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Stimulated emission depletion (STED) microscopy 
provides subdiffraction resolution while preserving 
useful aspects of fluorescence microscopy, such as 
optical sectioning, and molecular specificity and 
sensitivity. However, sophisticated microscopy 
architectures and high illumination intensities 
have limited STED microscopy’s widespread use in 
the past. Here we summarize the progress that is 
mitigating these problems and giving substantial 
momentum to STED microscopy applications. 
We discuss the future of this method in regard 
to spatiotemporal limits, live-cell imaging and 
combination with spectroscopy. Advances in these 
areas may elevate STED microscopy to a standard 
method for imaging in the life sciences.

The stimulated emission depletion (STED) micro-
scope1 provides spatial resolution well below the limit 
imposed by the diffraction of light. This breakthrough 
is obtained by considering the fluorophore as an active 
element in the image-formation process and not as a 
simple reporter2. The central role of the fluorophore can 
also be recognized in all the successive super-resolved 
microscopy (or nanoscopy) techniques that have blos-
somed over the last decade3,4. Here, by nanoscopy, we 
refer to all far-field microscopy techniques that, at least 
in theory, reach diffraction-unlimited resolution4.

Nanoscopy techniques resolve features closer than 
the diffraction limit by transferring the fluorophores 
transiently into two discernible states5—i.e., states with 
different spectral, temporal or any other detectable 
response to the illumination (typically a dark OFF and 
a bright ON state); the transition between distinguish-
able states allows sequential recording of signal origi-
nating from regions of the sample whose size are much 
smaller than the diffraction limit, down to the region 
occupied by a single molecule as in SMLM6.

In STED microscopy, a fluorescent probe is first 
excited by light from the ground state (OFF state) 
to a (singlet) excited-state (ON state), and then it is 
either de-excited (i) by light, via stimulated emission 

(SE), or (ii) spontaneously, via fluorescence emission. 
To efficiently force a fluorophore to the OFF state, SE 
has to win the competition with spontaneous emis-
sion, which typically occurs within a few nanoseconds 
after the excitation event (fluorophore’s excited-state 
lifetime). This short temporal window and the small 
cross-section of SE demand a high flux of stimulating 
photons. For example, to quench by half the fluores-
cence of a fluorophore with 4 ns excited-state lifetime 
and 25 cm2/J stimulated emission cross-section requires 
10 MW/cm2 light intensity (saturation intensity). A 
complete quenching requires much higher intensities, 
which can cause problems such as photobleaching and 
phototoxicity. As a consequence, STED microscopy 
was long thought to be incompatible with long-term 
and live-cell imaging. This incompatibility, together 
with the high cost and architectural complexity of 
the early implementations, substantially slowed the 
growth and dissemination of STED microscopy. The 
STED microscope was invented in 1994 (ref. 1), but 
has only gained substantial momentum in the last 10 
years7. In that time, STED microscopy has given new 
insights in several fields of the life sciences, has been 
commercialized by different companies, and has been 
implemented by many research groups. Nevertheless, 
much work remains to improve its effective spatial 
resolution, as well as other important features, such 
as penetration depth, temporal resolution and range, 
live-cell compatibility, spectroscopy combination and 
quantitative analysis.

Here we review the current status of STED micros-
copy and provide our perspective on the improvements 
that will allow this technique to be routinely used and 
to reach its full potential for biological applications.

Basic principles
Diffraction does not allow light to be focused to a vol-
ume smaller than roughly one-half of the light wave-
length along the lateral directions (x,y) and three times 
larger along the optical axis (z)8 (around 200 nm and 
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600 nm, respectively, for visible light). STED microscopy over-
comes this diffraction limit by reversibly silencing (depleting) 
fluorophores at predefined positions of the diffraction-limited 
excitation regions. Only the nonsilenced fluorophores in the com-
plementary regions emit light, allowing features closer than the 
diffraction limit to be separated.

In the most typical STED microscopy implementation (Fig. 1a),  
the fluorescent confinement is obtained by coaligning the 
Gaussian excitation beam of a scanning microscope with a second 
beam, called the STED beam, which (i) is tuned in wavelength 
to de-excite fluorophores via SE and (ii) is engineered in phase 
and/or polarization to create a doughnut-shaped focal intensity 
distribution with ‘zero’-intensity point in the center. Although 
the STED beam focal intensity distribution is diffraction limited, 
high intensities saturate the SE transition and keep virtually all the 
fluorophores in the ground state (OFF state), except those located 
in a region around the ‘zero’-intensity point, whose size reaches 
subdiffraction values and decreases with increasing STED beam 
intensity. Thus, scanning the coaligned beams together across a 
specimen leads to an image where the (subdiffraction) spatial 
resolution is given by the size of the effective fluorescent region 
around the ‘zero’.

