scattering of light at refractive index inhomogeneities in biological samples can be a major factor limiting imaging performance
in diffraction-limited microscopy but even more so in super-resolution microscopy, especially when aspiring to image deep in tissue samples. While the precise dependence
on wavelength varies with the size of the scatterers, there is overall a steep decline of
scattering cross section with increasing wavelength 42–44 .
Similarly, a mismatch between sample refractive index and the optical design of the
objective lens including immersion, as well as spatial variation of the sample’s refractive
index may induce optical errors (aberrations), deteriorating imaging performance.
Spectral window for imaging Absorption by most cellular constituents decreases with
wavelength, just as scattering does. The absorption cross section of water rises in the
near infrared region, thus defining in between a spectral “window” in the red to near
infrared region that is often considered desirable for optical imaging 45 .
Mechanisms of sample damage Absorption of light by molecular constituents of cells
and tissues or fluorescent labels may lead to physiological or structural alterations of the
sample which are particularly of concern when imaging living specimens. The precise
mechanisms of sample damage depend on the characteristics of the light exposure. They
include direct absorption with covalent bond breakage and radical formation, especially
for short wavelength light and deposition of excessive energy leading to thermal damage.
Photobleaching Fluorophores mediate an important and often dominant part of photodamage. Mechanisms of photobleaching include excitation of fluorophores to higher
lying molecular states Sn . From there, they are likely to transition to triplet states Tm
(“inter-system crossing”) or even dissociate in case they are excited to a non-binding

5

state 46 (Fig. 3a). As fluorophores bleach, radicals are generated that may lead to a reaction cascade involving reactive oxygen species, such as singlet oxygen. These compounds
constitute a redox burden and may react with cellular constituents in the vicinity, damaging molecules important to the cell’s function. Ultimately this may overwhelm cellular
redox buffering and repair mechanisms and lead to irreversible damage and cell death.
Compared to diffraction-limited microscopy, super-resolution imaging with its on/off
switching cycles and increased light doses and intensities puts an additional burden on
the sample and a higher demand on fluorophores. Clearly, if perturbation of the sample
is overwhelming, no informative imaging data can be collected. But also in less severe
situations, bleaching reduces the number of fluorophores available for the measurement
and thus decreases signal-to-noise ratio (SNR) and hence the meaningful resolution that
can be dialled into a STED measurement 47,48 . Moreover, in order to decode the spatial
distribution of target molecules, they must be decorated with fluorescent labels reporting on their positions. The fraction of target molecules associated with a functional
fluorophore determines whether they are adequately sampled. Taking into account the
sampling theorem, this labelling density is thus a direct determinant for the achievable
biologically meaningful resolution, which is again jeopardized by photobleaching.
While there is general consensus that reduction of light exposure and photobleaching
is highly desirable 49 , systematic studies on the effects of light exposure on (living) biological specimens in super-resolution imaging are relatively sparse. For example, the
Sauer group has analysed light exposure effects in single-molecule based super-resolution
imaging 50 . For STED microscopy, the Bewersdorf group has recently obtained encouraging results, indicating that a parameter regime can be found where high resolution data
can be obtained from living cells such that a substantial fraction of cells remain viable
for prolonged periods of time after imaging 51 . These authors also give valuable advice
for reducing phototoxicity in live-cell STED nanoscopy. Promising developments are
under way that reduce light exposure and/or photobleaching in STED microscopy. For
example, a combination of reduced photobleaching and increased on/off state contrast
in an approach called “protected STED” 52 enabled decoding the structure of a neuron
in a tissue volume of a living brain slice with 3D diffraction-unlimited resolution (Fig.
2). Excitingly, in single-molecule based nanoscopy, efficiency of photon usage previously
deemed impossible has been achieved with the MINFLUX concept 15,53 .

1.4 Scope of this review: maximizing performance in STED
nanoscopy
Super-resolution imaging requires special attention to several factors in order to generate
a faithful representation of the specimen. These include sample preparation and labelling
approaches, instrument performance, and the specifics of the measurement process itself.
There are a range of excellent reviews on STED microscopy that cover various important
aspects, e.g. references: 7,11,54–59 .
In this review, we first give some basic considerations for optimizing STED measurements. We then put an emphasis on strategies to reduce light exposure as well as
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Figure 2 Diffraction-unlimited imaging of a portion of a neuronal dendrite
in living brain tissue with resolution increase in xy- and z-directions. Volume
rendering of a 3D-image stack comprising 56 z-slices recorded with protected
STED. Actin is labelled by an intracellularly expressed nanobody fused to a
reversibly photoswitchable fluorescent protein (rsEGFP2) after viral delivery
in an organotypic hippocampal brain slice. A multitude of dendritic spines, the
postsynaptic compartments of excitatory synapses, emanate from the dendritic
shaft. Spine necks exhibit sub-diffraction widths. In some spine heads, peculiar
ring-like actin structures can be discerned. Scale bar: 1 µm. Reproduced with
permission from Ref. Danzl et al. 52 .

photobleaching. Whether perturbation of the sample can be kept at acceptably low
levels decisively influences to what extent meaningful information can be obtained from
a measurement and the resolution that can be dialled into a STED experiment, especially for obtaining volumetric datasets of biological specimens with super-resolution in
all three spatial dimensions. We further discuss correction of optical errors and parallelized, non-point scanning implementations. The latter promise increased acquisition
speed of large sample areas and volumes.

