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1. Introduction

Fluorescence microscopy has become an invaluable tool in
biological investigations, both on a structural and on a func-
tional level.[1] A vast array of labeling methods enable the spe-
cific attachment of fluorophores, fluorescent reporter mole-
cules, to structures of interest in fixed and living biological sys-
tems.[2] Even more information on biological functions can be
gained by the spatiotemporal observation of living specimens.
Here, the large penetration depth, relatively low damage po-
tential, compatibility with physiological imaging conditions
and relatively easy sample preparation make optical far-field
fluorescence microscopy the method of choice for all but very
few biological applications. The availability of genetically en-
coded fluorophores adds even more to this advantage.[3]

For structural investigations, the width of the electromag-
netic spectrum opens the possibility to use several spectrally
distinct fluorophores to label and visualize different structures
simultaneously within one specimen. The distribution of pro-
teins and their spatial correlations in fixed specimens can give
important clues to functional interactions. Since in biology the
aspects of structure and function are linked inseparably on
multiple levels of detail, this property is especially important
because it allows elucidating structural/functional interdepen-
dencies. Ultimately, light microscopy serves to directly observe
the processes by which a cell facilitates its numerous structur-
al, mechanical and metabological tasks. The use of fluoro-
phores with narrow emission spectra, together with spectral
unmixing,[4] has even allowed for the simultaneous detection
of up to seven different fluorophores.[5]

Furthermore and of equal importance, multi-color light mi-
croscopy allows a direct view on cellular reactions to engi-
neered materials. Especially fluorescent nanoparticles and their
interactions with cellular structures attract growing attention
as numerous applications introduce nanoscale materials into
the environment.[6–8] Being of sub-diffractional size, both nano-
particles and their cellular interaction partners benefit from the
recent developments in fluorescence microscopy that are
pushing the resolution limit down to the nanoscale.

2. Advances in Fluorescence Microscopy

An important step in the evolution of modern optical imaging
has been the introduction of confocal optics and the confocal

laser scanning microscope.[9, 10] (Figure 1) In this method, a dif-
fraction-limited excitation spot within the specimen is imaged
onto a confocal aperture, which is positioned in front of a
point detector. The confocal aperture rejects light from neigh-
boring focus planes, and for imaging the focal spot is scanned
across the specimen. This concept of axial restriction of the op-
tical detection volume has not only enabled real 3D imaging,
but has also introduced the notion of an optically confined
micro-cuvette within the specimen. This cuvette formed by the
detection volume allows the usage of fluorescence spectro-
scopic methods to gain spatially resolved insight into bio-
chemical dynamics, beyond the pure optical imaging. The
spectroscopic methods implemented in modern confocal mi-
croscopes encompass among others time-resolved spectrosco-
py (FLIM, fluorescence lifetime imaging),[9, 11] photoselection
and polarization anisotropy measurements,[12] and fluorescence
correlation spectroscopy.[13, 14] One of the main obstacles in op-
tical imaging has long been the effect of diffraction, limiting
the resolution to approximately half the wavelength of the
light used. The use of UV and shorter wavelength light is limit-
ed by the concomitant ionization and radiation damage of flu-
orophores as well as living specimens. In the last decade, this
resolution limit has been overcome by a number of diffraction-
unlimited optical imaging techniques.

Most of these superresolution techniques can be catego-
rized into two groups.[15] In stochastic superresolution micros-
copy, the single-molecule nature of the fluorescent emitters to-
gether with random switching schemes is exploited to deter-
mine their position much more precisely than the optical reso-
lution of the instrument. To enable a precise localization, only
one single emitter is allowed to emit per area determined by
the diffraction-limited resolution. In order to achieve this be-
havior, several molecular switching methods based on switcha-
ble fluorescent proteins (PALM, photoactivation localization mi-
croscopy),[16] organic dye pairs (STORM, stochastic optical re-
construction microscopy)[17] and light-induced ground-state de-
pletion (GSDIM: ground-state depletion followed by individual

For about a decade, superresolution fluorescence microscopy
has been advancing steadily, maturing from the proof-of-prin-
ciple stage to routine application. Of the various techniques,
STED (stimulated emission depletion) microscopy was the first
to break the diffraction barrier. Today, it is a prominent and
versatile form of superresolution light microscopy. STED mi-
croscopy has shed a sharper light on numerous topics in cell
biology, but also in material sciences. Both disciplines extend
into the nanometer range, making detailed studies of structur-
al and functional relationships difficult or even impossible to
achieve using diffraction-limited microscopy. With recent ad-

vancements like spectral multiplexing or live-cell imaging,
STED microscopy makes nanoscale materials and components
of the cell accessible for fluorescence-based investigations.
With multicolor superresolution imaging, even the interactions
between biological and engineered nanostructures can be
studied in detail. This review gives an introduction into the
working principle of STED microscopy, provides a detailed
overview of recent advancements and new techniques imple-
mented for use with STED microscopy and shows how these
have been applied in the life sciences and nanotechnologies.
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molecule return, dSTORM: direct stochastic optical reconstruc-
tion microscopy)[18, 19] have been developed. The detection of a
sufficiently large number of single-molecule events allows the
pointillistic reconstruction of the fluorophore distribution by
fitting of the respective centers of the single-molecule events.
The technique of spectrally assigned localization microscopy is
conceptually similar to the aforementioned methods.[20]

