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 8 
Abstract: 9 

Stimulated emission depletion (STED) microscopy provides sub-diffraction resolution 10 

while preserving the most significant assets of fluorescence microscopy, such as 11 

optical sectioning and molecular specificity/sensitivity. However, it requires 12 

sophisticated microscopy architectures and high illumination intensities.  13 

Here we show the progress that has mitigated these problems and has given a 14 

substantial momentum to STED microscopy applications and commercialization. 15 

Furthermore, we discuss the future perspectives regarding spatiotemporal resolution 16 

and range, live-cell harmony and spectroscopy combination, which can elevate STED 17 

microscopy to a standard method for imaging in Life sciences and beyond. 18 



The stimulated emission depletion (STED) microscope 1 provides spatial resolution 19 

well below the limit imposed by the diffraction of light. This breakthrough is obtained 20 

by considering the fluorophore as an active element in the image formation process 21 

and not as a simple reporter 2. The central role of the fluorophore can also be 22 

recognized in all the successive super-resolved microscopy (or nanoscopy) techniques 23 

that blossomed over the last decade 3, 4. Here, as nanoscopy we refer to all far-field 24 

microscopy techniques that, at least in theory, reach diffraction unlimited resolution; 25 

techniques that push diffraction to the limit, e.g., linear structured illumination, 26 

confocal, image scanning and 4Pi microscopy, should not be considered as nanoscopy 27 

techniques 4. 28 

As in STED microscopy, the nanoscopy techniques resolve features closer than the 29 

diffraction limit by transferring the fluorophores transiently into two discernible states 30 

5, i.e., states with different spectral, temporal or any other detectable response to the 31 

illumination (typically a dark OFF and a bright ON state): the transition between 32 

distinguishable states opens the possibility to sequentially record signal originating 33 

from regions of the sample whose size are much smaller than the diffraction limit; the 34 

region occupied by a single molecule gives the case limit, such as in single-molecule-35 

localization (SML) microscopy 6. 36 

In STED microscopy, a fluorescent probe is first excited by light from the ground 37 

state (OFF state) to a (singlet) excited-state (ON state) and then it is either de-excited 38 

(i) by light, via stimulated emission (SE), or (ii) spontaneously, via fluorescence 39 

emission. To efficiently force a fluorophore to the OFF state, SE has to win the 40 

competition with spontaneous emission, which typically occurs within a few 41 

nanoseconds after the excitation event (fluorophore’s excited-state lifetime). This 42 

short temporal window and the small cross-section of SE demand a high flux of 43 



stimulating photons. For example, to quench by half the fluorescence of a fluorophore 44 

with 4 ns excited-state lifetime and 25 cm2/J stimulated emission cross-section 45 

requires 10 MW/cm2 light intensity (saturation intensity). A complete quenching 46 

requires much higher intensities, which can introduce detrimental effects such as 47 

photobleaching and phototoxicity. As a consequence, STED microscopy was long 48 

thought to be incompatible with long-term and live-cell imaging. This issue, together 49 

with the high cost and the high architectural complexity of the early implementations, 50 

substantially slowed down the growth and dissemination of STED microscopy. The 51 

STED microscope was invented in 1994 1, but only in the last ten years, it has gained 52 

a substantial momentum 7. Nowadays, STED microscopy has given new insights in 53 

several fields of Life science , such as cell biology, neuroscience, immunology, 54 

bacteriology and virology, it has been commercialized by different companies and it 55 

has been taken into use in many research groups. Nevertheless, much work remains to 56 

be done on improving its effective spatial resolution, as well as other important 57 

features, e.g., spatial range, temporal resolution and range, versatility, live-cell 58 

compatibility, spectroscopy combination and quantitative analysis. 59 

Here we briefly review the current status of STED microscopy and try to provide a 60 

perspective about the improvements and novelties that will allow this technique to be 61 

routinely used to solve many of the questions of modern biology and beyond.  62 

Basic Principles 63 

Diffraction does not allow the focusing of light to a volume smaller than roughly one-64 

half of the light wavelength along the lateral directions (x,y) and three times larger 65 

along the optical axis (z) 8, i.e., around 200 nm and 600 nm, respectively, for visible 66 

light. In fluorescence microscopy, all fluorophores within such volume are excited 67 



“simultaneously” and emit fluorescence “simultaneously”. As a result, fluorophores 68 

located at a distance closer than the size of the diffraction-limited volume cannot be 69 

resolved. In STED microscopy, SE reversibly silences (depletes) fluorophores at 70 

predefined positions of the diffraction-limited excitation region(s) (spot(s), needle(s) 71 

or sheet(s)). Only the fluorophores in the complementary regions are registered, and 72 

features closer than the diffraction limit can be separated. 73 

In the most typical STED microscopy implementation (Fig. 1a), the fluorescent 74 

confinement is obtained by co-aligning the Gaussian excitation beam of a scanning 75 

microscope with a second beam, called the STED beam, which (i) is tuned in 76 

wavelength to de-excite fluorophores via SE and (ii) is engineered in 77 

phase/polarization to create a doughnut-shaped focal intensity distribution with 78 