Theoretically, the resolution of STED microscopy can reach the 
molecule’s size (the ultimate limit of a fluorescent microscope). 
In practice, it is limited by the signal-to-noise ratio (SNR)9; to 
obtain an effective resolution enhancement, it is important to 
both generate subdiffraction fluorescent regions across the whole 
specimen (according to the Nyquist sampling condition) and to 
register, from all these regions, enough fluorescent photons to 
obtain good SNR.

SNR is dependent upon the microscope detection efficiency, the 
fluorophore’s brightness and photostability, and the focal intensity 
distributions of the beams. For maximum SNR, the STED beam 
and the excitation beam foci must coincide with nanometer preci-
sion, and the residual STED beam’s intensity in the ‘zero’-intensity  
point must be minimized10 (Fig. 1b). For a given number of 
stimulating photons (average intensity of the STED beam), the 
fluorescence quenching is maximized when all the photons act 
shortly after the excitation event and before the spontaneous 
emission (Fig. 1c)11. Maximization of the fluorescent quenching 
and minimization of photobleaching also depend on the STED 
beam’s wavelength (Fig. 1d); wavelengths close to the peak of the 
fluorophore’s emission spectrum improve the SE cross-section but 
increase the probability of exciting the fluorophores with the STED 
beam. Furthermore, any other absorption of the STED beam pho-
tons from the fluorophores should be minimized to reduce pho-
tobleaching12. Considering each of these parameters with respect 
to one another is crucial for optimized STED microscopy.

Free- and auto-beam alignment systems
Because the SNR of a STED microscopy image depends on the 
coalignment between the STED and the excitation beams, which 
in most cases use separate optical paths, any thermal drift and/or 
mechanical vibration limit the effective resolution of the sys-
tem. A single laser ‘source’ for both beams (a laser beam com-
biner or a supercontinuum source) offers an elegant solution 
to this problem. In this case, the beams are naturally aligned, 
but it is necessary to have a beam-shaping device that, depend-
ing on the wavelength, shapes the intensity distribution at the 

focus as Gaussian (for the excitation beam) or as a doughnut 
(for the STED beam). Two such devices have been implemented: 
(i) a phase plate which combines different glass materials13 and 
(ii) a combination of conventional and segmented wave plates 
(easySTED)14. Since the easySTED device can be engineered 
to have large spectral bandwidths in which the beam remains 
Gaussian, it has been used for multicolor STED microscopy based 
on a single STED beam and multiple excitation beams. EasySTED 
is used in different commercial systems (Supplementary Note 1).  
It is worth noting that the ideal beam-shaping device should 
provide multiple and tunable spectral regions for both the exci-
tation and STED beam. A promising solution toward this direc-
tion is the use of a q-plate device15. The q-plate device acts as 
doughnut converter for a particular spectral bandwidth, which, 
unlike free-space devices, can be continuously tuned by changing  
the bias voltage.

Adaptive optics (AO) represents an alternative solution to the 
coalignment problem. The introduction of a spatial light modulator 
(SLM) in the path of the STED beam allows the implementation of 
auto-alignment procedures16. Here, the SLM is also used to generate 
the doughnut focal intensities distribution for the STED beam.

Laser architectures
Lasers are a fundamental consideration in the dissemination of 
STED microscopy. The complexity, cost and performance of the 
microscope are laser dependent (Supplementary Fig. 1).

Since quenching is optimized when depletion occurs shortly 
after fluorophore excitation, STED microscopy is typically imple-
mented with synchronized and temporally aligned pulsed lasers 
(Fig. 1c, pulsed STED microscopy)—the excitation pulses are 
followed immediately by the depletion pulses. Furthermore, 
the ideal STED beam must meet different technical demands: 
(i) peak intensity much greater than 10 MW/cm2 (the satura-
tion intensity) to obtain significant resolution enhancement; 
(ii) high-repetition rate (tens of MHz) for fast imaging; (iii) few 
hundreds picosecond pulse width to efficiently quench fluoro-
phores and reduce photobleaching; (iv) narrow spectral width to 
generate a high quality ‘zero’-intensity point; (v) ideally, wave-
length tunability to match the spectra of many fluorophores. In 
early STED microscopy, these requirements led to the devel-
opment of very complex and expensive instruments (Fig. 2a  
and Supplementary Fig. 1); at the beginning of the 2000s, most 
STED microscopes used Ti:Sapphire lasers as STED beams, 
whose pulses required stretching to guarantee a few hundred 
picosecond pulse width17 and conversion to the visible range, 
if imaging with green–yellow fluorophores18. A second pulsed 
diode laser electronically synchronized with the Ti:Sapphire laser 
provided the excitation beam.