2 Principle of STED nanoscopy
In STED nanoscopy, the excitation light distribution is spatially overlapped with an
additional STED light pattern that drives fluorophores from the excited state S1 to the
ground state S0 via stimulated emission, such that spontaneous emission of a fluorescence
photon cannot take place 27,28 (Fig. 1). The STED light thus drives fluorophores to a
non-signalling off-state (Fig. 1a) 7 . The photon generated by stimulated emission is of
the same wavelength as the STED laser and blocked from detection by optical filters.
This additional S1 → S0 pathway effectively outcompetes the spontaneous transition to
the ground state 60 if the STED light intensity is sufficiently high. The intensity where
a certain fraction of fluorophores (typically defined as 50 %) are turned off is called
saturation intensity IS . It is specific for each combination of fluorophore and STED
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light characteristics, including STED wavelength.
The STED light distribution features maxima and, crucially, minima that ideally
have zero intensity. The shape of the STED light pattern is itself limited by diffraction.
However, by increasing the overall power in the STED beam, the saturation intensity is
reached near the intensity zero and the STED light pattern is thus able to define on-state
and off-state regions on a spatial scale that is finer than the diffraction limit. It sets the
coordinates where fluorescence is allowed to originate from directly in the sample.
In most practical realizations, the excitation light takes on the shape of a diffractionlimited laser focus and the STED light distribution features a single intensity minimum
with a “doughnut”-shaped light distribution in the focal region (Fig. 1c), resulting in
a single-point scanning implementation. Such a doughnut-shaped focus can be created
by a 2π-helical phase modulation of the incoming wave front in the back focal plane
of the objective lens 61 . Whereas the doughnut beam only increases resolution in the
focal plane (xy-direction), an additional z-STED light pattern (“z-doughnut” or “bottle
beam”, created by a π-phase retardation of the central portion of the beam) 29 may be
employed to also increase resolution along the optical axis (z-direction). Most practical
implementations of single-point scanning STED microscopes are based on a confocal
design for facile optical sectioning, but other configurations, such as two-photon (2P)
excitation combined with STED, have also been implemented 62–66 . However, a particular
geometry is not part of the STED concept. Resolution increase in the z-direction can
e. g. also be reached with a more elaborate, interferometric 4pi-STED approach 67 , which
has yielded isotropic 3D STED resolution 68 . The STED light pattern may also be
implemented with other light distributions, as long as they feature appropriate intensity
zeros, including e. g. highly parallelized or light-sheet based approaches, as discussed in
sections 9 and 10.
Resolution in STED nanoscopy The smallest distance d0 that can be resolved in a
λ
, where NA is the numerical
conventional light microscope is approximately d0 ≈ 2NA
aperture of the objective lens and λ the wavelength of light. In STED mode, one may
approximate the STED light intensity profile around the minimum as a parabola and
assume exponential decay of fluorescence ability as a function of STED light intensity.
This directly yields a smallest resolvable distance d ≈ d0 √ 1
with Imax being the
1+Imax /IS

47,61,69,70

applied peak intensity
. Note that this expression for resolution is no longer
fundamentally limited but approaches zero for large values of Imax with the lower bound
effectively being set by the size of individual fluorophores (∼ 1 nm). Resolution only
scales with the square root of Imax , such that increasing resolution by applying more
STED power becomes progressively harder. This sets practical limits to the achievable
resolution in view of photobleaching and finite quality of the STED intensity zero. In
fact, the highest resolution STED measurements have been achieved with extremely
photostable nitrogen vacancy centers 71 .
Beyond this simple consideration, the spatially varying on/off state contrast generated by the STED light pattern directly translates to the effective point spread function
(PSF) of the STED microscope (taking also the excitation and detection point spread
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functions into account) 47,48,52 . The effective PSF corresponds to the instrument response to a point-like emitter in the sample. For example, a diffraction-limited pedestal
is created in the effective PSF if fluorophores in designated off-regions have a finite
probability for residing in the on-state, e. g. due to spontaneous emission before full
action of the STED light or erroneous excitation by STED light from S0 to S1 in a
process called “Anti-Stokes” excitation. Convolution of such an imperfect effective PSF
with the sample structure during image formation may lead to severe degradation of
(super-resolution) signal-to-noise ratio and complete loss of super-resolution information in densely packed areas 52 . Therefore, the achieved on/off state contrast is a crucial
determinant for performance of STED and other coordinate-targeted super-resolution
modalities and is distinct from the common notion of “image contrast” in microscopy.
Timing considerations The spatially varying on/off state contrast is “written” into
the molecular states of the fluorescent labels within a time period shorter than the
excited state lifetime of the fluorphores (Fig. 1d). This (sub-) nanosecond timescale is
fast compared to the processes we commonly address in biological measurements. STED
can hence be used to read out extremely fast biological processes and imaging rates of
125 frames per second have been achieved, limited only by the rate of photon emission
from the sample 72 . Even diffusion of a small molecule in solution through a volume
corresponding to the diffraction-limited focus generated by a high-NA objective takes
place on the scale of (tens of) microseconds. Therefore, movement of freely diffusing
fluorophores does not lead to appreciable blurring of the locally and “instantaneously”
created on/off state contrast. Accordingly, STED is suited to assess the distribution
of diffusing dye molecules, both intracellularly 73 and extracellularly 74 . Similarly, in
STED-Fluorescence Correlation Spectroscopy (STED-FCS), the STED process is used
to confine the observation volume for diffusion measurements to sub-diffraction spatial
scales 75 . Signal integration time at each scan position (pixel dwell time) is typically in
the (tens of) µs range.
Most STED implementations rely on pulsed lasers for excitation and STED. Excitation
pulses are chosen considerably shorter than the excited state lifetime and typically have
durations of up to ∼100 ps. For 2P-excitation STED microscopy, typically femtosecond
excitation pulses are employed, just as in conventional 2P-microscopy 76 . Optimization
over the years have shown that STED pulses with a duration of hundreds of ps to
∼1 ns are advantageous 77 , especially if combined with “time gating” of fluorescence
detection to maintain high state contrast, as discussed in the next section. This regime
mitigates high peak photon fluxes that may lead to unwanted photophysical effects and
excessive photobleaching. In fact, STED pulses were originally obtained from modelocked femtosecond lasers and performance increased substantially when pulse stretching
via high refractive index glass rods and long optical fibers (∼100 m) was introduced.
Nowadays, pulsed fiber lasers with the appropriate pulse length are a popular choice.
The excitation pulse sets the time when fluorophores are transferred to S1 . The STED
pulse must arrive at the same time as the excitation pulse at the sample in order to
drive the transition S1 → S0 . Therefore, excitation and STED pulses must be carefully
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synchronized.
In continuous wave (CW) STED microscopy, STED is implemented with a CW-laser
but the excitation laser typically operates as a pulsed laser 78,79 . The CW STED laser
obviates the need for pulse synchronization. However, it also entails that in the gaps
between excitation pulses the sample is exposed to STED light that does not contribute
to image formation. The pulsed excitation again serves to set the time when fluorophores
are transferred to the excited state, as required for time gating of fluorescence detection.
Time gating of fluorescence detection With a precisely defined time point for transfer to S1 , the opportunity arises to synchronize fluorescence detection with excitation,
detecting only photons emitted in a selected time window of several nanoseconds duration (Fig. 1d) 80–82 . This is attractive because with long (∼1 ns) STED pulses or CW
STED, in the initial phase of the action of the STED light, there is a finite probability
for spontaneous emission also in designated off-regions. This decreases on/off state contrast and hence signal-to-background ratio and resolution. With time-gated detection,
fluorescence photons are collected starting only after full action of the STED light, e. g.
∼1 ns after each excitation pulse. Accordingly, photons that were spontaneously emitted
in designated off regions before full action of the STED light are preferentially rejected,
thus increasing on/off state contrast. The detection window is closed after most of the
fluorescence emission has taken place (e. g. after ∼10 ns, corresponding to a few fluorescence lifetimes). Time gating can also be helpful for rejecting autofluorescence and,
especially in low repetition rate implementations, noise from technical sources or stray
light.
Multi-colour and co-localization measurements Super-resolution optical imaging is
uniquely positioned to investigate spatial relationships between different molecules. In
STED microscopy, combinations of two 77,83 , three 84,85 , or four 86 fluorophores are available that can be addressed with the same STED beam but distinguished in their emission and/or excitation properties. In this configuration, one and the same STED light
intensity minimum sets the fluorescence emission coordinates for all fluorophores simultaneously, thereby abrogating all alignment and magnification errors between colour
channels. This facilitates high-confidence co-localization studies with minimized systematic errors.
Generalization of the concept The STED approach has been generalized to any
appropriately light-addressable molecular transition making fluorophores distinguishable in the framework of the “REversible Saturable Optical Fluorescence Transitions”
(RESOLFT) concept 69,87–89 . Specifically, switching between the metastable on- and
off-states of dedicated reversibly photoswitchable fluorophores has made coordinatetargeted nanoscopy at low light intensities with long observation times possible 90 . Compared to STED, the long timescales associated with photoswitching (commonly hundreds
of microseconds photoswitching time at each scan position) bear the advantage that low
light intensities are sufficient to drive the off-transition but come with the drawback
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of reduced imaging speed. The ∼100 µs- to ms-timescale for generating state contrast
means that this approach at present is not suitable for imaging with rapidly diffusing
molecules as labels. Reversibly photoswitchable fluorescent proteins (RSFPs) 91–93 and
fluorescent dyes 94–97 are undergoing intense development with intriguing prospects for
the future.