“zero”-intensity point in the centre. Although the STED beam focal intensity 79 

distribution is diffraction limited, high intensities saturate the SE transition and keep 80 

virtually all the fluorophores in the ground state (OFF state), except those located in a 81 

region around the “zero”-intensity point, whose size reaches sub-diffraction values 82 

and decreases with increasing STED beam intensity. Scanning the co-aligned beams 83 

across the specimen causes features that are slightly further apart from each other, 84 

than the extent of this tiny region, to fluoresce sequentially. The final result is an 85 

image whose (sub-diffraction) resolution is given by the size of the effective 86 

fluorescent region.  87 

Theoretically, the resolution of STED microscopy can reach the molecule’s size (i.e., 88 

the ultimate limit of a fluorescent microscope), in practice, it is limited by the signal-89 

to-noise ratio (SNR): to obtain an effective resolution enhancement, it is both 90 

important to generate sub-diffraction fluorescent regions across the whole specimen 91 



(according to the Nyquist sampling condition) and to register, from all these regions, 92 

enough fluorescent photons to obtain good SNR.  93 

The maximisation of the SNR is not only connected to the microscope detection 94 

efficiency and the fluorophore's brightness/photostability, but to the focal intensity 95 

distributions of the beams: the STED beam and the excitation beam foci have to 96 

coincide with nanometres precision and the residual STED beam’s intensity in the 97 

“zero”-intensity point has to be minimised 9 (spatial conditions, Fig. 1b). For a given 98 

number of stimulating photons (average intensity of the STED beam), the 99 

fluorescence quenching is maximised when all the photons act shortly after the 100 

excitation event and before the spontaneous emission (temporal conditions, Fig. 1c) 101 

10. Maximisation of the fluorescent quenching and minimisation of photobleaching 102 

also depend on the STED beam’s wavelength (spectral conditions, Fig. 1d): 103 

wavelengths close to the peak of the fluorophore’s emission spectrum improve the SE 104 

cross-section but increase the probability to excite the fluorophores with the STED 105 

beam. Furthermore, any other absorption of the STED beam photons from the 106 

fluorophores needs to be minimised to reduce photobleaching 11.  107 

Free- and Auto-Alignment Systems 108 

Because the SNR of a STED microscopy image depends on the co-alignment between 109 

the STED and the excitation beams, which in most cases use separate optical paths, 110 

any thermal drift and/or mechanical vibration limit the effective resolution of the 111 

system.  112 

A single laser “source” for both beams (a laser beam combiner or a super-continuum 113 

source) offers an elegant solution to this problem. In this case, the beams are naturally 114 



aligned, but it is necessary to have a beam-shaping device that, depending on the 115 

wavelength, shapes the intensity distribution at the focus as Gaussian (for the 116 

excitation beam) or as a doughnut (for the STED beam). Two of such free-space 117 

devices have been implemented: (i) a phase plate which combines different glass 118 

materials 12 and (ii) a combination of conventional and segmented wave plates 119 

(easySTED) 13. Since the easySTED device can be engineered to have large spectral 120 

bandwidths in which the beam remains Gaussian, it has been used for multi-colour 121 

STED microscope based on a single STED beam and multiple excitation beams. 122 

EasySTED is at the base of different commercial systems (Supplementary Note 1). 123 

The ideal beam-shaping device should provide multiple and tunable spectral regions 124 

for both the excitation and STED beam. A promising solution towards this direction is 125 

related to the use of a q-plate device 14. The q-plate device acts as doughnut converter 126 

for a particular spectral bandwidth, which, contrary to free-space devices, can be 127 

continuously tuned by changing the bias voltage of the device.  128 

Adaptive optics (AO) represents an alternative solution to the co-alignment problem. 129 

The introduction of a spatial-light-modulator (SLM) in the path of the STED beam 130 

allows the implementation of auto-alignment procedures 15. Here, the SLM is also 131 

used to generate the doughnut focal intensities distribution for the STED beam.  132 

Laser Architectures  133 

Lasers have a fundamental role in the dissemination of STED microscopy. The 134 

complexity, the cost and, the performance of the microscope changes depending on 135 

the lasers used (Supplementary Fig. 1).  136 



Since quenching is optimized when the stimulating photons act shortly after the 137 

fluorophore excitation events, STED microscopy is typically implemented with 138 

synchronized and temporally aligned pulsed lasers (Fig. 1c, pulsed STED 139 

microscopy): the excitation pulses are followed immediately by the depletion pulses. 140 

Furthermore, the ideal STED beam has to meet different technical demands: (i) peak 141 

intensities � 10 MW/cm2 to obtain significant resolution enhancement; (ii) high-142 

repetition rate (tens of MHz) for fast imaging; (iii) few hundreds picosecond pulse-143 

width to efficiently quench fluorophores and reduce photobleaching; (iv) narrow 144 

spectral-width to generate a high quality “zero”-intensity point; (v) wavelength 145 

tunability to match the spectral conditions of many fluorophores. In early STED 146 

microscopy, these requirements led to very complex and expensive instrumentations 147 

(Fig. 2a, Supplementary Fig. 1): up to the end of the 2000s, most of the STED 148 

microscopes used Ti:Sapphire lasers as STED beams, whose pulses required 149 

stretching to guarantee a few hundred picosecond pulse-width 16 and conversion to the 150 

visible range, if imaging with green/yellow fluorophores 17. A second pulsed diode 151 

laser electronically synchronized with the Ti:Sapphire laser provided the excitation 152 

beam. 153 

Nowadays, different turnkey STED microscopes based on more economical and less 154 

elaborate laser architectures have been implemented and commercialized (Fig. 2b, 155 