Most of the non-stochastic superresolution techniques are
defined by point spread function (PSF) engineering. The PSF
represents the response of the optical imaging system to a
single infinitely small emitter, and is thus a direct representa-
tion of the optical resolution of the system. Among the PSF

engineering methods, structured illumination (SIM)[21–23] uses a
spatially modulated illumination pattern along with mathemat-
ical reconstruction to double the bandwidth of the optical
system, thus doubling its resolution. This bandwidth doubling
is also the case for the ideal confocal microscope, where the
spatially modulated illumination is achieved by the diffraction-
limited excitation spot, and the real space resolution can be re-
stored by deconvolution. A nonlinear extension of SIM is satu-
rated structured illumination microscopy (SSIM),[24, 25] where
nonlinear saturation effects are exploited to increase resolution
even further. These structured illumination techniques work in
parallel by scanning the excitation pattern in the spatial fre-
quency space and reconstructing the real space fluorophore
distribution, in contrast to PSF engineering methods that
reduce the size of the emitting fluorescent volume in real
space. The PSF engineering methods commonly use point
scanning, although parallelized implementations have been
developed,[19, 26, 27] and schemes like slit scanning can be envi-
sioned. Using a precise interpretation of the definition, 4Pi mi-
croscopy[28] is not diffraction-unlimited, but rather makes use
of two opposing lenses to use the largest possible angular
spectrum to increase the axial resolution of the scanned focal
spot. In the RESOLFT (reversible saturable optical fluorescence
transitions) concept[29–31] the fluorophores in the outer range of
the scanned focal spot are prevented from fluorescence by
local saturation of a molecular transmission, while the fluoro-
phores at the spot center remain unaffected. This can be ac-
complished by ground state depletion (GSD)[32, 33] that does not
leave any molecules in the electronic ground state S0 to be ex-
cited to the fluorescent S1 state, as well as stimulated emis-
sion,[34–36] depleting the S1 state and thus switching off the
fluorescence capability of the fluorophores before fluorescence
can occur (STED). One main advantage of point-scanning PSF
engineering methods lies in the fact that the real physical
volume of the PSF is reduced, so the concept of the optical
micro-cuvette inside the specimen can be sustained. Further-
more, except for a deconvolution to reduce the effect of axial
diffraction sidelobes in 4Pi microscopy, these techniques do
not require any mathematical post-processing. Common to all
RESOLFT concepts, by virtue of the optical switching of the sat-
urable transition used to reduce the PSF volume, the resolu-
tion increase is easily accessible by means of the intensity of
the laser driving the transition. In STED microscopy, this is the
intensity of the depletion laser. By tuning this external parame-
ter, the microscopist can adjust the focal spot size freely, sacri-
ficing resolution if a stronger signal is needed or if bleaching is
an important issue,[37] or contrarily maximizing resolution when
working with optimal, bleach-resistant samples.[38]

The common feature of all superresolution methods is the
molecular switching, which enables a temporally sequential
imaging of emitters which would not have been separable
when imaged simultaneously. The switching can be stochastic
as in PALM/STORM/GSDIM or at predetermined positions as in
STED/GSD/RESOLFT/SIM, and can be parallelized up to a cer-
tain limit. The parallelization is inherent in structured illumina-
tion methods, whereas stochastic schemes detect several fluo-
rophores per image frame, and multi-focus methods can be
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employed in PSF engineering approaches.[26, 27] Linear imaging
schemes, such as conventional confocal microscopy or linear
SIM are limited to the double bandwidth of a widefield micro-
scope by using diffraction-limited excitation and detection. Su-
perresolution methods with res-
olutions beyond double the dif-
fraction-limited resolution all
rely on nonlinear switching
schemes, like saturable transi-
tions or the highly nonlinear re-
placement with the center posi-
tion of a localized spot.

3. The STED Principle

The basic idea behind STED mi-
croscopy as noted above is the
spatially selective deactivation
of fluorophores, preventing their
participation in image forma-
tion. (Figure 2) The photophy-
sics of the fluorescence process
can be modeled as an excitation
from the electronic ground state
S0 of the fluorophore to the ex-
cited singlet state S1 induced by
the excitation beam. Here, after
initial vibrational relaxation, the fluorophore can emit light as
fluorescence via spontaneous emission and return to a vibra-
tionally excited substate of the S0 electronic state. In a simple
model, the energy lost in vibrational relaxation in this process
can be viewed as the Stokes shift between excitation and
emission spectrum. But spontaneous emission of fluorescence
is not the only deactivation process of the S1 state. Most im-
portantly, an incident photon can initiate stimulated emission,
in which a second photon is emitted. Here, the efficiency of

the stimulated emission process
is scaled by the number of inci-
dent photons. If only enough
photons are incident on the flu-
orophore, the S1 state can be
depleted before a fluorescence
process can occur, and fluores-
cence is thus prevented. This
optically saturable process in-
troduces the nonlinearity that is
exploited to increase the resolu-
tion in STED microscopy by
using high intensities for the
depletion laser. (Figure 3) The
wavelength of the stimulated
emission can be chosen to be
shifted to higher values relative
to the maximum of the emis-
sion spectrum, and can hence
be spectrally separated on the
detection side.

The high laser intensities required for a complete depletion
of the S1 state in STED imaging also affect the photobleaching
rate in the specimen,[39] not only in the image plane, but also
in the light cone above and below the focal spot. To keep pho-

Figure 1. Optical path and location of the sample in a conventional laser scanning microscope. The laser beam
scans the sample in xy direction first. The focal plane can be adjusted by variation of the distance between
sample and objective (axial, along the z-axis). With a depletion laser, the configuration corresponds to a STED mi-
croscope.

Figure 2. Simplified Jablonski diagram of the molecular states involved in STED imaging. After initial excitation
from the S0 to the S1 state and vibrational relaxation, fluorophores can emit fluorescence photons. Alternatively,
the fluorescence can be silenced by driving a stimulated emission transition into a higher vibrational substate of
the electronic ground state S0. The red-shifted stimulated emission light can be spectrally separated during detec-
tion. The bleaching pathways indicated in the diagram are addressed in the text.

