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The Nobel Prize in Chemistry 2014 was jointly awarded to
Eric Betzig, Stefan Hell, and William E. Moerner “for the
development of super-resolved fluorescence microscopy”.
Nearly 150 years ago, Ernst Abbe formulated his famous
equation for the best resolution achievable with optical
microscopy, which was believed to be impossible to over-
come:

Dxmin;Dymin ¼ l= 2n sin að Þ � l=2

where l is the wavelength of the light, n the index of
refraction of the microscopy medium and a half the aperture
angle of the objective lens.[1] This implies that objects
separated by less than 200 nm, that is, about half of the
wavelength used, cannot be resolved by light microscopy. It
was the groundbreaking work of the three Nobel laureates
that showed ways to circumvent this limit and transferred
optical microscopy into nanoscopy. With super-resolved
fluorescence microscopy, scientists are now capable of
following the pathway of an individual molecule inside a living
cell, observing molecules as they create synapses between
nerve cells in the brain, and resolving the aggregation of
proteins involved in Parkinson�s, Alzheimer�s, and Hunting-
ton�s diseases, to mention only few of the new challenges
mastered.[2] How did all this come about?

The Nobel laureates developed two different and inde-
pendent approaches for circumventing the resolution limit
and achieving super resolution. One approach uses the
detection of single molecules and their precise localization
down to few nanometers[3] (Moerner 1989) and a strategy[4] to
precisely localize many single molecules that define a complex
structure (Betzig 1995/2006). The other approach employs
patterned illumination to spatially control the emission of
excited fluorophores[5] (Hell 1994/2000). We first describe the

single-molecule-based approach and continue with the pat-
terned illumination technique.

In 1952, Erwin Schrçdinger wrote: “[…] we never experi-
ment with just one electron or atom or (small) molecule. In
thought-experiments we sometimes assume that we do;”[6]

Within less than four decades, W. E. Moerner[3] showed this
statement to be false when, in 1989, he was able to detect the
absorption of a single molecule. One year later, Michel Orrit
was able to detect a single molecule using fluorescence.[7]

Whereas these approaches were performed at cryogenic
temperatures,[8] the first detection of single molecules in
solution at ambient temperatures, which is especially impor-
tant for biology, was also published in 1990.[9] Together, these
experiments laid the cornerstone for the development of
single molecule spectroscopy and microscopy, inspiring
numerous research approaches that brought the concept of
single molecules to physics, chemistry, and biology.[10] Up until
this point, ensemble averaging of the molecular behavior was
limiting the direct observation of what molecules were really
doing. Among the numerous new insights created by single
molecule detection, its application in microcopy was the most
influential.

Although the intensity profile of a single fluorescent
emitter is subject to diffraction, its center can be localized
with much higher precision: Whereas the size of an emitter
molecule is about 1 nm, the fluorescent spot produced by
diffraction within the microscope is actually about 200 nm.
Figures 1a and 1b show the intensity profile of such a dif-
fraction-limited signal referred to as the point spread function

Figure 1. Diffraction-limited detection and localization accuracy. When
photons are detected from a single emitter, they form a diffraction-
limited pattern called the PSF. a) The original PSF of a single YFP
molecule in a bacteria cell ; b) the pixelated PSF measured on the
camera; c) a two-dimensional Gaussian fit to the PSF; d) the high-
precision localization of the emitter determined from the center of the
PSF.[35]
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(PSF), which can be approximated by a two-dimensional
Gaussian function (Figure 1c). Provided the detected signal is
generated by only one emitter (that is, a single molecule), the
center of the PSF determines the position of the emitter with
very high accuracy (often called super localization). As the
number of photons detected from a single emitter increases,
the accuracy with which the peak position of the PSF can be
determined improves and the position of a single emitter can
be localized more precisely. Hence, Abbe�s formula can be
modified to incorporate the enhanced localization precision:

Dxmin;Dymin ¼ l= 2n sin að Þ½ �=
ffiffiffiffi

N
p

where N is the total number of photons detected. Thus for
example, with 100 detected photons, the resolution for the
localization of a single emitter is increased by a factor of 10
(Figure 1d). This high-resolution microscopy paved the way
for tracking single molecules with nanometer localization
accuracy (FIONA, 1.5 nm), unraveling for example the hand-
over-hand movement of the motor protein Myosin V[11] or the
three-dimensional movement of mRNA particles in yeast
cells.[12]