3 Basic considerations for optimizing performance in
STED nanoscopy
STED nanoscopy is straightforward in terms of data acquisition and analysis as it directly generates super-resolved images without the need for sophisticated data processing. However, for satisfactory performance it needs care in instrument and experiment
design. While imaging of a single or a few planes with resolution increase only laterally
is typically easy to accomplish, requirements in terms of repeated imaging capability
and reduction of sample light exposure are much more stringent if one aspires to reconstruct an entire volume of a cell or tissue with resolution enhancement in all three
spatial directions.
In particular, the following basic considerations help avoid loss of signal and excessive
fluorophore bleaching.
(1) The major factor determining whether fluorophores residing in a designated onregion generate signal is the quality of the intensity zero. Any non-zero STED light
intensity Imin at the minimum effectively turns off fluorophores. For example, if
Imax /IS ≈ 100 for ∼10-fold resolution increase, already 1 % of peak intensity leaking into the intensity minimum would mean Imin = IS , reducing fluorescence signal
by half. Any loss of signal requires additional excitation intensity or integration
time to recover the signal-to-noise ratio , increasing light burden on the sample
potentially up to a parameter regime where excessive photobleaching effectively
precludes recording of high resolution data. The quality of the intensity minimum
of an xy-STED doughnut is critically influenced by (i) the polarization of the
STED light, which must be perfectly circular and match the helicity of the phase
ramp used to generate the doughnut-shaped light distribution; (ii) sample-induced
scattering of STED light into the intensity minimum, limiting tissue penetration;
(iii) optical aberrations of the STED beam induced by the optical system or the
sample; (iv) and a spectral width of the STED laser beyond ∼10 nm may become
problematic as different wavelengths may form their intensity minima at slightly
offset spatial positions, eliminating an overall intensity zero. For other STED light
distributions, different considerations apply. The quality of the intensity zero of
a z-STED pattern (“z-doughnut”) is exquisitely sensitive to spherical aberration,
an optical error that frequently arises due to refractive index mismatch between
the sample and the immersion medium/objective lens design.
(2) State cycling takes place in regions where both excitation light and STED light are
present. In a perfectly aligned STED microscope, the intensity minimum of the
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STED light pattern and the intensity maximum of the excitation focus coincide.
Any slight misalignment causes the excitation maximum to coincide with regions
of higher STED intensity, leading to loss of signal, excessive state cycling, and
photobleaching.
(3) The STED process is exquisitely sensitive to timing of excitation and STED pulses
on the sub-ns timescale. Incorrect timing or timing jitter leads to reduced action
of the STED light, thus sacrificing state contrast and resolution for a given STED
light exposure. Equally, correct setting of detection time gating maximizes state
contrast and hence information for a given light dose.
(4) The STED wavelength is typically chosen in the long wavelength tail of the emission spectrum of the fluorophore. The choice of STED wavelength is governed
by two opposing factors: wavelengths close to the emission maximum increase the
cross section for stimulated emission 98 and reduce the intensity required to achieve
a given resolution. However, with decreasing STED wavelength, the probability
for directly exciting fluorophores (S0 → S1 ) via Anti-Stokes excitation increases,
thus deteriorating on/off-state contrast.
(5) STED light may drive additional photophysical processes depending sensitively on
the fluorophore’s energy structure, which is, however, typically not well characterized spectroscopically 99 . STED light may excite a fluorophore from the ground
state in a single- or two-photon process or drive excited state absorption from S1
to higher lying molecular states Sn . Fluorophores may transition to triplet states
via inter-system crossing where they may also absorb STED light (triplet state
absorption) and may populate higher lying triplet states Tm . Therefore, resistance
to photobleaching and overall imaging performance may differ considerably between STED vs. diffraction-limited mode and among fluorophores. The choice of
fluorophore requires testing under STED conditions, for which further systematic
studies would be desirable. Long STED pulses (∼1 ns) lead to lower peak pulse
intensities, mitigating unwanted processes that depend non-linearly on intensity,
such as two-photon transitions driven by the STED laser.
(6) Last but not least, sample light exposure, photobleaching and thus overall imaging performance can be optimized most easily by a prudent choice of imaging
parameters. In STED microscopy, resolution scales with the square root of the
applied intensity. Hence, it gets quadratically harder to “squeeze out” additional
resolution and marginal benefit of higher STED power decreases. Following the
sampling theorem, increased resolution also requires smaller step size for scanning
(smaller pixel size). Light exposure scales quadratically with the inverse pixel size
for acquiring a single plane. Similarly, excessive oversampling with smaller than
necessary pixel size should be avoided.
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4 Labeling is a decisive factor for STED microscopy
performance
4.1 Sample preparation and choice of fluorophores
The quality of sample preparation profoundly influences the imaging outcome. Evidently, any shortcomings of fixation or labeling procedures, such as nanoscale distortions
of the sample structure from chemical fixation, are much more evident and more limiting in super-resolution imaging than in diffraction-limited microscopy and often warrant
optimization and specialized protocols. Sufficiently high labelling density is central to
resolving a structure of interest. In addition, the labelling strategy may entail a “linkage
error”, i.e. a spatial displacement between target molecules and fluorophores. Specifically, the size of primary and secondary antibodies (each ∼ 10 nm) in immuno-stainings
leads to errors that are substantial on the scale of the resolution currently achieved in
super-resolution imaging. Smaller probes, like e. g. nanobodies, promise more accurate
reporting on target molecule positions 100 . Specificity of labeling has a major influence
on signal-to-background ratio, which is a key determinant of STED performance.
Fluorescent proteins, like green fluorescent protein (GFP) have been employed in
STED 101 . However, broadly speaking, high performance synthetic fluorescent dyes offer
higher photostability and photon budgets, i.e. number of emitted photons before photobleaching, than fluorescent proteins. Therefore, it is advisable to use fluorescent dyes
as labels for STED if possible. Also for live imaging, an increasing palette of synthetic
dyes is becoming available 102–106 . These can be targeted to specific molecules of interest
via a range of methods, such as SNAP tag 107 , Halo tag 108 , click chemistry 109 , or small
peptide tags 110 . Fluorescent proteins can also be highlighted with dye-coupled specific
antibodies or nanobodies 111 .
Imaging buffers that scavenge reactive oxygen species may further improve performance in STED microscopy 51,112 . An intriguing development are “self-healing” dyes
with protective groups 113–118 .