Figure 3. Reduction of lateral PSF size using STED with a doughnut-shaped
depletion pattern (red). The diffraction-limited excitation pattern is depicted
on the left. Starting with the second image from left to right, the depicted
effective PSFs (green) result from a doubling of STED laser power from each
image to the next.
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tobleaching at a minimum, several concepts have been devel-
oped. The right choice of fluorophore can prevent photo-
bleaching induced by absorption of the STED laser by the S1

state and excitation into higher singlet states. To prevent this
population of highly excited singlet states, the stimulated
emission spectrum and excited state absorption spectrum of
the fluorophore should not overlap.[40] To reduce photobleach-
ing by excitation of long-living triplet states, either the repeti-
tion rate of the laser in a pulsed STED Scheme can be reduced
to allow triplet state relaxation between two laser pulses,[41] or
chemical reagents can be used to ensure a depletion of the
triplet state through redox reactions.[42, 43]

The spatial structure of the depleted area in which the fluo-
rescence is switched off by stimulated emission can be engi-
neered by using wavefront modifying elements in the pupil
plane of the objective lens. Using high-aperture vectorial fo-
cusing calculations allows the design of diffractive optical ele-
ments (DOEs) for a variety of depletion patterns, including 1D
and 2D lateral confinement and axial confinement, and combi-
nations thereof.[44–46] (Figure 4) The most prominent example is
the doughnut shape used for lateral confinement in 2D, which
is generated by a helical phase ramp in conjunction with a cir-
cular polarization of the depletion laser beam. The lateral reso-
lution of such an optical setup typically varies between 30 nm
and 80 nm for biological samples, dependent on the properties
of the sample and on the applied power of the depletion laser.
In specific cases, values down to 6 nm lateral resolution have
been achieved.[38] Using different depletion schemes, axial reso-
lutions on the order of 100 nm have been demonstrated,[35]

and even isotropic resolutions of 30 nm are possible.[47] In this

context, the combination of STED and 4Pi imaging has also
proven useful.[48] In order not to sacrifice signal photons from
the actual imaging spot, the destructive interference of the de-
pletion beam at the center of the excitation focus has to be
near-perfect, imposing constraints on the optics used in such
applications. Also, the registration of the excitation and deple-
tion patterns, which are generated by laser beams of different
wavelength, is crucial for a good signal ratio, resulting in re-
quirements of the correction of the imaging optics.

Regarding the optical implementation of driving the molec-
ular transitions involved in the STED principle, a number of
concepts have been published. The first implementation was
based on pulsed lasers, where the effective stimulated emis-
sion probability can be optimized by proper selection of
delays between excitation and depletion pulses and the deple-
tion pulse length.[35, 41, 49] This concept necessitates expensive
lasers, so an implementation based on CW lasers was devel-
oped.[50] The broad range of strong continuous wave (CW)
laser sources available as turn-key systems has widened the us-
ability of such systems to end-users tremendously and has ex-
tended the wavelength and thus the fluorophore range avail-
able for benchtop systems. More recently, a two-photon pro-
cess[51] for the excitation in STED imaging has been implement-
ed,[52–55] exploiting the intrinsic optical sectioning of the two-
photon excitation mode and allowing the use of non-descan-
ned detection. Together with the demonstration of STED imag-
ing with large penetration depth using appropriate optics,[56] it
seems clear that the imaging depth of STED will be pushed
further in the future.

Figure 4. Phase masks (second column) commonly used in STED microscopy and corresponding depletion patterns (fourth column lateral section in the focal
plane, fifth column axial section along the meridional plane). The optical thickness is given in units of depletion laser wavelengths. For the vortex phase
ramp, strict circular polarization is required for the STED laser beam.
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There are several concepts to transfer the spectral multiplex-
ing property of conventional fluorescence imaging to STED
imaging. These concepts encompass four-beam schemes[57, 58]

using separate excitation and depletion beam pairs for two flu-
orophores, schemes employing the same depletion beam for
both fluorophores[59–61] and other concepts.[62, 63] The rapid
recent progress in this aspect of STED development will intro-
duce multicolor STED imaging to a wider field of applications.

The reduction of the focal volume in STED microscopy re-
duces the number of fluorescent labels in that volume. Even
though this reduces the apparent brightness of the specimen,
it removes photons from adjacent positions, which is the core
principle of the resolution improvement. In order to fulfill the
Nyquist sampling criterion, smaller steps have to be used
when scanning the specimen, leading to longer recording
times if not compensated by reducing the field of view. Con-
comitantly, a lower number of detected photons per sample
point also reduces the signal-to-noise ratio. To ensure high
photon collection efficiencies, sensitive detectors like avalan-
che photodiodes are usually employed. New developments,
such as gallium arsenide phosphite (GaAsP) hybrid detectors
are also promising technologies, combining the high quantum
efficiency of the avalanche process with increased dynamic
range. Furthermore, the fast time response of avalanche pho-
todiode (APD) detectors and GaAsP hybrid detectors allows for
a time-resolved detection of photons. This enables the imple-
mentation of gated detection schemes,[64, 65] which suppress
background light as well as light from the outer range of the
focal spot and thus increase resolution by exploiting the time
characteristics of the molecular STED mechanism.

The purely physical and variable reduction of the focus
volume in STED microscopy has been used to adapt fluores-
cence correlation spectroscopy to superresolution imag-
ing.[66–68] In this application, STED microscopy not only allows
the exploration of processes on a spatial scale beyond the dif-
fraction limit, but also opens the possibility to address the
technical problem of recording correlations in situations of
high fluorophore concentration, such as overexpression of flu-
orescent protein constructs. Also, fluorescence lifetime imaging
has overcome the diffraction limited resolution by implementa-
tion in a STED microscope.[69]

4. Dyes and Labeling Systems for STED
Microscopy

At the beginning of STED applications, the range of dyes avail-
able for this technique was rather limited. In the first theoreti-
cal description of STED microscopy, Rhodamine B was named a
potential STED dye.[34] The first dyes that were subsequently
used for this newly developed technique were typical laser
dyes emitting in the red spectral range. Examples are lipophilic
pyridine dyes: Pyridine 2 embedded in fluorescent beads and
Pyridine 4 used for labeling the membrane of bacterial cells
(Escherichia coli). The styryl dye RH414 has been used to stain
the vacuolar membrane of living yeast cells,[35] whereas JA 26
was applied after spin-coating on a glass surface.[70] In order to
enable advanced biological imaging, the dyes have to be spe-

cifically targeted towards the structure of interest. In addition,
further technical developments, for example, new laser sour-
ces, and novel applications, for example multi-color imaging
and imaging of living cells using advanced labels, have moti-
vated but also demanded a progressive expansion of dyes and
labeling systems suitable for STED. Up to now, more than forty
different fluorophores covering almost the entire visible spec-
trum have been applied for STED imaging (Table 1).