More recently, turnkey STED microscopes based on more 
economical and less elaborate laser architectures have been 
implemented and commercialized (Fig. 2b and Supplementary 
Fig. 1). Pulsed (sub)nanosecond (diode or fiber)19–22 lasers 
have replaced mode-locked lasers as the STED beam. In these 
implementations the time-gated detection (gated-pulsed STED 
microscopy; Fig. 1c and Supplementary Note 2) compensates 
for the expected reduction in resolution; the longer the depletion 
pulses, the lower the peak intensity and the lower the fluores-
cent quenching. Roughly speaking, by removing the fluorescence 
occurring during the STED beam action, time gating increases 
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the depletion (not the quenching) without increasing the STED 
beam intensity11. The same principle is at the base of gated con-
tinuous wave (CW)-STED microscopy23 (pulsed excitation and 
CW depletion; Fig. 1c and Supplementary Note 2), which repre-
sents the cheapest and simplest implementation so far. However, 
the sample is overilluminated—with the CW beam, the stimulat-
ing photons also act outside the excited-state fluorophore life-
time, potentially inducing unwanted transitions. It should also 
be noted that the benefits of time gating come with a reduction 
in SNR11 (Supplementary Note 2).

High-power pulsed supercontinuum laser sources are another 
important advance in laser technology. The same laser source may 
provide a synchronized pair of beams (excitation and STED) for any 
fluorophore24,25. The implementation of STED microscopy based 
exclusively on these laser sources has been limited by the need to 
temporally align the excitation and STED beams with an optical 
delay line, the trade-off between peak intensity and repetition  

rate, and reduced robustness. However, the most versatile imple-
mentations of multicolor STED microscopy are based on a super-
continuum laser for the excitation beam plus a second fiber laser 
for the STED beam26.

In addition to traditional STED microscopy, two-photon exci-
tation (2PE) STED microscopy is useful for some applications 
and could be improved by better laser sources. For example, trig-
gerable (sub)nanosecond lasers could overcome limitations in 
current 2PE STED microscopes26, which rely either on STED 
beams running in CW, with an overillumination of the sample, or 
on expensive and sophisticated mode-locked pulsed laser archi-
tectures. One unrelated implementation that significantly sim-
plifies 2PE-STED microscopy is the so-called single-wavelength 
implementation27. However, the use of the same wavelength 
prevents the simultaneous optimization of the SE and the two-
photon absorption cross-sections, and this limits the generality 
of this implementation.
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Figure 1 | STED microscopy principles. (a) The schematic compares conventional scanning microscope (left) and a STED microscope (right). (b) Spatial 
conditions. The maximum and the ‘zero’ of the excitation and depletion focal intensity distributions, respectively, should coincide. AU, arbitrary units. 
(c) Temporal conditions. All stimulating photons should act when fluorophores are in the singlet-excited state S1, and fluorescence must be registered 
after the stimulating photon’s action. Experimental time sequences are shown for the excitation, the depletion, and the fluorescence signal detection 
for gated pulsed STED (gP-STED), pulsed STED (gP-STED), gated CW-STED (gCW-STED), and CW-STED microscopy. The time-delay Tg characterizes the 
time-gated detection. The pulse-width TSTED and the repetition-rate 1/Trep characterize the pulsed STED beam. (d) Spectral conditions. All the photons of 
the STED beam should promote s.e.m. and not be absorbed. Normalized ground-state absorption and fluorescence emission spectra juxtaposed with the 
excited-state absorption of eGFP81 (left). The Jablonski diagram indicates the transitions relevant for STED microscopy, including the photobleaching (bl) 
pathways (right). The dashed lines depict unwanted transitions. 
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Strategies to reduce photobleaching
Each fluorophore has a fixed number of state transition cycles 
(excitation and de-excitation) that it can undergo before it 
becomes nonfluorescent through photobleaching. Minimizing 
photobleaching means that more fluorophores will contribute to 
SNR and thus resolution, making this a major concern for STED 
imaging, especially in time-lapse and 3D imaging.