Supplementary Fig. 1). Pulsed (sub-) nanosecond (diode or fiber) 18-21 lasers have 156 

substituted the mode-locked lasers as STED beam. In these implementations the time-157 

gated detection (gated-pulsed STED microscopy, Fig. 1c, Supplementary Note 2) 158 

compensates for the expected reduction in resolution: the longer the depletion pulses, 159 

the lower the peak intensity and the lower the fluorescent quenching. Roughly 160 

speaking, by removing the fluorescence occurring during the STED beam action, 161 



time-gating increases the depletion (not the quenching) without increasing the STED 162 

beam intensity10. The same principle is at the base of gated CW-STED microscopy22 163 

(pulsed excitation and CW depletion, Fig. 1c, Supplementary Note 2), which is so far 164 

the cheapest and simplest implementation. However, the sample is over illuminated: 165 

with CW beam the stimulating photons also act outside the excited-state fluorophore 166 

lifetime potentially inducing unwanted transitions. Furthermore, the benefits of time-167 

gating come together with an SNR reduction10 (Supplementary Note 2). 168 

Another significant laser technology advancement was the release of high-power 169 

pulsed supercontinuum laser sources. The same laser source may provide a 170 

synchronized pair of beams (excitation and STED) for any fluorophore 23, 24. 171 

However, the need to temporally align the excitation and STED beams with an optical 172 

delay line, the trade-off between peak intensity and repetition rate and the reduced 173 

robustness have so far limited this implementation. On the other hand, the most 174 

versatile implementations of multi-colour STED microscopy are based on a super-175 

continuum excitation beam 25. 176 

Triggerable (sub-) nanosecond lasers can also help the dissemination of two-photon 177 

excitation (2PE) STED microscopy. Current 2PE-STED implementations 26 rely 178 

either on STED beams running in CW, with an over-illumination of the sample or on 179 

pulsed STED beams, requiring expensive and sophisticated laser architectures. A 180 

successfully demonstrated implementation that significantly simplifies 2PE-STED 181 

microscopy is the so-called single-wavelength implementation 27. However, the use of 182 

the same wavelength prevents the simultaneous optimization of the SE and the two-183 

photon absorption cross-sections, which limits the generality of this implementation.  184 

Strategies to Reduce Photobleaching 185 



Each fluorophore has a fixed number of state transition cycles (excitation and de-186 

excitation) that it can undergo before it photobleaches losing permanently its ability to 187 

fluoresce. The minimisation of the photobleaching is fundamental to achieve effective 188 

high-resolution STED microscopy images (the importance increases for time-lapse 189 

and 3D imaging): (i) all fluorophores must contribute to the image before they 190 

photobleach; (ii) signal maximisation means higher SNR, thus higher resolution; (iii) 191 

the higher the resolution, the larger the request of state transition cycles. 192 

When a fluorophore is into an excited-state (singlet or triplet), it has a certain 193 

instantaneous probability (rate) to interact with other molecules and produce 194 

irreversible covalent modifications that lead to photobleaching (Fig 1d). If the STED 195 

beam solely induced SE, it would protect the fluorophore by shortening the singlet 196 

excited-state duration (and preventing the inter-system crossing to the triplet state). 197 

However, in practice, the STED beam induces other parasitic transitions (Fig. 1d), 198 

such as the excitation of the fluorophore to higher electronic states (singlet or triplet) 199 

11, from where the rates of photobleaching are even higher. Reducing the population 200 

of such higher electronic states reduces photobleaching. A first approach concerns the 201 

use of fluorophores with a low absorption cross-section at the wavelength of the 202 

STED beam (or vice versa) and/or short triplet state lifetimes (the overall probability 203 

that a fluorophore photobleaches from a given state depends on both the rate and the 204 

lifetime of the state). Although a large portfolio of suitable fluorophores for STED 205 

microscopy is known, the development of novel bright and photostable fluorophores, 206 

specialized for STED microscopy applications and available across the entire visible 207 

spectrum, is still a must. A promising route for the photostabilization of a fluorescent 208 

probe is the triplet state quenching 28, which is important also from an SNR 209 

perspective, since fluorophores in the triplet state are disengaged from the fluorescent 210 



cycle. 211 

A second approach minimises the illumination of the fluorophores while residing in 212 

the triplet state. This goal can be achieved by using low-repetition rate pulsed lasers 213 

that allow for an efficient depopulation of any dark state in-between the pulses 29. But 214 

lower repetition rates result in increased measurement times. Without such 215 

disadvantages, the same effect can be obtained using ultra-fast scanners 30, 31 that 216 

enable short pixel dwell-time (up to few nanoseconds) and long illumination inter-217 

leaving period (up to tens of microseconds). 218 

A third approach optimises the chemicals composing the embedding medium 32, 219 

which ,however, could be incompatible with live-cell experiments. 220 

The minimisation of the useless illumination of the fluorophores is another strategy 221 

towards the reduction of photobleaching. The so-called RESCue approach 33 (Fig. 3a) 222 

applies excitation and STED lights only at pixels associated with sub-diffraction 223 

regions effectively containing the fluorophores. In a nutshell, it does not make sense 224 

to switch-off fluorophores in the doughnut crest when the sub-diffraction region in the 225 

centre does not include fluorophores. In this manner, RESCue avoids additional state 226 

transition cycles and thus reduces photobleaching (Fig. 3b) of any fluorescent marker.  227 