A breakthrough towards broader applicability of STED for
cellular imaging was its utilization for immunolabeled cells. In
the first description of this technique, the authors used the
red-emitting dye MR-121SE coupled to an anti-mouse secon-
dary antibody via amide bonds.[39] Currently, immunolabeling is
the gold-standard for STED microscopy. It allows labeling of
both structures in fixed and permeabilized cells and compo-
nents that are expressed on the surfaces of living cells.[37] This
technique is available for dyes that can be covalently coupled
to antibodies and in STED microscopy has been applied to a
broad range of dyes, for example green-emitting
Atto 532[41, 71, 72] and Atto 565, yellow-emitting Atto 590, and
red-emitting Atto 633.[73] A further example is the red-emitting
dye Atto 647N that has been used for the first demonstration
of two-color STED.[57] This dye is characterized by only minor
excited state absorption competing with STED efficiency.[40]

Dyes with a long Stokes shift like DY-485XL have been used for
dual-color imaging using only one depletion laser.[59] Using
orange Atto 590 together with Atto 647N and a second red-
emitting dye called KK114 that has similar spectral properties,
but a different fluorescent lifetime, STED has even been ex-
tended to three color imaging.[74] The library of dyes suitable
for STED has recently been extended to the blue range using
the dyes Atto 390 and Coumarin 102.[75] The design of novel
dyes suitable for nanoscopy is an active field, aimed at devel-
oping dyes with high photostability, high fluorescence quan-
tum yields, and low rates of transitions competing with stimu-
lated emission.[40, 76–78]

The specific targeting of fluorophores is fundamental for
successful imaging strategies. As stated above, labeling ap-
proaches based on antibodies are restricted to non-living cells
or labeling of cell surface structures that might subsequently
be internalized by the cells. Therefore, labeling strategies have
been developed that are better compatible with targeting in-
tracellular or even cytosolic components. Such strategies com-
prise genetic engineering aimed at generating fusion proteins
composed of the protein of interest and a labeling protein
that are expressed by the cells. Widely used are autofluores-
cent proteins, which are available in a broad range of
colors.[79, 80] The first example of an autofluorescent protein for
STED was the green fluorescent protein (GFP)[81] used to label
virus derived particles and the Endoplasmic Reticulum (ER) of
non-living cells.[82] The first example of fluorescent proteins
used for STED imaging of living cells has been given by Hein
et al.[83] In this study, the yellow fluorescent protein Citrine was
targeted to the ER of mammalian cells. Nine consecutive
images were recorded over 90 seconds, allowing the observa-
tion of structural changes of the ER network.[83] Time lapse
STED imaging of dendritic spines of yellow fluorescent protein

ChemPhysChem 2012, 13, 1986 – 2000 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 1991

STED Microscopy and its Applications

www.chemphyschem.org


(YFP) expressing neurons has also been performed using hip-
pocampal slices from transgenic mice.[84]

More recently, also red-fluorescent proteins have been ap-
plied for STED. The first example is E2-Crimson, a derivative of
the tetrameric protein DsRed-Express2.[85] In comparison to its

parental protein, E2-Crimson exhibits red-shifted absorption
and emission spectra allowing excitation with 635 nm.[85] The
tetrameric structure of E2-Crimson favors its application as a
label for luminal spaces of cellular organelles. A monomeric
red-fluorescent protein called TagRFP657 with an even further

Table 1. Fluorophores for STED microscopy.

Fluorophor Absorption maxi-
mum [nm]

Emission maxi-
mum [nm]

STED wavelength
[nm]

Additional information References

Abberior STAR
440 SX

437[a] 515[a] 590–620 – http://abberior.com

fluorinated rhoda-
mines

512[b]

501[c]

552[d]

530[b]

524[c]

574[d]

590–620
595–615
645–665

rhodamine derivatives,
uncaging at 360–440 nm

[78, 165, 166] http://abberior.-
com

Abberior STAR
635

635[b] 655[b] 740-760 rhodamine derivative [76, 77] http://abberior.com

Alexa Fluor 594 590 617 700 and 736 – [54, 167] http://invitrogen.com
Alexa Fluor 488 495 519 592 – [168] http://invitrogen.com
Atto 425 436 484 532 coumarine like [169] http://atto-tech.com
Atto 532 532 553 603 rhodamine like [41, 72, 169] http://atto-tech.-

com
Atto 565 563 592 650–676 rhodamine like,

two-photon excitation
[50, 73, 167, 168, 170] http://atto-
tech.com

Atto 590 594 624 700 rhodamine like [73, 167] http://atto-tech.com
Atto 594 601 627 700 rhodamine like [167] http://atto-tech.com
Atto 633 629 657 745–750 – [73, 171] http://atto-tech.com
Atto 647N 644 669 750–780 carborhodamine [50, 67, 157] http://atto-tech.-

com
Atto 390 390 479 532 coumarine like [75] http://atto-tech.com
B504-MA 514 530–540 592 Bodipy like [60]
Chromeo 488 488 517 592 – [168] http://activemotif.com
Chromeo 494 494 628 760 long stokes shift dye [93] http://activemotif.com
Coumarin 102 400 480 532 – [75]
DY-485XL 485[f] 560[f] 647 – [59] http://dyomics.com
DY-495 493[f] 521[f] 592 fluorescein-based [168] http://dyomics.com
DyLight 594 594[f] 615[f] 700 – [167]
FITC 485 514 592 fluorescein- isothiocyanate [168]
JA26 635 680 775–781 xanthene like [70, 172, 173]
KK114 650 670 755 rhodamine like [74, 76, 167]
MG-2p 632 664 730–750 Malachite green activated by L5-

MG-L90S
[95, 96]

MR 121 SE 532 700 793 oxazine like [39]
Nile red 552[e] 636[e] 765 phenoxazine [35] http://invitrogen.com
NK51 532 553 647 – [59] http://atto-tech.com
Oregon Green
488