When a fluorophore enters an excited state (singlet or triplet), 
it has a certain instantaneous probability (rate) to interact with 
other molecules and produce irreversible covalent modifications 
that lead to photobleaching (Fig. 1d). If the STED beam solely 
induced SE, it would protect the fluorophore by shortening the 
singlet excited state duration (thus preventing the crossing to the 
triplet state). However, in practice, the STED beam induces other 

parasitic transitions (Fig. 1d), such as the excitation of the fluoro-
phore to higher electronic states (singlet or triplet)12, from where 
the rates of photobleaching are even higher. Reducing the popula-
tion of such higher electronic states reduces photobleaching.

One approach makes use of fluorophores with a low-absorption 
cross-section at the wavelength of the STED beam (or uses a STED 
beam at which the fluorophore does not have a high absorption 
cross-section) and/or of fluorophores having short triplet state 
lifetimes. These strategies minimize the rate of entering the higher 
electronic states and the time spent in the triplet state, respectively,  
thus reducing the overall probability of photobleaching. Although 
many fluorophores are suitable for STED microscopy, bright and pho-
tostable fluorophores, designed specifically for STED microscopy  
and available across the entire visible spectrum, are still needed.  
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A promising route for the photostabilization of available fluores-
cent probes is triplet state quenching28, which is important also 
from an SNR perspective, since fluorophores in the triplet state 
are disengaged from the fluorescent cycle.

A second approach minimizes the illumination of the fluoro-
phores while they reside in the triplet state. One implementation 
uses low-repetition-rate pulsed lasers that allow for an efficient 
depopulation of any dark state in-between the pulses29. However, 
lower repetition rates result in increased measurement times. 
Fortuitously, the same effect can be obtained using ultrafast 
scanners30,31 that enable short pixel dwell time (up to few nano-
seconds) and long illumination interleaving period (up to tens 
of microseconds) without the increase in measurement times.  
A third approach optimizes the chemicals composing the embed-
ding medium32, such as oxygen scavengers, which, however, could 
be incompatible with live-cell experiments.

Because excitation and SE are basic transition processes, STED 
microscopy has also been demonstrated on inorganic nanoc-
rystals, such as nanodiamonds33, quantum dots (QDs)34 and  
lanthanide-doped up-conversion nanoparticles (UCNPs)35. Their 
photostability is typically superior to that of organic compounds, 
and they have other promising characteristics—for example, 
UCNPs offer saturation intensity two orders of magnitude lower 
than those of organics fluorophores. However, application of  
inorganic nanocrystal as labels is in its infancy compared to 
organic fluorophores.

Minimizing useless illumination of the fluorophores is another 
strategy toward the reduction of photobleaching. The so-called 
RESCue approach36 (Fig. 3a) applies excitation and STED light 
only at pixels associated with subdiffraction regions effectively 
containing the fluorophores. In this manner, RESCue avoids 
additional state transition cycles and thus reduces photobleach-
ing (Fig. 3b). The MINFIELD approach37 is based on a similar 
idea—by recording only a predetermined subdiffraction-sized 
area in the sample, fluorophore exposure to the high intensities of 
the doughnut crest is minimized, and photobleaching is reduced. 
Recently, the two approaches have been synergistically combined 
in the DyMIN technique38. In a method called multiple OFF state 
transitions39 (MOST) or protected STED (Fig. 3a), the fluoro-
phores located in regions subject to excess STED beam intensities 
(i.e., the doughnut crest) are predriven into a second OFF state 
that is inert to the excess light. Although this method works only 
with specific ‘photoswitchable’ fluorophores, substantial reduc-
tion of photobleaching has been demonstrated using reversibly 
photoswitchable fluorescent proteins (RSFPs) (Fig. 3c).

Finally, time gating opens the possibility to efficiently use long 
STED beam pulses (CW laser represents the case limit), thus 
lower peak intensity, to achieve a certain resolution, which miti-
gates photobleaching40.

Live-cell imaging
STED microscopy provides cellular imaging with resolution down to 
20 nm21. However, whether such results can be achieved in live cells 
without causing phototoxicity and/or photodamage is an ongoing 
debate41. The dose of light needed by the STED beam (up to peak 
intensities of 1 GW/cm2) to provide resolution in the tens of nanometer  
is higher than that shown to induce photodamage42; however, mul-
tiphoton excitation microscopy, which is considered the method 
of choice for many in vivo applications, normally requires an even 

higher dose of light (hundreds of GW/cm2). The compatibility of 
STED microscopy with live-cell imaging depends on many aspects, 
such as the wavelength of the STED beam, the time of irradiation, 
the resolution needed, the investigated area and the specimen itself. 
Therefore, it is hard to find a general rule for estimating phototoxic 
effects a priori, and users should carefully and critically examine their 
sample before and after imaging to verify potential damage43.