The MINFIELD approach 34 is based on a similar idea: By recording only a 228 

predetermined sub-diffraction sized area in the sample, fluorophore exposure to the 229 

high intensities of the doughnut crest is minimised and photobleaching is reduced.  230 

In a method called multiple OFF state transitions 35 (MOST) (Fig. 3a), the 231 

fluorophores located in regions subject to excess STED beam intensities (i.e., the 232 

doughnut crest) are pre-driven into a second OFF state that is inert to the excess light. 233 

Of course, this method works only with specific fluorophores: substantial reduction of 234 



photobleaching has been demonstrated using reversibly photo-switchable fluorescent 235 

proteins (RSFPs) (Fig. 3c). 236 

Time-gating opens the possibility to efficiently use long STED beam pulses (CW 237 

laser represents the case limit), thus lower peak intensity, which mitigates the 238 

photobleaching 36 . 239 

Because excitation and SE are basic transition processes, STED microscopy has also 240 

been demonstrated on various inorganic nanocrystals, such as nanodiamods 37, 241 

quantum dots (QDs) 38 and lanthanide-doped up-conversion nanoparticles (UCNPs) 242 

39. Their photostability is typically superior to organic compounds, and they have 243 

other promising characteristics, e.g., UCNPs offer saturation intensity two orders of 244 

magnitude lower than those of organics fluorophores. 245 

Live-Cell Imaging  246 

STED microscopy provides cell-imaging with resolution down to 20 nm 20. However, 247 

whether similar results can be achieved in live-cells without any damaging is an on-248 

going debate 40. The dose of light needed by the STED beam (up to peak intensities of 249 

one GW/cm2) to provide tens of nanometre resolution is higher than that shown to 250 

induce photodamage 41, however, multi-photon excitation microscopy, which is 251 

considered the method of choice for many in-vivo applications, normally requires an 252 

even higher dose of light (hundreds GW/cm2). It is clear that the compatibility of 253 

STED microscopy with live-cell imaging depends on many aspects, such as the 254 

wavelength of the STED beam, the time of irradiation, the resolution requirement, the 255 

investigated area and the kind of sample (which cell line, tissue or organism). 256 

Therefore it is hard to find a general rule for estimating a-priori the phototoxicity 257 



effects and users should carefully and critically examine their sample after imaging to 258 

verify potential damage.  259 

Live-cell (and in-vivo) STED microscopy imaging using genetically encoded markers 260 

such as fluorescent proteins 42, or self-labelling proteins tags 43, such as SNAP-, 261 

HALO- or CLIP-tags or probe specific for sub-cellular unit have been reported 44, 45. 262 

In many of these reports, phototoxicity is excluded, since after imaging the cellular 263 

substructures, such as the microtubules, showed viable behaviour. However, 264 

monitoring the cell viability only immediately after the irradiation does not exclude 265 

light-induced damage, since it has been shown that apoptotic cells still show motility 266 

after irradiation, but die some hours later 41. On the other hand, the phototoxic effects 267 

that manifest themselves after the actual experiment are irrelevant as long as the 268 

cellular dynamics during the imaging are not disturbed. A rigorous figure of merit to 269 

judge the light-induce damage induced during imaging is still lacking. The first step 270 

toward a robust metric could be to monitor the changes in cell morphology and 271 

dynamics before, during and after imaging by more gentle approaches, such as 272 

differential interference contrast microscopy. 273 

In the context of phototoxicity it is important to highlight its high dependency on the 274 

irradiation wavelength: a recent report has shown a massive reduction of photo-275 

toxicity when using far-red light instead of visible or ultra-violet (UV) light 41. 276 

Therefore there is a growing interest to develop photostable fluorescent proteins 46 or 277 

live-cell probes for far-red 47, 48 STED microscopy. A new class of far-red silicon-278 

rhodamine (SiR) probes was recently introduced 48 that appears to have most of the 279 

desirable properties for live-cell imaging, such as high brightness, fluorogenicity, 280 

excellent selectivity, cell permeability (if needed) and high photostability. The 281 

potential of SiR dye for live-cell STED microscopy imaging has first been 282 



demonstrated in combination with self-labelling protein tags 48. The use of self-283 

labelling protein tags solves many limitations of fluorescent proteins, e.g., brightness 284 

and photostability, but similarly, they require the expression of a fusion protein in the 285 

organism of interest. A direct labelling of endogenous proteins would remove such 286 

technical hurdle and avoid artefacts arising from (over-) expression of fusion proteins, 287 

opening up numerous experimental possibilities. In the case of SiR dye this problem 288 

is solved when the experiment involves the labelling of the microtubules, or the F-289 

actin, or the chromosomal DNA 44, 45. Unfortunately, these solutions cannot 290 

straightforwardly extend to all the proteins of interest. However, the unique 291 

combination of the several features of SiR could stimulate the creation of an entire 292 

family of powerful new probes for live-cell STED microscopy.  293 

Another important requisite, both for live-cell and fixed-cell STED microscopy, is the 294 

size of the probe. Small probes lead to more accurate sub-diffraction images: an 295 

antibody has a molecular weight of 150 kDa, a length of 10-15 nm, and the 296 

combination of a primary and a secondary antibody is up to 30 nm long. This size is 297 

not a problem under the diffraction-limited resolution, but with a resolution of few 298 

tens of nanometres, labelling probes of this size cause problems: the fluorophores can 299 

be up to 30 nm away from their targets and, because of spatial constraints, the probes 300 

will not bind to every target molecule generating spotty images. Labelling protocols 301 

based on SiR probes, aptamers 49 (! 15 kDa, ! 4 nm) or nanobodies 34 (! 13 kDa, ! 2-302 