496 526 592 difluorofluorescein [168] http://invitrogen.com

PTCA 458 530–540 592 Perylene like [60]
Pyridine 4 550[f] 770[f] 765 – [35]
Pyridine 2 500[f] 740[f] 765 – [35]
RH 414 532[e] 716[e] 765 styryl dye [35] http://invitrogen.com
TMR-Star 554 580 650 tetramethylrhodamine-derived,

permeable
[92] http://neb.com

YOYO-1 491[g] 509[g] 568, 647 dimeric cyanine nucleic acid dye [105] http://invitrogen.com
GFP 490 510 575 – [82]
GFP switchable 488 511/515 595 Dronpa-M159T, Padron, on/off at

405 nm
[63]

YFP 514 527 598 – [84]
Citrine 516 529 592 – [83, 174]
E2Crimson 611 646 760 tetrameric [85]
TagRFP657 611 657 750 monomeric [86]
NV diamond 532 600–850/685 775/740 fluorescent nitrogen

vacancy centers
[38, 98]

quantum dots 440 (excitation) 580 676 Mn-doped ZnSe [97]

[a] in PBS, at pH 7.4, [b] in water, pH 7, [c] at pH7, [d] at pH 7.4, [e] in methanol, [f] in ethanol, [g] dye DNA complexes at pH 7.4. Additional information can
be found in the list of dyes used in STED microscopy at http://www.mpibpc.mpg.de/groups/hell
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red-shifted emission maximum (657 nm)[86] was derived from
the monomeric mKate.[87] In a first proof of concept, STED
imaging was performed on fixed cells using TagRFP657 fusions
to various cellular proteins.[86] In addition, reversible switchable
fluorescent proteins (RSFPs), emitting at 515 nm have been
used to image multiple structures in living cells, requiring only
one excitation and STED wavelength and a single detection
channel.[63]

A further approach that has been used to mark cellular com-
ponents for STED is based on self-labeling proteins. Fused to
the protein of interest, these proteins label themselves by
binding of organic fluorophores. One example used for STED is
a modified enzyme (haloalkane dehalogenase, HaloTag) that
covalently binds to synthetic ligands.[88] These ligands consist
of a reactive linker (chloroalkane) forming a covalent adduct
with the HaloTag and a functional group, in this case a fluores-
cent dye (Atto 655) applicable for STED imaging.[89] Derivatives
of the DNA repair protein O6-alkylguanine-DNA alkyltransferase
(SNAP-tag, CLIP-tag) that covalently bind fluorescently labeled
derivatives of O6-benzylguanine[90] or O2-benzylcytosine[91] can
be applied in a similar way.[92] Using the improved SNAPf-tag
and CLIPf-tag as well as the dyes Chromeo 494 and Atto 647N,
dual-color STED has recently been performed on living cells.[93]

One of the major advantages of self-labeling proteins com-
pared to autofluorescent proteins is the applicability of organic
fluorophores that exhibit higher extinction coefficients and
quantum yields as well as a higher bleaching resistance. Their
drawback is that many of the fluorophores suitable for STED
are not membrane permeable[89, 93] and thus not suitable for la-
beling of living cells. In addition, washing of samples is neces-
sary to prevent background fluorescence. The development of
wash-free labels might overcome this problem in future.[94]

In this aspect, fluorogen activating proteins might have su-
perior properties, because they do not demand removal of un-
bound label. These reporter proteins are derived from human
single chain antibodies[95] and bind fluorogens like malachite
green with high affinity, thus increasing their fluorescence.
STED imaging using such a reporter has been performed using
fusions to cell surface bound receptors.[96] A further advantage
of this system is that the label is bound non-covalently, thus
during repeated scanning, exhausted labels might be replaced.
A restriction in their use is that the fluorogens are not mem-
brane-permeable and are known to be biological photosensi-
tizers.

By now, a great range of labeling systems has been devel-
oped for various applications in fluorescence microscopy in-
cluding STED. One aspect that is becoming increasingly impor-
tant in the application high resolution microscopy is the physi-
cal size of the labeling systems themselves. Protein-based
labels have molecular weights between 20 kDa and 50 kDa
and a size of approximately 4–10 nm. Tuning the resolution to-
wards the lower nanoscale range may eventually become limit-
ed by the size of the available labeling systems. Specific report-
ers with a low molecular weight might be advantageous,
when ultra-high resolution is demanded. Ideally these mole-
cules would be able to penetrate living cells, as this aspect still

limits the applicability of nanoscopy to monitor dynamic pro-
cesses inside living cells.

All of the dyes and labeling systems described so far are
composed of organic compounds. Up to now, there are only
two examples of inorganic fluorophores that have been used
for nanoscale imaging according to the RESOLFT concept. The
first example are quantum dots that have been optically
switched off by excited state absorption.[97] The second exam-
ple includes fluorescent nitrogen vacancy centers that have en-
abled the highest subdiffraction resolution thus far, reaching
6 nm in bulk diamond.[38] Such materials are even available in
form of nanoparticles and have been imaged in cellular envi-
ronment using a STED configuration.[98] Light-driven modula-
tion of the fluorescence from Mn-doped ZnSe quantum nano-
crystals has been established through excited-state absorption
and its direct competition with spontaneous emission. Such
optical control over electronic transitions enables far-field fluo-
rescence microscopy analysis.

5. STED Applications

In recent years, STED microscopy has matured from an exclu-
sive and highly specialized method for superresolution imag-
ing of a limited set of suitable sample types, to a widespread,
affordable, general purpose mode of fluorescence microscopy.
STED microscopy has been expanded step by step, meeting
biologist’s demands of multi-color, live cell and even video rate
imaging capabilities. To demonstrate this development, a
number of examples are given below, although the list is by
no means meant to be exhaustive.