Live-cell (and in vivo) STED microscopy imaging using geneti-
cally encoded markers such as fluorescent proteins44; self-labeling 
proteins tags45 such as SNAP-, HALO- or CLIP-tags; or probes 
coupled to ligands that specifically bind to a protein of interest 
have been reported46,47. In many of these reports, phototoxicity is 
considered minimal, because cellular substructures such as micro-
tubules showed viable behavior after imaging. But monitoring cell 
viability only immediately after the irradiation does not exclude 
light-induced damage, since it has been shown that apoptotic cells 
still show motility after irradiation, but die some hours later42. 
On the other hand, one might argue that phototoxic effects that 
manifest themselves after the actual experiment are irrelevant as 
long as the cellular dynamics during imaging are not disturbed.  
A rigorous figure of merit to judge damage induced during imag-
ing is still lacking. The first step toward a practical assessment of 
phototoxicity could be to use a gentler approach, such as differen-
tial interference contrast microscopy, to monitor cell morphology, 
dynamics and growth rate before, during and after STED micros-
copy, to gauge whether or not they have been altered.

Phototoxicity is highly dependent on the irradiation wave-
length; a recent report has shown a massive reduction of photo-
toxicity when using far-red light instead of visible or ultraviolet 
(UV) light42. Therefore, there is a growing interest to develop 
photostable far-red live-cell probes48,49 or fluorescent proteins50 
for STED microscopy. A new class of far-red silicon-rhodamine 
(SiR) probes was recently introduced49 that appears to have most 
of the desirable properties for live-cell imaging—high brightness, 
fluorogenicity, excellent specificity, cell permeability and high 
photostability. The potential of SiR dye for live-cell STED micro-
scopy imaging has been demonstrated in combination with self-
labeling protein tags49. Although self-labeling tags have proven 
useful, strategies for direct labeling of endogenous proteins would 
be valuable for a wide range of imaging applications, including 
STED microscopy. In the case of SiR dye, this problem is solved 
when the experiment involves the labeling of the microtubules, or 
the F-actin, or the chromosomal DNA46,47. Unfortunately, these 
solutions do not extend to all proteins of interest. Nevertheless, 
the benefits of SiR make it poised to create an entire family of 
powerful probes for live-cell STED microscopy.

Another important requisite, both for live- and fixed-cell STED 
microscopy, is the size of the probe. Small probes lead to more 
accurate subdiffraction images; an antibody has a molecular 
weight of 150 kDa, a length of 10–15 nm, and the combination 
of a primary and a secondary antibody is up to 30-nm long. This 
size is not a problem under the diffraction-limited resolution, but 
with a resolution of few tens of nanometers, labeling probes of 
this size cause problems—the fluorophores can be up to 30 nm 
away from their targets and, because of spatial constraints, the 
probes will not bind to every target molecule, generating spotty 
images. Labeling protocols based on SiR probes, aptamers51  
(~15 kDa, ~4 nm) or nanobodies37 (~13 kDa, ~2–4 nm) satisfy 
these spatial constraints.
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Phototoxicity is also mitigated using the strategies to reduce pho-
tobleaching described above. Photobleaching and phototoxicity 
mechanisms are strictly connected—when an excited fluorophore 
interacts with molecules of oxygen in the cellular environment, it 
undergoes photobleaching, and this reaction can generate toxic 
free-radical species. As a rule of thumb, photobleaching is a clear 
indication of phototoxicity, although a lack of photobleaching does 
not ensure that no phototoxicity has occurred.

Of course, phototoxicity will reduce if the dose of light required 
to achieve subdiffraction resolution also reduces. Time-gating 
reduces the peak intensity of the STED beam by one order of 
magnitude, but a further substantial reduction requires the use of 
different ON-OFF states, with lifetime longer than the nanosecond 
lifetime of the excited state. Longer lifetime states reduce the flux 
of photons required to transfer the fluorophores to another state. 
At the moment, the most promising class of state transitions for 
low-illumination nanoscopy is the photoinduced cis–trans isomer-
izations involving fluorescent and dark isomers. Since these transi-
tions require changes in molecular conformation, the lifetime of 
the associated states can be very long; RSFPs can be engineered 
to have millisecond isomeric states52. The class of super-resolved 
techniques involving reversible photoswitching is referred to as 
reversible saturable optical fluorescence transitions (RESOLFT)53 
(Supplementary Note 3).