4.2 Replenishment of fluorophores facilitates repeated imaging
A simple strategy for mitigating the effect of photobleaching on the imaging outcome is
to replenish bleached fluorophores during the imaging process. Dissociation of affinity
binders with moderate affinity frees the binding site after photobleaching for another
binder carrying a new label, thus constantly turning over fluorophores. A good example is the actin binding peptide Lifeact 119 , which has been used to reconcile molecular specificity with replenishment of fluorophores in STED imaging of neuronal structures 120 . Similarly, replenishing membrane stains profit from fluorophore turnover 121 .
Fluorophore-conjugated DNA-oligonucleotides that bind to complementary barcoding
sequences introduced into the sample during labelling can also be used for exchanging
fluorophores 122–125 .
Fluorophore replenishment is particularly easy to implement if fine morphological
features, rather than molecular arrangements, are of interest. A prototypical example
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is STED-based analysis of the elaborate shapes of dendritic spines, the postsynaptic
specializations of many excitatory synapses in the central nervous system, in living
neurons expressing a fluorescent protein in the cytosol 73 . Similarly, single neurons or
other cells can be accessed in whole cell mode with a patch clamp pipette filled with a
dye containing solution.
A similar approach can also be applied for staining the extracellular rather than intracellular spaces. Here, cellular structures are demarcated as “shadows” in the bath
of extracellularly applied dye, hence the term “SUper-resolution SHadow Imaging”
(SUSHI) 74 . This has yielded fascinating images of the architecture of neuronal tissue.
Also here, bleached dye molecules are simply substituted with fresh ones by diffusion.
It should be noted that replenishment of fluorophores does not reduce photobleaching, but rather the effect of photobleaching on image quality. If fluorophores bleach,
they create the same radicals, metabolic burden and photochemical damage as with
other labelling strategies, albeit with different implications for intra- and extracellularly
generated toxic products.
In these approaches, sample light exposure remains unaltered in first approximation.
Therefore, direct absorption of the imaging light by the tissue is still equally of concern.
However, in some cases, such as bath application of fluorophores, the local concentration
of fluorophores can be set very high, such that low excitation power and/or short pixel
dwell times are sufficient to collect enough signal.