4 nm) satisfy these spatial constraints. 303 

Photo-toxicity is also mitigated using the strategies that reduce photobleaching. 304 

Photobleaching and phototoxicity mechanisms are strictly connected: when an excited 305 

fluorophore interacts with the molecules of oxygen in the cellular environment it 306 



undergoes photobleaching and this reaction can generate toxic free-radicals species. 307 

As a rule of thumb, photobleaching is a clear indication of phototoxicity.  308 

Of course, phototoxicity will reduce if the dose of light required to achieve sub 309 

diffraction resolution also reduces. Time-gating reduces the peak intensity of the 310 

STED beam by one order of magnitude, but a further reduction needs to dismiss the 311 

SE and the excitation as ON-OFF mechanisms. At the moment the most promising 312 

class of state-transitions to explore in the quest for low illumination nanoscopy is the 313 

photoinduced cis-trans isomerizations involving fluorescent and dark isomeric 314 

counterparts. Since these transitions require changes in molecular conformations the 315 

lifetime of the associated states can be very long: RSFP can be engineered to have 316 

milliseconds isomeric states 50 . The class of super-resolved techniques involving 317 

reversible photoswitching is referred to as reversible saturable optical fluorescence 318 

transitions  (RESOLFT) 51 (Supplementary Note 3).   319 

Three-Dimensional Imaging 320 

Since samples are inherently 3D, many applications require an isotropic resolution 321 

improvement. Notably, the doughnut-shaped STED beam configuration provides 322 

resolution enhancement only along the lateral (xy) direction. Thus, for 3D sub-323 

diffraction resolution the focal distribution of the stimulating photons needs to be 324 

engineered to form a “zero”-intensity point surrounded in all directions by regions 325 

with high intensity. Currently, two approaches have been followed, the first approach 326 

uses two superimposed incoherent STED beams, one producing the doughnut-shaped 327 

focus and confining the fluorescence laterally, and the other producing a bottle-328 

shaped focus and confining the fluorescence axially 50 (Fig. 4a). This approach is 329 

currently available in different commercial systems (Supplementary Note 1).  A more 330 



technically-demanding implementation similarly superimposes two intensity 331 

distributions confining the fluorescence both laterally and axially, but each 332 

distribution is obtained from the interference of two coherent beams focused in a 4Pi 333 

configuration 51 (4Pi-isoSTED microscopy). The 4Pi-isoSTED microscope provides 334 

isotropic 3D-resolution of 40 nm, but, since it is based on interference, any changes in 335 

the refractive index of the sample may affect drastically the intensity distribution of 336 

the stimulating photons, thus the performance. 337 

A different approach to obtain three-dimensional resolution enhancement relies on the 338 

integration of the STED principle into light-sheet microscopy (LSM). It has been 339 

shown that by integrating a STED beam into a conventional (cylindrical lens based) 340 

LSM it is possible to enhance its “axial” resolution 52, and it has been predicted that 341 

both axial and lateral resolutions of a line-scanning LSM can improve if excitation 342 

and depletion Bessel beams are used 53. However, it would be more interesting to 343 

integrate a STED beam into a lattice LSM 54: the ability to generate sub-diffraction 344 

sized effective fluorescent needles together with the possibility to generate 345 

illumination patterns typical of structured illumination microscopy could trigger a 346 

new class of STED architectures that offers 3D resolution enhancement, large field of 347 

view and high-temporal resolution. 348 

Deep Imaging  349 

For many 3D applications, such as tissue or in-vivo imaging, the improvement in 350 

resolution must be preserved deep into the samples. Similar to conventional scanning 351 

microscopy, light scattering and aberrations are the limiting factors for deep STED 352 

microscopy imaging. Besides, scattering and aberrations can break the co-alignment 353 

of the excitation and STED beams and degrade the quality of the STED beams’ 354 



“zero”-intensity point. The first approach for reducing the specimen-induced spherical 355 

aberration (refractive index mismatch) is the use of a manual correction collar in the 356 

objective lens 55. This approach allows reaching a sub-diffraction resolution in living 357 

brain slices, but it has been shown to be effective only for 2D-STED, where the 358 

doughnut-shaped STED beam is less sensitive to aberration compared to the bottle-359 

shaped STED beam. Furthermore, in the case of large-scale 3D images, the manual 360 

correction at each axial position is unrealistic. 361 

A more general solution, valid both for 2D- and 3D-STED imaging and also able to 362 

correct system-induced aberrations, is the use of AO based on deformable mirrors 363 

(DMs) and/or SLMs 56. 364 

Whilst AO can mitigate aberrations for deep imaging, the light scattering problem can 365 

be reduced by combining STED microscopy with 2PE microscopy 26. Indeed the 366 

scattering reduces because of the near-infrared (NIR) wavelength of the excitation 367 

beam. However, at least at present, most of the 2PE-STED implementations use a 368 

STED beam in the visible region and thus are still affected by strong scattering.  369 