Three-dimensional imaging
Since samples are inherently 3D, many applications require an 
isotropic resolution improvement. Notably, the doughnut-shaped 
STED beam configuration provides resolution enhancement 
only along the lateral (x,y) direction. Thus, for 3D subdiffraction  

resolution the focal distribution of the stimulating photons needs 
to be engineered to form a ‘zero’-intensity point surrounded in all 
directions by regions with high intensity. Currently, two approaches 
have been followed. The first uses two superimposed incoherent 
STED beams, one producing the doughnut-shaped focus and con-
fining the fluorescence laterally, and the other producing a bottle-
shaped focus and confining the fluorescence axially52 (Fig. 4a).  
This approach is currently available in different commercial sys-
tems (Supplementary Note 1). The second, more technically 
demanding, superimposes two intensity distributions confining 
the fluorescence both laterally and axially, but each distribution is 
obtained from the interference of two coherent beams focused in a 
4Pi configuration53 (4Pi-isoSTED microscopy). The 4Pi-isoSTED 
microscope provides isotropic 3D-resolution of 40 nm, but, since 
it is based on interference, any changes in the refractive index of 
the sample may drastically affect the intensity distribution of the 
stimulating photons, and thus the performance. This condition 
mainly restricts its application to cells grown in culture.

Another approach to obtain 3D resolution enhancement relies on 
the integration of the STED principle into light-sheet microscopy 
(LSM). It has been shown that by integrating a STED beam into a 
conventional LSM it is possible to enhance its ‘axial’ resolution54, 
and it has been predicted that both axial and lateral resolutions of 
a line-scanning LSM can improve if excitation and depletion Bessel 
beams are used55. It would be even more interesting to integrate 
a STED beam into a lattice LSM56—the ability to generate subdif-
fraction-sized fluorescent ‘needles’ as well as illumination patterns 
typical of structured illumination microscopy could trigger a new 
class of STED architectures that offers 3D resolution enhancement, 
large field of view and high temporal resolution.
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Deep imaging
For 3D applications like tissue or in vivo imaging, the resolution 
improvement must be preserved deep into the samples. Similar 
to conventional microscopy, light scattering and aberrations are 
the limiting factors for deep STED microscopy imaging. In addi-
tion, scattering and aberrations can break the coalignment of the 
excitation and STED beams and degrade the quality of the ‘zero’-
intensity point. The first approach for reducing specimen-induced 
spherical aberration (refractive index mismatch) is the use of a 
manual correction collar in the objective lens57. This approach 
allows reaching a subdiffraction resolution in living brain slices, 
but it has been shown to be effective only for 2D STED, where 
the doughnut-shaped STED beam is less sensitive to aberration 
compared to the bottle-shaped STED beam. Furthermore, in the 
case of large-scale 3D images, manual correction at each axial 
position is unrealistic.

A more general solution, valid both for 2D- and 3D-STED imag-
ing and also able to correct system-induced aberrations, is the use 
of AO based on deformable mirrors (DMs) and/or SLMs58. Whilst 
AO can mitigate aberrations for deep imaging, the light-scattering 
problem can be reduced by combining STED microscopy with 2PE 
microscopy59, because the near-infrared (NIR) light of the excita-
tion beam used in 2PE is scattered less by tissues. However, at least 
at present, most 2PE-STED implementations use a STED beam in 
the visible region and thus are still affected by strong scattering.

Optical clearing and index matching is a solution that simul-
taneously minimizes scattering and aberration (from refrac-
tive-index mismatching), that is compatible with 2PE-STED and 
3D-STED, and that is free from manual or automatic optimiza-
tion60,61. The limiting factor of this strategy is its incompatibility 
with living samples.

Fast imaging
Unlike other super-resolved microscopy techniques, STED 
microscopy drives fluorophores between the ON and OFF states 
‘instantaneously’; thus, as in confocal microscopy, its temporal 
resolution is limited technically by the scanning speed and fun-
damentally by the SNR. In the context of scanning speed, because 
the gain in spatial resolution is followed by the need for smaller 
pixel sizes, the recording of large field-of-view requires a large 
number of pixels, which may decrease the frame rate. However, 
thanks to recent progress in scanning technology, such as the 
introduction of resonant scanners30 and electro-optical deflec-
tors31, the temporal resolution of a scanning STED microscope 
already reaches the fundamental limit imposed by the SNR. In 
other words, the scanning speed is so fast that the pixel dwell time 
reaches the lifetime of the fluorescent state (a few nanoseconds), 
but this window typically does not allow for the collection of 
enough fluorescent photons to build up an image with a good 
SNR; thus, a number of cumulative frames are necessary.