5 Dark/triplet state relaxation increases the photon
budget
During repeated excitation and (stimulated) emission cycles, fluorophores may transition
to the triplet manifold by inter-system crossing (Fig. 3a). Fluorophores residing in
triplet states are “dark” and do not contribute to signal generation. However, they are
typically not inert. They may still absorb excitation or STED light, causing excitation
to higher lying triplet states, and undergo chemical reactions 46 . A typical outcome is
the formation of radicals that react with cellular targets and damage them permanently.
Evidently, it is desirable to keep fluorophore population in triplet/dark states low.
Triplet states are typically long-lived and the fraction of fluorophores residing in dark
states depends on the rates at which they are pumped there and at which they relax
back to the singlet manifold, which differ between fluorophores for given light exposure.
There is a simple and general strategy to minimize dark/triplet state population:
Allowing time in the imaging procedure for fluorophores to relax back to the singlet
manifold, with relaxation timescales on the order of ∼1 µs. This is applicable both to
diffraction-limited 126 and super-resolution STED imaging 127 and leads to substantial
signal increase and reduced bleaching.
Strategies to increase dark state relaxation include (i) low repetition rate excitation,
(ii) fast scanning with accumulation of the signal over individual image lines or frames
that are repeatedly queried, and (iii) dedicated short breaks during image acquisition
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without light exposure.
Low repetition rate gives fluorophores time to relax between individual excitation
events. The original implementation demonstrated a significant improvement at 250
kHz over 80 MHz pulse repetition rate 127 , albeit at correspondingly increased acquisition
times. However, also higher, more user-friendly pulse repetition rates in the low to ∼20
MHz range seem to offer an improvement over e. g. the 80 MHz typically dictated by
mode-locked titanium:sapphire lasers.
Fast scanning has been implemented with a range of technologies: In STED, resonant
mechanical scanners have been employed early on 79,128 , achieving video-rate nanoscopy.
Here, lines are queried repeatedly and signal is accumulated. Scanning without mechanically moving parts further increases scan speed. Acousto-optical scanning 129 , where
scan speed is limited by travelling times of acoustic waves, enabled triplet state relaxation in conventional 2P-microscopy. Even faster scanning is possible via electro-optical
scanners, such that signal can be accumulated frame-wise with maximized triplet state
relaxation until the desired signal-to-noise ratio is reached 72 .
Even with a conventional scanner based on galvanometric mirrors, dividing up the
total acquisition time for each scan position by accumulating several line scans of shorter
duration or brief laser blanking at each scan position may yield an improvement of the
imaging outcome.

6 Adaptive illumination strategies reduce overall light
exposure
Light exposure can be significantly reduced if excitation and STED illumination are
only applied as necessary to obtain the desired information or resolution. This simple
thought forms the basis for several related techniques.
In RESCue (REduction of State transition Cycles) STED, the fluorescence photon
counts are compared to user-set thresholds during acquisition 130 (Fig. 3b). If the photon
count at a scan position does not exceed a lower threshold after a predefined fraction
of the acquisition time, it is set to zero assuming that no emitter is present. For bright
signals surpassing an upper threshold at any time during acquisition, the photon count
can be extrapolated to the remaining dwell time while maintaining sufficient SNR. In
both cases, all lasers are turned off for the remaining dwell time to spare the sample
from unnecessary light exposure; only if neither case applies, acquisition continues for
the full dwell time. Reliably deciding between the three scenarios requires a certain
number of photons. Still, depending on sample structure, sizeable reductions in light
dose and photobleaching may be achieved, with largest benefits for bright and sparse
samples (Fig. 4). The RESCue approach is adapted from previous developments in
confocal microscopy 131 and has also been applied to RSFP-based RESOLFT 132 .
In DyMIN (DYnamic intensity MINimum) STED 133 , full STED power is only applied
where high resolution is required. Only if fluorescence is detected in the diffractionlimited probe step, the STED laser is turned on to silence fluorophores at the periphery
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Figure 3 Strategies to reduce light exposure and photobleaching in STED nanoscopy. a
Dark/triplet state relaxation (T-Rex). Energy schematic for the relevant molecular states in STED microscopy. Fluorophores normally cycle between the ground state S0 and the first excited state S1 (same
colour code for transitions as in Fig. 1). Excited state absorption drives fluorophores to higher lying
molecular states Sn . Fluorophores undergoing intersystem crossing (ISC) to the triplet manifold may
also absorb excitation and/or STED light and are particularly prone to chemical reactions, including
radical generation. Residence times in triplet states are long (µs) compared to lifetimes of singlet excited
states (ns). Dark (or triplet) state relaxation allows fluorophores to relax back to the singlet manifold.
b RESCue STED. Left: Sample structure (shaded areas) with colour code for light exposure at each
scan position (pixel). Right: Three exemplary photon counts as a function of time at different pixels.
Blue: lower threshold is not reached at the decision time. Excitation and STED beams are turned off.
Yellow: enough photons are collected to extrapolate from the readout time to the full pixel dwell time
with the desired signal-to-noise ratio. Lasers are turned off. Pink: the full pixel dwell time is used
for collecting the signal. c DyMIN STED. Three exemplary light exposure sequences (top to bottom)
at individual pixels. Position 1: No signal is collected in diffraction-limited mode. Lasers are turned
off. Position 2: Signal is present in diffraction-limited mode. STED is turned on at the first power
level. Since no more signal is present, a further increase in STED power would not yield additional
information. Position 3: STED power is successively stepped up to the maximum value to separate
fluorophores. Stars: fluorophores. Dark orange: normalized on-state probability defining resolution;
light orange: resolution in previous intensity step; r, scan position; I, intensity. d In MINFIELD STED,
the field of view is restricted to a region smaller than the extent of the doughnut beam, such that the
region of interest is spared from exposure to the STED-light intensity maxima.
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Figure 4 RESCue STED attenuates photobleaching compared to conventional STED. Two regions
of the same nucleus of a fixed U-2 OS cell immunostained for the nuclear pore protein Nucleoporin
153 with Abberior Star Red were each imaged 30 times using conventional STED (upper sequence) or
RESCue STED (lower sequence). In an initial confocal probing step of 5 µs duration, a decision level of
30 photon counts was used to determine whether STED mode should be used at the respective pixel.
For RESCue STED, four decision times with corresponding lower thresholds (lTh) were used for early
laser shutdown: 1 count after 14 % of the pixel dwell time, 3 counts after 24 %, 6 counts after 37 %
and 16 counts after 79 %. Upper threshold (uTh) that triggered premature laser shutoff and signal
extrapolation was 50 counts. Pixel size was set to 15 nm with a dwell time of 40 µs, laser power at
the sample was 1.7 µW for 640 nm excitation and 103 mW for 775 nm STED in both conditions. Scale
bars: 500 nm. Note that the colour lookup table is different for frame #1 vs. the later frames.