A solution that simultaneously minimises the scattering and the aberration (from 370 

refractive-index mismatching), that is compatible with 2PE-STED and 3D-STED and 371 

that is free from manually or automatic optimization is the use of optical clearing and 372 

index matching strategy 57, 58. The limiting factor of the optical clearing and index 373 

matching strategy is the incompatibility with live-cell imaging.  374 

Fast Imaging 375 

Unlike other super-resolved microscopy techniques, STED microscopy drives 376 

fluorophores between the ON and OFF states “instantaneously”, thus, as in confocal 377 



microscopy, its temporal resolution is limited technically by the scanning speed and 378 

fundamentally by the SNR. In the context of scanning speed, because the gain in 379 

spatial resolution is followed by the need for smaller pixel sizes, the recording of 380 

large field-of-view requires a large number of pixels, which may decrease the frame 381 

rate. However, thanks to the recent progress in scanning technology, such as the 382 

introduction of resonant scanners 30 and electro-optical deflectors 31, the temporal 383 

resolution of a scanning STED microscope already reaches the fundamental limit 384 

imposed by the SNR. In a nutshell, the scanning speed is so fast that the pixel dwell 385 

time reaches the lifetime of the fluorescent state (few nanoseconds), but this window 386 

typically does not allow for the collection of enough fluorescent photons to build-up 387 

an image with a good SNR; thus a number of cumulative frames are necessary.  388 

In the current scenario, where the fluorescent flux is limited, the only way to speed up 389 

the time-resolution of a point scanning STED microscopy is to either sacrifice the 390 

effective resolution or the field-of-view. For these reasons, currently, the most 391 

promising approach for fast STED microscopy leaves the single spot implementation 392 

and moves towards the parallelization of the effective fluorescent regions.  The first 393 

approach implements four cloned excitation and STED beams and four separate point 394 

detectors 59, but the scaling up of this design may be complex. A more promising 395 

approach uses two orthogonally crossed standing light waves as the depletion pattern 396 

and a conventional wide-field excitation pattern 60, 61. Such an optical depletion 397 

pattern features one “zero”-intensity point per diffraction-limited area; thus a small 398 

scanning of the two-dimensional periodic pattern yields the full super-resolved image. 399 

Because stimulating photons are focused on a relatively larger area with respect to the 400 

conventional scanning STED microscope, a critical aspect of parallelization is the 401 



request for a high-intensity laser, which however can be surpassed by the use of lasers 402 

with low repetition rate and high pulse energy.  403 

Spectroscopy Combinations 404 

Thanks to its high temporal resolution and its single-molecule sensitivity, 405 

fluorescence correlation spectroscopy (FCS) has emerged as an efficient tool to 406 

investigate molecular diffusion. But FCS is usually applied on a confocal microscope, 407 

thus its observation volume is diffraction-limited which precludes the resolution of 408 

nanoscopic hindrances in the molecular diffusion and require working at nanomolar 409 

concentration. The combination of FCS and the STED microscopy concept has solved 410 

these limitations: The observation spot in a STED-FCS experiment can be reduced 411 

well beyond the diffraction limit 62. Furthermore, the ability to continuously tune the 412 

observation volume from diffraction-size down to tens of nanometer size introduces a 413 

way of distinguishing between different diffusion modes 63. This capacity has been 414 

extensively explored to study 2D molecular dynamics in the cell membrane and 415 

recently 63, it has been extended to the study of 3D molecular dynamics in the 416 

cytoplasm64. 417 

Fluorescence lifetime imaging microscopy (FLIM) is widely used to reveal molecular 418 

interactions and environments. When combined with STED microscopy FLIM can 419 

reveal these details at the tens-of-nanometre scale. However, the STED-FLIM 420 

analysis is tricky due to the reduced photon counts and the perturbation of the 421 

fluorophore’s lifetime from the STED beam. For STED beam running in CW this 422 

perturbation makes the analysis hardly possible.  For pulsed STED beam, it has been 423 

recently shown that a pattern-matching approach can compensate for the absence of 424 

an accurate model of the photon-arrival time distribution 65. 425 



Similar to the possibility of studying the temporal behaviour of a specific molecule in 426 

the cellular environment, also the ability to understand its interplay with other 427 

molecules can be indispensable to understand its function. In fluorescence microscopy 428 

this is usually realized by multi-colour imaging, namely by tagging the different 429 

molecules with different fluorescent labels, whose excitation and/or emission spectra 430 

can be distinguished. This multi-colour principle is transferable to STED microscopy 431 

(Fig. 4a-c and Supplementary Fig. 2). Early multi-colour STED microscopy was 432 

characterized by a high complexity since every label needed a pair of laser beams, one 433 

to excite and one to deplete (Fig. 2a) 66. Furthermore, because the more blue-shifted 434 