In the current scenario, where the fluorescent flux is limited, the 
only way to speed up the time resolution of a point-scanning STED 
microscope is to either sacrifice the effective resolution or the field 
of view. For these reasons, currently the most promising approach 
for fast STED microscopy uses a single spot implementation and 
moves toward parallelization approaches. One approach imple-
ments four cloned excitation and STED beams and four separate 
point detectors62, but the scaling up of this design may be complex.  

A more promising approach uses two orthogonally crossed stand-
ing light waves as the depletion pattern and a conventional wide-
field excitation pattern63,64. Such an optical-depletion pattern 
features one ‘zero’-intensity point per diffraction-limited area; 
thus, few scanning steps of the 2D periodic pattern yield the full 
super-resolved image. Because stimulating photons are focused 
on a relatively larger area with respect to the single-point STED 
microscope, a critical aspect of parallelization is the need for a 
high-intensity laser—which, however, can be met by the use of 
lasers with low repetition rate and high pulse energy.

Combination with spectroscopy
With high temporal resolution and single-molecule sensitivity, 
fluorescence correlation spectroscopy (FCS) has emerged as an 
efficient tool for investigating molecular diffusion. But FCS is 
usually applied on a confocal microscope, and so its observation 
volume is diffraction limited, and this precludes the resolution 
of nanoscopic hindrances in molecular diffusion and requires 
working at nanomolar concentration. The combination of FCS 
and STED microscopy has solved these limitations—the observa-
tion spot in a STED-FCS experiment can be reduced well beyond 
the diffraction limit65. Furthermore, the ability to continuously 
tune the observation volume from diffraction-size down to tens of 
nanometers introduces a way of distinguishing between different 
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diffusion modes66. This capacity has been extensively explored to 
study 2D molecular dynamics in the cell membrane and recently66 
has been extended to the study of 3D molecular dynamics  
in the cytoplasm67.

Fluorescence lifetime imaging microscopy (FLIM) is widely 
used to reveal molecular interactions and environments. When 
combined with STED microscopy, FLIM can reveal these details 
at scale of tens of nanometers. However, STED-FLIM analysis is 
tricky on account of reduced photon counts and perturbation 
of the fluorophore’s lifetime from the STED beam. For a STED 
beam running in CW, this perturbation makes the analysis nearly 
impossible. For a pulsed STED beam, it has recently been shown 
that a pattern-matching approach can compensate for the absence 
of an accurate model of the photon-arrival-time distribution68.

Multicolor imaging is invaluable to understanding how mul-
tiple subcellular targets behave or interact. Multicolor STED 
microscopes have been developed (Fig. 4a–c and Supplementary 
Fig. 2). Early multicolor STED microscopy was highly complex, 
since every label needed a pair of laser beams, one to excite and 
one to deplete (Fig. 2a)69. Furthermore, because the more blue-
shifted STED beam strongly excited the red-shifted label and 
thus photodamaged it, the choice of labels was restricted, and 
sequential imaging was necessary. The use of two fluorophores 
with overlapping emission spectra but with a long (Stokes) shift 
between the excitation and the emission spectra of one of the 
fluorophores overcame these problems and reduced the complex-
ity of the architecture (Fig. 2b). In this case, a single STED beam 

serves both fluorophores, and the use of two different excitation 
beams realizes color separation70 (Fig. 4a,b). The same concept 
has recently been extended up to three71,72 and four26 (Fig. 4c) 
fluorophores. Unfortunately, not many long-Stokes-shift fluor-
ophores with high photostability exist; thus, the design of new 
fluorophores that meet this requirement may boost the multicolor 
ability of STED microscopy73. At the same time, linear unmix-
ing algorithms increase the number of fluorophore combinations 
compatible with multicolor STED microscopy. It has been shown 
that rigorous linear unmixing with a single excitation and a single 
STED beam can separate two fluorophores74,75.

Summary and outlook
STED has the potential to become a method of choice for studying 
subcellular structures on the nanoscale. Most of the early devel-
opments focused on pushing the resolution to the ultimate limit 
at the expense of other important properties, such as versatil-
ity, temporal resolution, depth imaging and invasiveness. In the 
last few years, the trend has changed, and many technological 
advances have partially recovered these properties. This trend is 
demonstrated by the emergence of new commercial STED micro-
scopes (Supplementary Note 1) and, most importantly, by a series 
of successful experiments based on STED microscopy (Box 1). 
However, the gap to satisfy all the needs of the life scientists is 
still large, and only a synergistic combination of achievements 
in different fields can fill it. We have here described how (i) new 
optical devices and lasers transformed STED microscopy into a 

Box 1  DESIGNING A STED MICROSCOPY EXPERIMENT
When designing a STED microscopy experiment, different aspects have to be considered during sample preparation, imaging and 
postimaging analysis. Here, we provide brief advice for increasing the success rate of the experiment. We assume the use of a 
typical commercial scanning STED microscope with basic features (fast scanning, doughnut-based architecture, multicolor).