of the excitation volume. If signal is still emitted from the smaller volume, STED
power (PSTED ) is consecutively stepped up to narrow the effective PSF until the desired
resolution is reached. If, on the other hand, no signal is collected, a further power
increase would not yield additional information. Probe steps could e. g. be PSTED = 0
for diffraction-limited resolution, PSTED = Pmax /4 for ∼ half the final resolution, and
the highest STED power Pmax for maximum resolution. Significant reductions in STED
light exposure can be achieved, potentially sparing sample regions that do not contain
structures of interest from intense STED exposure.
In “multilevel STED”, the STED illumination intensity for multicolour imaging is adjusted according to the requirements for each (spectrally distinct) fluorophore to achieve
the same resolution, given differing cross sections for stimulated emission at a fixed
STED wavelength 85 .
For sub-micrometer-sized regions of interest, the scan range can be narrowed down
such that the high-intensity crest of the STED doughnut remains outside and never
scans across the nanoscale structures of interest (MINFIELD STED, Fig. 3d, Göttfert
et al. 134 ). Increasing the total power of the STED beam steepens the gradient around
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Figure 5 Multiple off-state transitions for nanoscopy: protected STED. a Molecular state
diagram for super-resolution imaging with multiple off-state transitions (MOST): In STED microscopy,
a single off-transition is utilized to create the state contrast (grey box). In MOST nanoscopy, an
additional off-state OFF2 protects fluorophores and enhances state contrast. Wavelengths are exemplary
for protected STED with rsEGFP variants. b In conventional STED, only fluorophores near intensity
minima, where I < IS , are allowed to fluoresce (green stars). In order to confine this region tightly,
molecules away from the minimum (black stars) are exposed to high STED light intensities. c In
protected STED mode, molecules are transferred to OFF2 prior to subjecting them to STED (grey
circles). ISOFF1 →OFF2 is the intensity required to transfer molecules to OFF2 . d Sequence of light pulses
and fluorescence detection at each scan position for protected STED imaging with corresponding light
patterns in the focal plane. e Protected STED increases repeated imaging capability. Image series of
living cells expressing keratin-rsEGFP2, imaged with conventional STED (top) and protected STED
(bottom) with the same resolution and brightness in the first frame. Scale bar: 1 µm. Adapted from
Danzl et al. 52 .

the intensity minimum and improves resolution.

7 Multiple off-state transitions for protecting
fluorophores
The realization that fluorophores and other labels are not just passive “colouring agents”
but offer a molecular state structure that can be manipulated and therefore harnessed to
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improve imaging was the key to breaking the diffraction limit 12 . STED is the paradigmatic example for fluorophores being deterministically transferred between a signalling
on-state and a non-signalling off-state. Similarly, switching between an off- and an
on-state lies at the heart of the single-molecule based super-resolution techniques.
While controlling a single off-transition is sufficient for nanoscopy, controlling multiple
state transitions opens up refined manipulation of molecular states and synergistic action for diffraction-unlimited image generation. In multiple off-state transitions (MOST)
nanoscopy, two (or more) off-state transitions are exploited to generate the on/off state
contrast required for coordinate-targeted nanoscopy 52 . In its prototypical implementation as “protected STED” (Fig. 5), the two off-state transitions were realized by stimulated emission, as in conventional STED microscopy, and reversible photoswitching in
RSFPs. This scheme has two important implications:
1. It introduces a second off-state OFF2 . If appropriately chosen, transfer to this
state protects fluorophores from photobleaching associated with high STED light
intensities, thus increasing repeated imaging capability.
2. When two independent off-transitions act to define on- and off-regions, the achievable on/off state contrast is higher due to synergistic action of the two off-transitions.
In protected STED, fluorophores are pre-emptively transferred to OFF2 in regions of
high STED light intensity before applying the combined excitation and STED pulses.
Fluorophores in these regions are still exposed to the high STED light intensities but as
they reside in OFF2 they essentially do not interact with the STED (and excitation) light
(Fig. 5c). They are hence spared from repeated excitation/stimulated emission cycles
and unwanted photophysical processes. This translates into reduced photobleaching and
increased repeated imaging capability (Fig. 5e). A further effect contributes to reduced
photobleaching: In first approximation, both off-transitions take equivalent roles for
increasing resolution and their relative contribution can be tuned at will. Therefore,
STED power can be reduced while still taking advantage of the improved state contrast
over nanoscopy using reversible photoswitching as a single off-transition.
Improved state contrast is easily rationalized when modelling the effective PSF 52 .
It is instructive to first briefly recall the situation with a single off-transition. Any
off-transition is expected to suffer from some imperfection in creating on/off state contrast, corresponding to a finite population of fluorophores in the signalling state also
in designated off-regions. In STED nanoscopy, this might arise from spontaneous emission before the STED light can take full action or from Anti-Stokes excitation, wheras in
RESOLFT nanoscopy with photoswitchable fluorophores, “photoswitching background”
arises from incomplete transfer to or spontaneous return from the deactivated configuration. Imperfect state contrast directly leads to a diffraction-limited pedestal in the
effective PSF in addition to the desired sharp peak. During image generation in the
microscope, the sample structure is convolved with the effective PSF, where, especially
in dense regions of the sample, summation over these diffraction-limited components
severely reduces (super-resolved) signal to (diffraction-limited) background ratio and
hence the achievable resolution. In contrast, if also a second off-transition is operative,
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the situation changes. The effective PSF is just the product of the individual spatially
varying probability distributions for assuming the on-state associated with each of the
individual on- and off-state transitions and also the detection PSF. This product implies
that a diffraction-limited pedestal left from one off-state transition is counteracted by
multiplication with the probability distribution of sub-diffraction width stemming from
the other off-transition. The combination of repeated imaging capability and enhanced
state contrast enabled 3D super-resolved imaging of volumes of living brain tissue where
individual neurons were highlighted and reconstructed in 3D (Figure 2).
Several prerequisites have to be fulfilled for protected STED. Trivially, the fluorophore
must be a sufficiently good STED label to begin with. Similarly, it must sustain a large
number of on/off photoswitching cycles, i.e. low “switching fatigue” for the second offtransition to be protective against photobleaching. STED light should not be absorbed
by the putatively protective off-state OFF2 . In addition, the state transitions must be
sufficiently decoupled from each other. For example, the intense STED laser could in
principle drive a two-photon transition from the deactivated to the activated configuration, jeopardizing the protective effect. However, the ns-laser pulses of a STED laser
are expected to drive two-photon transitions much less efficiently than the femtosecond
pulses typically used for 2P-excitation or 2P-uncaging. For the reversibly photoswitchable GFP (rsEGFP) variants 90,91,135 , 2P-activation by STED light was negligible in
typical imaging parameter regimes. In the initial proof-of concept, protected STED has
only been realized with rsEGFPs. However, the protective effect per se is also present
in other reversibly photoswitchable fluorophores 52 . An intriguing prospect for the future are improved reversibly photoswitchable synthetic fluorophores 94–97 , which promise
increased photostability and photon budgets over fluorescent proteins also for protected
STED.
One drawback of protected STED over conventional STED is the requirement for additional light pulses for fluorophore activation and deactivation. While the deactivation
step can be chosen shorter than in RSFP-based RESOLFT nanoscopy, it still introduces
a prolonged pixel dwell time as compared to conventional STED. An obvious route to
increase imaging speed is through parallelization (see section 9).