STED beam strongly excited the red-shifted label and thus photodamaged it, the 435 

choice of the labels was restricted and a sequential imaging was necessary.  The use 436 

of two fluorophores with overlapping emission spectra but with a long (-Stokes) shift 437 

between the excitation and the emission spectra of one of the fluorophores overcame 438 

these problems and reduced the complexity of the architecture (Fig 2b). In this case, a 439 

single STED beam serves both fluorophores and the use of two different excitation 440 

beams realizes colour separation 67 (Fig. 4a-b). The same concept has been recently 441 

extended up to three 68, 69 and four 25 (Fig. 4c) different fluorophores. Unfortunately, 442 

not many long-Stokes shift fluorophores with high photo-stability exist; thus the 443 

design of new fluorophores that meet this requirement may boost the multi-colour 444 

ability of STED microscopy 70. At the same time, linear un-mixing algorithms 445 

increase the number of fluorophore tuples compatible with multi-colour STED 446 

microscopy. It has been shown that rigorous linear un-mixing with a single excitation 447 

and a single STED beam can separate two fluorophore 71, 72.  448 



The excitation and emission spectral signature is the most straightforward fluorescent 449 

property used to implement multi-labelling STED imaging, however other 450 

fluorescence properties can be explored, such as the excited-state lifetime . 451 

Summary and Outlook for the Future 452 

Stimulated emission depletion microscopy has potentially everything in its favour to 453 

become a fundamental tool for inferring functional and structural information of many 454 

macromolecular complexes and subcellular structures. Most of the early 455 

developments focused on pushing the resolution of STED microscopy to the ultimate 456 

limit at the expense of other important properties of fluorescence microscopy, such as 457 

versatility, temporal resolution, three-dimensionality and invasiveness. In the last few 458 

years, the trend has changed and many advances in technology in the context of 459 

STED microscopy have partially recovered these properties. This trend is 460 

demonstrated by the blossom of new commercial STED microscopes (Supplementary 461 

Note 1) and most importantly by a series of successful experiments based on STED 462 

microscopy (Box 1).  However, the gap to satisfy all the requests from Life Sciences, 463 

and Material Science as well, is still large, and only the synergetic combination of 464 

different achievements in different fields can fill it. We described how (i) new optical 465 

devices and lasers transformed STED microscopy in a turnkey system; (ii) adaptive 466 

optics approaches and near infrared proteins/probes could grant STED imaging depth 467 

into tissue; (iii) parallelization via multiple intensity minima light pattern (multiple 468 

sub-diffraction regions) could speed up STED imaging; (iv) new probes, labeling 469 

protocols and imaging scheme reduced photobleaching and phototoxicity in favor of 470 

long-term and live-cell imaging; (v) new photostable long-Stokes shift probes 471 

simplified multi-colour STED imaging. 472 



In the context of quantitative imaging it is important to highlight that STED 473 

microscope is a linear system (not to be confused with the non-linearity of the 474 

fluorescent signal with respect to the STED beam intensity): when two fluorescent 475 

structures are imaged, the result is equal to the sum of the independently imaged 476 

structures. In other words, the signal recorded from a STED microscope in a well-477 

defined sub-diffraction volume is proportional to the fluorescent molecule 478 

concentration within the volume (apart from the photobleaching). Thereby, similar to 479 

SML microscopy, there are no fundamental limits in developing new methods for 480 

counting molecules within a particular sub-cellular structure. Toward this direction, 481 

fluorescence intensity distribution analysis (FIDA) has been combined with STED-482 

FCS 73 and photon-bunching measurement with STED imaging 74. Thus, we expect 483 

that in the future new broadly applicable assay to map the number of proteins at the 484 

nanoscale, also with the help of correlating information from other microscopy 485 

techniques 75, would be a major thrust. 486 

Another important consequence of the linearity of STED microscopy is its 487 

compatibility with image restoration/deconvolution 76 (Fig. 4d, Supplementary Note 488 

4), which can represent a reliable approach to increase the effective resolution without 489 

increasing the STED beam intensity 77.    490 
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Box 1 - Advice for Designing a STED Microscopy Experiment 496 

When designing a STED microscopy experiment different aspects have to be 497 

considered during any phase of its realization (sample preparation, imaging and post-498 

imaging). Here, we shortly review important advice for increasing the rate of success 499 

of the experiment. Notably, we assume the use of a typical commercial scanning 500 

STED microscope with basic features (fast scanning, doughnut-based architecture, 501 

multi-colour). 502 

Sample preparation. (i) Far-red fluorophores reduce scattering, autofluorescence 503 

and, in the context of live-cell experiments, photo-toxicity. Currently, organic far-red 504 

fluorophores combined with self-labelling proteins tags or engineered to specifically 505 

bind some sub-cellular units are the best choice for live-cell experiments; (ii) 506 

regarding photostability and brightness green/yellow fluorescent proteins are still 507 

preferable to red fluorescent proteins; (iii) the most straightforward and reliable multi-508 

color experiment combines long-Stokes shift and normal fluorophores, such 509 

combination provides automatically registered images. In these experiments 510 

fluorophores have to be selected for reducing signal cross-talk (all microscopy 511 

companies provides technical notes suggesting the most suitable dye combinations); 512 

(iv) protocols based on small affinity probes instead of conventional antibodies 513 

remove artefacts due to probe size hindrance; (v) in order to avoid optical aberrations 514 

the refractive index of the mounting medium and of the embedding medium required 515 

by the objective lens should match, furthermore, the thickness of the coverslip has to 516 

be carefully chosen according to the objective lens specifications. For a thick sample, 517 

if experience with clearing solutions is available, it might be worth testing. 518 