5.1. Structural Analyses by Means of STED Microscopy

From the onset, STED microscopy has opened up a field of ap-
plication for fluorescence microscopy that had previously been
an exclusive domain of electron microscopy: The analysis of
protein structure and distribution on the sub-organelle level. In
proof-of-principle studies, cytoskeletal filaments are most often
used as a standard to demonstrate superresolution (Figure 5).
Neurofilaments, actin and, most frequently, tubulin are routine-
ly imaged for comparisons of confocal and STED resolving
power.[43, 50, 74]

In early endosomes of PC12 cells, synaptophysin and several
SNARE proteins form microdomains unresolvable by conven-
tional light microscopy but easily distinguishable in a STED
setup using a pulsed far-red depletion laser.[99] The same
system, achieving a lateral resolution of about 70–90 nm, has
been used to show that SNAP25 forms clusters independently
of the functionality of its SNARE motif, and binds to clustered
syntaxin.[100] Furthermore, it was used to analyze the highly ir-
regular fine structure of the bacterial tubulin homolog FtsZ at
the early stage of cell division.[101] Structural studies of complex
organelles like mitochondria also benefit from superresolution
light microscopy. The mitochondrial proteins Tom20, VDAC1
and Cox2 were found to be distributed as nanoscale clusters,
using custom-made STED microscopes with a lateral resolution
below 50 nm.[102, 103] Employing an isoSTED system, even the
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highly convoluted arrangement of mitochondrial cristae could
be imaged with 30 nm 3D resolution.[15, 47] On small vesicles
with sub-diffraction diameters, superresolution can be used for
size determination. For example, synaptotagmin was shown to
remain clustered upon exocytosis from synaptic vesicles of pri-
mary neuronal cells.[104] STED microscopy has also been used
successfully for the in vitro study of single YOYO-labeled l-bac-
teriophage DNA molecules[105] and of DNA binding proteins lo-
cated in human replication foci.[106]

5.2. Correlative Methods

STED and other high-resolution methods do not necessarily
compete with each other. The resolution of electron or atomic
force microscopy, still being superior to even the most ad-
vanced STED systems, cannot be denied. But in combination
with superresolution light microscopy, these methods can be
complemented by the inherent advantages of fluorescent la-
beling and detection. Sharma et al. combined STED visualiza-
tion of the actin cytoskeleton of human ovarian cancer cells
with an atomic force microscopy (AFM) based detection of
changes in cell stiffness, as induced by cisplatin treatment.[107]

Transmission electron microscopy (TEM), on the other hand,
can be used to provide a highly detailed visualization of mem-
brane boundaries, to which fluorescently labeled protein distri-
butions from correlative STED images can be mapped.[108]

5.3. Multicolor STED Microscopy

However useful STED resolution power has been proven to be
for structural analyses, studying protein interactions or struc-
tural-functional dependencies requires the recording of at least

two separate channels. The significant differences of confocal
and STED PSFs in size and sometimes shape present a severe
limit for colocalization studies where these techniques are
combined. Apart from special techniques like fluorescence res-
onance energy transfer (FRET)[109] or image correlation meth-
ods,[110] the most direct way to apply superresolution to ques-
tions of molecule interactions is multicolor STED microscopy.

Using dedicated beam pairs for the individual excitation and
depletion of two fluorescent dyes, colocalization imaging of
synaptic and mitochondrial protein clusters at STED resolution
was demonstrated with a precision of 5 nm.[57] With the use of
a supercontinuum fiber laser source, the same technique re-
vealed colocalization patterns of various mitochondrial porins
with hexokinase-1 in human U2OS cells to be much more com-
plex than previously anticipated by confocal microscopy.[62] Dif-
ferent populations of synaptic vesicle proteins have also been
studied by STED multiplexing and appeared not to intermix or
escape from synaptic boutons upon moderate stimula-
tion.[111, 112] In whole-mount preparations of mouse cochlear
inner hair cells, two-color STED microscopy was also used to
investigate the colocalization of synaptotagmin 1 and the ve-
sicular protein Vglut3.[113] By combining two-color microscopy
with multi-lifetime imaging, even three channel STED micros-
copy has been shown to be feasible.[74]

High-resolution microscopy has undoubtedly cast a sharper
light on the heterogeneities of protein distribution. However,
as microscopic resolution is now of the same scale as protein
clusters or even large individual proteins, colocalization coeffi-
cients can be found to be much smaller than in confocal stud-
ies, even when the two targets of interest actually interact.[114]

Since the concept of colocalization is deeply tied to a finite
resolution, colocalization as a tool to investigate protein inter-
actions has been suggested to be augmented by nearest-
neighbor analyses to study the spatial relations of interacting
molecules.

5.4. Live-Cell STED Microscopy

Early on, STED microscopy has been explored for its capability
to work with living cells.[35] For a long time, this was limited to
the labeling of the plasma membrane using organic dyes or
antibodies, as well as structures derived from the plasma mem-
brane such as vesicles, after internalization of these fluorescent
reporters. In hippocampal cultured neurons, live-cell STED mi-
croscopy revealed that endosomal sorting of synaptotagmin
occurs rapidly, primarily involving the readily releasable pool of
vesicles.[111]

Combining STED microscopy with fluorescence correlation
spectroscopy (FCS), fluorescently labeled sphingolipids were
shown to be transiently trapped in cholesterol-mediated mo-
lecular complexes.[67] Also by STED-FCS analysis, subtle differ-
ences in the diffusion characteristics of various fluorescent
phosphoglycerolipids and their dependence on cholesterol
and actin polymerization could be elucidated in such detail as
remains unobtainable by standard, diffraction-limited FCS.[115]

However, only fluorescent proteins, which can be expressed
in a site-specific manner fused to target proteins, provide the

Figure 5. Microtubules of a Caco-2 cell stained with Atto647N. Comparison
of confocal mode (left) and STED mode (right) at about 80 nm lateral resolu-
tion. Some large, ill-defined structures from the confocal recording emerge
as bundles of multiple filaments after the depletion laser is turned on. Scale
bar: 5 mm.
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versatility to visualize almost any organelle or protein distribu-
tion in a living cell. This feature has been implemented for
STED microscopy only recently. After the principle had been
proven,[82] the method was shown to work at 50 nm lateral res-
olution within live mammalian cells expressing Citrine-tubu-
lin.[83] Using fluorescent proteins, STED microscopy has not
only been used to detect structures of mammalian cells, but
also for the first time to visualize the clustering of YFP tagged
PIN proteins in the plasma membrane of living plant cells.[116]