8 Adaptive optics for correcting optical errors
Aberrations (optical errors) degrade image quality and can be introduced both by imperfections in the microscope’s optics (“system aberrations”) or by refractive index mismatch and inhomogeneity in the sample. In diffraction-limited microscopy, aberrations
prevent the formation of a tight focus, spreading the signal across a larger volume and
ultimately degrading signal-to-noise ratio and image contrast. STED microscopy is
considerably more susceptible to aberrations. They deform the shape of the light distributions and both aberrations and scattering divert laser intensity into STED light
minima.
Aberrations adversely affect STED microscopy in several unique ways: (1) Achievable
state contrast and resolution depend critically on the quality of the intensity minimum.

20

A non-zero intensity minimum will decrease signal, elicit unnecessary state cycling, and
increase photobleaching. Increasing laser power or acquisition time to counteract low
signal-to-noise ratio will worsen detrimental effects further. (2) Spreading of the excitation and STED light patterns may increase their overlap, resulting in increased state
cycling and photobleaching. (3) Deformations of excitation and/or STED light patterns
may result in regions of insufficient fluorescence suppression, leading to sidelobes and
artefacts in the final image.
The effects of aberrations on both the STED light distribution 136 and the effective
PSFs 137 have been studied computationally. Notably, coma aberrations in a 3D STED
system lead to a translation of the intensity minima for the xy-doughnut and z-STED
pattern in opposing directions, resulting in non-overlapping minima and signal loss in
an otherwise perfectly-aligned system 138 .
Spherical aberrations in STED microscopy can often simply be minimized by using
an objective lens and immersion medium matched to the sample refractive index, e. g.
with glycerol 120,139 or water objectives 140 normally also featuring a correction collar.
Adaptive optics approaches promise to restore image quality in aberrating samples
and are an area of active development in various fields of microscopy 141 . Here, an
active optical element (e. g. deformable mirror, DM or spatial light modulator, SLM)
is used to pre-compensate system- and sample-induced aberrations. The same devices
can potentially be used to additionally imprint phase patterns onto the wavefront to
emulate discrete optical elements, including the phase masks for forming xy- and z-STED
patterns. At present, many STED implementations use an SLM instead of conventional
(polymer) phase masks to shape the STED light patterns, such that the same SLM can
be used for correction of system or sample-induced aberrations without any additional
optical elements or intensity losses. The STED patterns are the main determinant for
image contrast and resolution, such that here aberrations are more problematic than
for the regularly focused excitation foci. Already with a single SLM, both the STED
xy-doughnut and the z-STED light pattern can be generated and corrected for system
aberrations 142 . The same hardware can also be used to execute an auto-alignment
routine overlaying the excitation and depletion beams 143 .
Excitation beams can be corrected either by adding an additional SLM to the excitation path 144 , by passing both excitation and STED beams over a common DM 145 or
by a double-pass geometry where the same SLM is used to correct both excitation and
STED beams 146 .
Clearly a major challenge in adaptive optics is to determine the correction pattern
to dial in. Two principal approaches exist: (1) measuring the wavefront directly or
(2) iteratively optimizing an image quality metric while different corrections are applied.
The first requires a high signal-to-noise measurement of sample-induced aberrations
from the dim fluorescence signal; the second necessitates multiple measurements on the
sample during the optimization process. Therefore, either approach subjects the sample
to additional light exposure, potentially prematurely bleaching it.
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9 Parallelization of image acquisition
Single-point scanning is the most wide-spread implementation of STED microscopy,
usually combined with confocal detection. Here, the necessary STED light intensities
are reached with readily available laser sources and optical sectioning is achieved with a
comparatively simple optical setup. With its action on the (sub-)ns timescale, the STED
process itself is extremely fast. However, point scanning limits high-speed recordings to
small fields of view.
Parallelization by reading out from many STED light intensity minima simultaneously is an attractive route towards high-speed super-resolution imaging of large fields
of view. In an initial implementation, both the illumination and STED beams, as well
as detection, were multiplexed four-fold 147 . Considerably higher degrees of parallelization have been achieved using standing wave patterns. They can be created in the focal
plane by interfering a pair of laser beams focused off-axis through the objective. Incoherently superimposing two perpendicular standing waves results in an optical lattice
featuring a periodic pattern of thousands of intensity minima and maxima as used for
STED 148,149 ) or over a hundred-thousand for RSFP-based RESOLFT 135 ). Conveniently,
the optical lattice setup can be designed such that it is achromatic, facilitating colour
multiplexing 150 . For parallelized readout, a high-speed camera is used and the optical
lattice is scanned across one unit cell (spanning one period of the lattice) to build a
super-resolved image. In highly parallelized STED 148,149 , the available laser power is
spread across large areas, thus limiting the achievable degree of parallelization for a
given target resolution. Reversible photoswitching in RESOLFT 135 offers an advantage
because it requires only low light intensities. Similarly, protected STED is expected to
facilitate large scale parallelization. Here, improved on/off state contrast and resolution
are achieved already at low STED light intensities 52 due to the synergistic contribution
of both off-transitions. Accordingly, while the availability of high-power lasers is a limiting factor for parallelization in STED, this requirement would be substantially reduced
in parallelized protected STED.
In addition to increased imaging speed, the use of standing waves has two important
implications: (1) They provide an up to 15-fold steeper slope around intensity minima
and hence require lower peak intensity Imax than the prevalent doughnut implementation 149 . (2) Each maximum borders several intensity minima and thus contributes to
confining fluorescence in more than a single location.
In parallelized approaches, excess state cycling can be decreased if also the excitation
light is patterned 148,150–152 , such that the STED light intensity maxima coincide with
the minima of the excitation pattern.
Yet, crosstalk between the closely spaced intensity minima makes it necessary to
restrict signal collection by the camera to the central pixels corresponding to the intensity
minima, resulting in tight “digital” pinholes (e. g. ∼ 1/5 of an Airy disk 135 ). The
pinhole diameter can be increased to transmit more signal if a sparsely spaced (excitation
or) photoactivation pattern, matching the diffraction limited resolution, is used, e. g.
activating only at every fourth minimum of the off-switching pattern in RSFP-based
RESOLFT 153 , albeit at the expense of slower acquisition because the patterns have to
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be scanned across the larger unit cell, now determined by the photoactivation pattern
periodicity.
Despite offering massive parallelization in the image plane, existing implementations
based on optical lattices achieve only diffraction-limited resolution along the optical axis.
Interference with a fifth, on-axis beam has been suggested for resolution enhancement
in 3D 154 , but experimental demonstration is still lacking.