Imaging. (i) The intensity of the STED beam has to be gradually increased up to the 519 

limit where photobleaching on the image start to appear; (ii) for multi-colour 520 



experiments with a single STED beam, the excitation wavelengths and the detection 521 

spectral windows have to be optimized for reducing signal cross-talk. The intensity of 522 

the STED beam has to be refined for each fluorophore to minimise photobleaching 523 

and achieve similar resolution for each colour. When available pixel-by-pixel or line-524 

by-line acquisition scheme has to be used to minimise drift between the colours; (iii) 525 

short pixel dwell-times, such as the one provided by resonant scanner, minimise 526 

photobleaching; (v) SNR has to be enhanced by line averaging; (vi) if using pulsed 527 

STED beam the time-gating should be delayed no longer than the STED beam pulse-528 

width, when using STED beam running in CW the time-gate should be delayed no 529 

longer half or the fluorophore’s excited-state lifetime (this guarantees a signal 530 

reduction less than 40%). 531 

Post-Imaging. (i) If the SNR ratio of a STED image is poor and/or the STED beam 532 

intensity cannot be further increased, an effective resolution enhancement can be 533 

obtained using ad-hoc image deconvolution algorithms, however, the restored image 534 

has to be critically examined to exclude the introduction of any artefacts; (ii) in a 535 

multi-colour STED experiment linear un-mixing algorithms are requested only in case 536 

of strong cross-talk between the channels;  (iii) in order to exclude photo-toxicity 537 

during a STED experiment the vitality of the sample must be investigated both 538 

immediately and a few hours after the experiment;    539 
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Figure 1. STED microscopy principles. (a) Comparison between the conventional 735 
scanning microscope (left) and the STED microscope (right). (b) Spatial conditions. 736 
The maximum and the “zero" of the excitation and depletion focal intensity 737 
distributions, respectively, should coincide. (c) Temporal conditions. All stimulating 738 
photons should act when fluorophores are in the singlet-excited state S1 and 739 
fluorescence must be registered after the stimulating photons action. Experimental 740 
time-sequence for the excitation, the depletion, and the fluorescence signal detection 741 
for gated pulsed STED (gP-STED) microscopy, pulsed STED (gP-STED) 742 
microscopy, gated CW-STED (gCW-STED) microscopy, and CW-STED 743 
microscopy. The time-delay Tg characterizes the time-gated detection. The pulse-744 
width TSTED and the repetition-rate 1/Trep characterize the pulsed STED beam. (d) 745 
Spectral conditions. All the photons of the STED beam should promote SE and not be 746 
absorbed. Normalized ground state absorption and fluorescence emission spectra 747 
juxtaposed with the excited state absorption of eGFP 78 (left). The Jablonski diagram 748 
indicates the transitions relevant for STED microscopy, including the photobleaching 749 
(bl) pathways (right). The dashed lines depict the unwanted transitions.  750 
  751 



Figure 2. STED microscopy architectures. (a) In early two-colour architecture 79 752 
every label demand for a pair of laser beams (an excitation and a STED beam). 753 
Femtosecond mode-locked Ti:Sapphire lasers provided the STED beams whose 754 
pulses were stretched to hundreds of picoseconds with a combination of gratings, 755 
glass-roads, and single-mode-fibres (SMF) and, in case of visible fluorophores, 756 
converted in wavelength using non-linear optics. (b) In modern multi-colour 757 
architectures, long Stokes-shift fluorophores allow the use of a single STED beam. 758 
Triggerable sub-nanosecond fibber laser removes the need of pulses preparation, and 759 
time-gating detection improves the fluorescent depletion. Furthermore, sub-760 
nanosecond lasers provide narrow-band STED beams (< 1 nm instead of ~ 10 nm for 761 
the Ti-Sapphire-based STED beam). Combining all the beams into an SMF fibre and 762 
using the easySTED device the system is aligned by design. 763 



Figure 3. RESCue- and protected-STED microscopy. (a) Comparison of 764 
conventional (up), RESCue- (middle) and MOST- (bottom) STED microscopy. The 765 
RESCue- STED microscope uses a small fraction of the pixel dwell-time to 766 
understand if the associated sub-diffraction region contains fluorophores (i.e., the 767 
photons collected during this fraction N are above a certain threshold NT); otherwise 768 
the laser beams are shut-off for the rest of the pixel. (b) The protected-STED 769 
microscope uses a fraction of the pixel-dwell time to drives fluorophores located on 770 
the doughnut crest of the STED beam into a dark-state where they do not participate 771 
in the excitation and de-excitation cycle. (c) Image series of immunolabelled NPC 772 
subunits in Vero cells for RESCue and conventional STED microscopy showing the 773 
reduction of photobleaching. (d) Image series 35 of living cells expressing keratin-774 
rsEGFP2 for conventional and protected STED microscopy showing the reduction of 775 
photobleaching. Scale bars: 1 μm. 776 
  777 



Figure 4. Side-by-side comparison of confocal and STED microscopy images. (a) 778 
Dual-colour 3D-confocal (top) and pulsed 3D-STED (bottom) axial views (xz) of an 779 
immunolabelled fixed cell. (b) Dual-colour confocal (right) and pulsed STED (left) 780 
images of the immunolabelled subunits in amphibian nuclear pore complex (NPC) 20. 781 
(c) Four-colour confocal (top) and pulsed STED (bottom) images of an 782 
immunolabelled fixed cell 25. (d) Single-colour confocal (top), gated CW-STED 783 
(middle) and deconvolved gated CW-STED (bottom) images of immunolabelled fixed 784 
cell 80. Scale bars: 1 μm. 785 
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