Using self-labeling proteins and thus site-directed targeting
of organic fluorophores, STED microscopy on living cells was
further extended.[92] In a proof of principle, a lateral resolution
of 40 nm was achieved, recording 10 consecutive 20 mm �
20 mm image slices with an acquisition time of 10 seconds per
frame. Recently, using a STED microscope with a pulsed far-red
depletion laser, SNAPf-tag and CLIPf-tag expression were com-
bined successfully for multicolor live-cell STED microscopy, ob-
serving epidermal growth factor and its receptor in human em-
bryonic kidney cells. By this approach, a lateral resolution of
80 nm was achieved.[93] With the same type of microscope, the
actin cytoskeleton of living HeLa cells expressing a fluorogen-
activating protein was imaged, resulting in a lateral resolution
of 110 nm.[96] For STED-based studies of protein colocalization
focusing on the colocalization distribution, a bimolecular fluo-
rescence complementation technique (BiFC) has proven useful.
In this system, the fluorescence of two protein fragments is re-
constituted upon contact and was used in a study of tubulin
interaction with the microtubule-associated protein MAP2 in
living kidney epithelial cells.[117]

GFP, the most commonly used fluorescent protein, has been
imaged by STED microscopy at live conditions in the plasma
membrane of yeast, the endoplasmic reticulum of Vero cells
and even in serotonergic neurons of the nematode C. ele-
gans.[118] Even the dendritic spines of living mural hippocampal
brain slices have been imaged with STED microscopy recently:
first in proximity to the cover slip,[119] and later penetrating up
to 90 mm into the living tissue, at 60 nm lateral resolution.[56]

To this end, the correction collar of a 1.3 NA glycerol immersion
objective lens had to be adjusted individually for each image
slice.

5.5. STED at Video Rate

Many biological processes such as vesicle sorting occur at time
scales long considered to be far below the time resolution
limits of optical nanoscopy. Superresolution requires small
pixel sizes and thus longer acquisition times for a given field of
view. However, the focal spot size, being dependent on the in-
tensity of the depletion laser, can be tuned, trading off spatial
resolution for imaging speed. Also, speed can be increased by
reducing the field of view. Thus, a compromise between reso-
lution, speed and field of view can be found for each specific
imaging task.

Labeling the surface vesicle pool of living hippocampal neu-
rons, Westphal et al. recorded a 2.5 mm � 1.8 mm field of view at
28 frames per second (fps) and a focal spot size of 62 nm.[37]

Using a suspension of nanoscale fluorescent beads, even

80 fps were reached.[120] A comparative work on STED and con-
focal video-rate microscopy showed nanoscopic resolution to
be essential when studying synaptic vesicle transport within
axons of living cultured neurons.[121] These experiments also in-
troduced continuous-wave excitation and depletion (CW STED)
into video-rate nanoscopy, benefiting from continuous photon
emission as opposed to pulsed excitation, thus increasing the
photon count per time frame.

6. Nanomaterials and Nanoscopy: Particle–
Cell Interactions on the Nanoscale

As the building blocks of living cells are themselves nanoscale
objects, applying superresolution microscopy to this field of re-
search intuitively makes sense. However, the material sciences
have advanced into the nanometer range as well, producing
synthetic particles of nanometer proportions. Studying these
particles and their interactions with equally small cellular com-
ponents brings up the same problems and demands faced by
cell biologists before, and it benefits from the same answer,
namely the breaking of the diffraction limit in fluorescence mi-
croscopy.

Nanoscale materials have continually gained importance
over the last years. Nanoscale particles are used for cosmetics,
food production[122] and in biomedical applications, where they
act as contrast agents[123–125] or as carriers or site-specific vec-
tors for drugs and toxins. Multifunctional particles present the
potential for simultaneous targeting, labeling,[126] and drug de-
livery, for example to cancer cells.[127] Metallic particles might
even be used directly to combat cancer cells via photothermal
treatment.[128, 129] In addition to the intended use of nanomate-
rials in the biomedical field, preparation, processing and appli-
cation procedures of nanoproducts[130–132] can potentially result
in unintended or accidental exposure, primarily via inhalation
or ingestion.[133] The small size of the nanoparticles might not
only enhance their mobility inside the body, but might also
allow them to enter cellular import mechanisms that remain
inaccessible for materials of the same composition, but larger
diameters.[134]Also, the specific mechanisms of interaction with
cellular components seem to depend significantly on size,
shape, composition and surface properties of the parti-
cles.[135–141] After endocytosis, particles of various designs have
different destinations. They can interact with specific or
random targets which might result in intracellular protein ag-
gregation,[142] inflammatory responses[143–145] or cytotoxic ef-
fects.[146] In addition, interactions also depend on the cell
type[147] as well as its metabolic state.[148]

For questions of safety and regulation, researching nanopar-
ticle uptake, aggregation behavior and intracellular interactions
and transport is therefore of great importance. Of course,
nanoparticles of any size can be detected and located with re-
spect to sub-cellular compartments at high resolution with
electron microscopy.[149, 150] However, nanomaterials composed
of elements with a low atomic weight provide a rather poor
contrast and are difficult to detect nonambiguously within the
organic matrix of a cell.[151, 152] With light microscopy, on the
other hand, individual nanoparticles can be imaged, but dis-
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cerning them from medium-
sized aggregates is rather diffi-
cult. With the advent of optical
farfield nanoscopy, however, this
has changed.