10 Light-sheet implementations of STED and RESOLFT
In light sheet fluorescence microscopy, a plane of the sample is selectively illuminated
with a thin sheet of light, providing optical sectioning and sparing the remainder of the
sample from unnecessary light exposure. Light sheet microscopy thus ensures fast, gentle,
and high-contrast fluorescence imaging. Light sheets are created either by focusing with
a cylindrical lens (“static” light sheet, 155 ), by scanning a laser beam rapidly through the
sample, resulting in a “virtual” sheet 156 , or more elaborate schemes, such as designing
the light pattern in the back focal plane of the objective lens to achieve a “lattice” light
sheet 157 . Resolution perpendicular to the light sheet, i.e. axially with respect to the
detection objective, is governed by the product of the PSF of the detection objective
and the light sheet.
To achieve axial super-resolution, light sheet illumination has been combined with
STED and RSFP-based RESOLFT: A “hollow” light sheet silences fluorophores above
and below the central plane, reducing the effective sheet thickness. A STED implementation demonstrated up to 2.5 fold increased axial resolution 158,159 , whereas 5–12
fold improved axial resolution was reported using RSFP-based RESOLFT 160 . Lateral
resolution was unaltered and determined by the PSF of the detection objective.
Due to the diffractive nature of Gaussian beams, light sheet thickness and size of the
field of view are interlinked. The use of (theoretically) non-diffracting Bessel beams for
light sheet generation promises not only larger uniformly-illuminated field of views, but,
equally importantly, also less susceptibility to scattering due to the self-reconstructing
nature of Bessel beams 161,162 . Several approaches to suppress the Bessel beam’s sidelobes
while maintaining its self-reconstructing properties have been demonstrated 163,164 . Simulations have shown that the Bessel beam’s sidelobes can also be efficiently suppressed
using stimulated emission 165 while retaining the self-reconstructing ability in scattering
samples 166 . An initial experimental demonstration has achieved a twofold resolution
enhancement 167 .

11 Outlook
STED microscopy has come a long way in the last decades: The concept was first
proposed 25 years ago and experimentally demonstrated soon thereafter. Since then,
STED has undergone a dramatic evolution in terms of performance, ease of use, and
accessibility for non-expert labs. It has been serving as a valuable tool for biological
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research and will do so even more in the future. In this endeavour, each advancement
in imaging technology will help to address a new class of biological problems.
Enabling progress is expected in various aspects of STED nanoscopy and other superresolution techniques. As optical resolution will further increase, ever finer macromolecular arrangements inside cells will become accessible. It will be exciting to visualize
these directly in the native spatial context, with cells residing in their complex natural
3D tissue environments. For specific questions, this promises more trustworthy biological
data than obtainable from cells artificially grown on a coverslip and incentivizes further
super-resolution developments towards 3D-tissue imaging and increased depth penetration. It will be equally exciting to see continued progress in nanoscale imaging of living
specimens to follow the dynamic evolution of the biological system. For this, further
development of strategies to reduce light exposure, photobleaching, and phototoxicity in
live-cell nanoscopy are in high demand. This in turn will boost 3D-diffraction-unlimited
analysis of entire tissue volumes. Here, for live measurements, as well as for sufficiently
high throughput in fixed tissue analysis, further development of parallelized approaches
promises to deliver the required increase in acquisition speed. In parallel to advancing new imaging concepts and developments on the instrumentation side, substantial
gain can be expected from new developments in labelling technology. Here, augmented
brightness, photostability, and physicochemical properties of the labels will be important
catalysts for progress, both for fixed and living specimens. New approaches to multicolour super-resolution imaging will provide high content of molecular information for
decoding the three-dimensional nanoarchitecture of cells and tissues. These examples
serve to illustrate that a range of exciting developments are on the horizon and we can
expect that they will drive fascinating biological discoveries.
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