Sample preparation. (i) Far-red fluorophores reduce scattering, autofluorescence and, in the context of live-cell experiments, 
phototoxicity. Currently, organic far-red fluorophores combined with self-labeling proteins tags or engineered to specifically bind 
some subcellular entity are the best choice for live-cell experiments; (ii) regarding photostability and brightness, green–yellow 
fluorescent proteins are still preferable to red fluorescent proteins; (iii) the most straightforward and reliable multicolor experi-
ment combines long-Stokes shift and normal fluorophores; such a combination provides automatically registered images. In 
these experiments fluorophores have to be selected for reducing signal cross-talk (microscopy companies provide technical notes 
suggesting the most suitable dye combinations); (iv) protocols based on small affinity probes instead of conventional antibodies 
remove artifacts due to probe size hindrance; (v) to avoid optical aberrations the refractive index of the mounting and embed-
ding media required by the objective lens should match, also the thickness of the coverslip must be chosen according to the 
objective lens specifications. For a thick sample, it may be worth testing clearing solutions.

Imaging. (i) The intensity of the STED beam should be gradually increased until photobleaching starts to appear; (ii) for multi-
color experiments with a single STED beam, the excitation wavelengths and the detection spectral windows should be optimized 
to reduce signal cross-talk. The intensity of the STED beam should be refined for each fluorophore to minimize photobleaching 
and achieve similar resolution for each color. When available, pixel-by-pixel or line-by-line acquisition schemes should be used to 
minimize drift between the colors; (iii) short pixel dwell times, such as those provided by a resonant scanner, minimize photob-
leaching; (v) SNR can be enhanced by line averaging; (vi) if using a pulsed STED beam, the time gating should be delayed no 
longer than the STED beam pulse width; when using a STED beam running in CW, the time gate should be delayed no longer than 
half of the fluorophore’s excited-state lifetime (this guarantees a signal reduction less than 40%).

Postimaging. (i) If the SNR ratio of a STED image is poor, and/or the STED beam intensity cannot be further increased, an 
effective resolution enhancement can be obtained using ad hoc image-deconvolution algorithms; however, the restored image 
has to be critically examined to exclude the introduction of any artifacts; (ii) in a multicolor STED experiment, linear unmixing 
algorithms should be used only in case of strong cross-talk between the channels; (iii) to exclude phototoxicity during a STED 
experiment, the vitality of the sample must be investigated both immediately and a few hours after the experiment.
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turnkey system; (ii) adaptive optics approaches and near-infrared 
proteins/probes could improve STED imaging depth in tissue; 
(iii) parallelization via multiple subdiffraction fluorescent regions 
could speed up STED imaging; (iv) new probes, labeling protocols 
and imaging scheme can reduce photobleaching and phototoxic-
ity for long-term and live-cell imaging; (v) new probes and imag-
ing schemes could simplify multicolor STED imaging.

In the context of quantitative imaging, it is important to point 
out that the STED microscope is a linear system, meaning that 
the signal recorded from a STED microscope in a well-defined 
subdiffraction volume is proportional to the fluorescent molecule 
concentration within the volume (apart from photobleaching). 
Therefore, similar to SMLM, there are no fundamental limits 
in counting molecules within a particular subcellular structure. 
Toward this, fluorescence intensity distribution analysis (FIDA) 
has been combined with STED-FCS76 and photon-bunching 
measurement with STED imaging77. We expect that, in the future, 
assays to map the number of proteins at the nanoscale, also with 
the help of correlating information from other microscopy tech-
niques78, would be a major thrust.

Another important consequence of the linearity of STED micro-
scopy is its compatibility with image restoration and deconvolu-
tion79 (Fig. 4d and Supplementary Note 4), which can represent 
a reliable approach to increase the effective resolution without 
increasing the STED beam intensity80. One may envision novel 
STED microscopy implementations able to probe the molecu-
lar organization and dynamics of the cell with a spatiotemporal 
resolution that can help researchers decipher the most puzzling 
mechanisms of life.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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