For fluorescence microscopy,
nanoparticles have to either ex-
hibit intrinsic fluorescent prop-
erties or contain fluorescent
labels. Semiconductor quantum
dots are frequently used as
labels for confocal or fluores-
cence microscopy.[153] Their ex-
tremely sharp emission peaks
and their excellent photostabili-
ty make them ideal candidates
for multicolor cellular imaging
and in vivo renal clearance stud-
ies.[153–156] However, for the time
being, particles labeled with flu-
orescent dyes are still the most
versatile tool for STED-based
studies of nanoparticle-cell inter-
actions. In the form of fluores-
cent beads, such particles are
used routinely as a measure of
STED resolving power. These are
frequently commercial polystyr-
ene or latex particles, but also
silica nanoparticles with a fluo-
rescent core have been used for
STED microscopy early on.[72]

With confocal microscopy, ad-
joining particles of sub-diffrac-
tion diameters cannot be re-
solved. STED microscopy, on the
other hand, has allowed detailed studies of the self-assembly
of nanoparticles with a diameter of 132 nm, containing a
68 nm core.[72] Investigating nanoparticle agglomeration be-
havior at superresolution, (Figure 6) we have found silica parti-
cles of 128 nm diameter, labeled with the Atto 647N dye, to be
imported into A549 cells -a model for lung epithelial cells-
within membrane-bound vesicles as single particles. Over the
course of days, the particles inside the cells formed agglomer-
ates of continually growing diameters.[157]

As cellular reactions are often associated with specific sub-
cellular compartments, it is also important to study the trans-
port of particles and pinpoint their final destination within the
cell with high accuracy. This can help in understanding which
mechanisms allow particles of different size, shape and compo-
sition to cross the plasma membrane, get distributed within
the cell and reach destinations such as lysosomes, mitochon-
dria or the cell nucleus.[142, 158–161] Employing STED microscopy
with a pulsed Ti:Sapphire depletion laser, we have studied the
uptake and destinations of silica nanospheres in Caco-2 cells,
derived from the human intestine.[162] Particles of 83 nm and
32 nm, respectively, were shown to migrate towards a juxtanu-

clear pool over a period of several days, without colocalizing
with the lysosome marker LAMP1. Only 32 nm particles were
eventually detected inside the nucleus, implicating a size-selec-
tive transport. Larger aggregates did occur inside the nucleus,
but only after several days of exposure, indicating that ag-
glomeration occurred after nuclear import. Size-selectivity is a
known property of nuclear pores,[163, 164] which leads us to sug-
gest that silica nanoparticles below a certain diameter can
enter the nucleus of Caco-2 cells via nuclear pore complexes.

This shows that superresolution microscopy can be used to
localize single particles with high accuracy, even at the sub-or-
ganelle level. Together with studying interactions of nanoparti-
cles with specific proteins of interest, this can help answering
the question if and how nanoparticles affect living cells, and
ultimately provide clues as to how particle properties might be
adapted to enhance biocompatibility.

7. Summary and Outlook

Light microscopy is and has always been a matter of compro-
mise. A number of systems and principles coexist, all of them

Figure 6. A549 cells after 48 h exposure to 80 nm silica particles. The particles have been internalized and have
started to migrate towards the nucleus. The cell in a) is imaged close to the coverslip, in b) a more apical plane of
another cell is shown. The enlarged comparison between confocal and STED recording as seen in c) corresponds
to the rectangle in a). The line profiles show a distance of 180 nm between two of the three clustered particles,
which is below the limit of confocal resolution. The full width at half maximum of 80 nm gives an estimate of the
lateral resolution in the STED image. Green: actin stained with Alexa 488, blue: lamin B stained with Alexa 546
(both confocal), red: 80 nm silica particles fully labeled with Atto647N (STED). Scale bar : 5 mm. Images were de-
convolved with Huygens software (Scientific Volume Imaging, Hilversum, Netherlands) using a classic maximum
likelihood estimation algorithm.
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offering a unique set of advantages and disadvantages, leaving
the end user to decide which fits best to the tasks at hand and
to the demands of the respective line of research. Superresolu-
tion light microscopy is a new addition to the methodological
palette, introducing several techniques and working principles
competing with each other.

The technique of STED microscopy is still evolving. At the
same time, it is the one fluorescence-based superresolution
method that has reached a degree of versatility to make it
ready for routine use not only by specialists in experimental
physics, but also by the end user in the material or life scien-
ces. Here, it shows great promise to lead to a deeper, more de-
tailed understanding of processes that could previously only
be studied either at low resolution or under highly artificial
conditions. For some topics of research such as interactions of
nanoparticles with cells, the introduction of optical superreso-
lution not simply means an increase in performance, but marks
a turning point where light microscopy becomes a truly useful
tool for standard use. Here the technique can be expected to
provide much insight in the near future.

A number of important milestones have been reached and
implemented into the basic principle of STED microscopy in
the last few years, namely spectral multiplexing, life-cell and
video-rate imaging and the development of technical up-
grades like CW STED, the vortex phase plate or time gating,
thereby continuously improving the method’s performance. At
the same time, accessory instruments such as detectors keep
pace with these developments, becoming faster and more sen-
sitive. The same is true for advanced labeling systems which
allow pushing the method towards its true limits regarding
resolution, live-cell capabilities and prolonged time-lapse imag-
ing. The comparatively wide range of suitable fluorophores,
among them organic molecules as well as fluorescent proteins,
further increases the versatility of the method. A unique fea-
ture of STED among the superresolution techniques is its abili-
ty to be combined with spectroscopic methods beyond pure
imaging.

However, it is not the end of the road yet. Other methods
such as the various pointillistic types of microscopy have
emerged and have recently gained some ground by commer-
cial implementation. They excel at lateral resolution enhance-
ment but are hampered in other ways. In many cases the pa-
lette of suitable fluorophores is limited to switchable fluores-
cent dyes; in others the imaging speed is far too slow for live-
cell applications or the imaging depth is insufficient. As with
STED microscopy, much effort is put into further developing
these techniques and in overcoming their limits. Today, the
question is not so much if superresolution microscopy will one
day be user-friendly, powerful and versatile enough to become
a routine tool for investigations in the nanometer range, but
which method is the right one for the biological question to
be answered. Personally, these authors are already looking for-
ward to multicolor video-rate STED microscopy with isotropic
3D resolution of a few ten nanometers.
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