Whereas one emitter is sufficient for single-molecule
tracking, microscopy of complex structures needs many
emitters (labels) to visualize their features correctly (Fig-
ure 2a). However, when all the labels are excited simulta-
neously (Figure 2b), high-precision localization of the indi-
vidual emitters is no longer possible due to overlapping of the
PSFs, leading to a blurred or non-resolved image. This is what
is measured in a conventional optical fluorescence micro-

scope. Unfortunately, sparse or diluted labeling of the
structures, resulting in separated PSFs, is not sufficient for
imaging the structure correctly owing to undersampling of the
image as described by the Nyquist–Shannon criterion.[13] In
other words, a high concentration of emitters is needed to
resolve the features of the structure correctly while, at the
same time, a low concentration is needed to separate the PSFs
of the individual emitters for performing high-precision
localization microscopy.

It was Eric Betzig who first made a valuable suggestion[4a]

for a solution to this contradiction. His idea was to isolate the
emitters by some spectral property. The separated subsets of
emitters each form a sparse set in space. Thus, the position of
the emitters within one subset can be determined with high
accuracy. By sequentially measuring all the subsets, a super-
resolution image can be generated by combining all the high-
precision localizations. At that time, the optical property
Betzig suggested for separating the individual subsets was the
inhomogeneity in the absorption wavelength.[14] However,
this turned out to be difficult to realize.

It was once more W. E. Moerner who, after getting the
ball rolling, contributed to an alternate solution. When he
investigated mutants of the green fluorescent protein (GFP),
he encountered a strange photophysical behavior of the
T203F mutant.[15] The mutant fluoresced when illuminated
with 488 nm light and eventually switched into a non-
fluorescent dark state. Amazingly, it was not irreversibly
photobleached but could be reactivated by 405 nm illumina-
tion (Figure 2c). This finding triggered the search for other
GFP mutants with similar photophysical switching character-
istics, although they were not originally designed with
subdiffractive microscopy in mind.[16]

It again took Betzig, returning to university after some
years of working in industry, to “connect the dots” and make
the final step towards super-resolution microscopy. He
recognized that such photoactivable (pa) fluorescent proteins
are capable of solving the problem of sparse and dense
labeling in the following way: The sample is labeled densely
with paGFP molecules that are in a dark state at the
beginning of the experiment. With a low-powered laser pulse
having the appropriate wavelength, a few fluorescent proteins
are stochastically transferred to the active state so that they
form a sparse subset. They are subsequently visualized by
488 nm excitation in a single-molecule manner until they
completely photobleach. After photobleaching, new fluores-
cent proteins are activated in the following frames and the
cycle starts over again (Figure 2d). Finally, one obtains the
full, complex picture in high resolution by summing up all the
highly resolved single emitters of each frame (Figure 2e). The
tremendous gain in resolution is best visualized by two images
taken from Betzig�s 2006 landmark publication[4b] where he
introduced the technique as Photo-Activated Localization
Microscopy or PALM with a resolution of typically about
20 nm (Figure 3).

In summary, two key elements are required to create
a super-resolution image of a complex structure by local-
ization microscopy. First, the fluorophores labeling the
structure must be actively controllable in such a way that in
every image frame only a sparse subset of labels are emitting

Figure 2. The principle of localization microscopy. a) An arrangement
of fluorescent molecules representing La Paloma de la Paz (P. Picasso,
1961) with a spatial frequency below that of the diffraction limit.
b) Were this structure to be visualized by conventional microscopy,
Abbe’s criterion forbids resolution of the individual features. c,d) How-
ever, by stochastically switching molecules between a fluorescent state
and a dark state, the PSF of a few sparse emitters can be acquired in
each acquisition step. Their positions are determined with high
precision and (e), in a pointillist approach, the results of all local-
izations are combined to obtain a super-resolved reconstruction of the
object.[36]
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and that their diffraction-limited signals are thus spatially
well-separated. Second, each diffraction-limited PSF of
a single molecule has to be fitted with an appropriate model
function to estimate the position of the emitter with high
precision. The collection of molecular positions determined
with high accuracy allows then the reconstruction of the
structure in a pointillist fashion. Besides PALM, two other
ways of producing super-resolved images by localization
microscopy using different actively controlled fluorophore
switching mechanisms were introduced in 2006: fPALM,[17]

and STORM.[18] In the meantime, numerous sophisticated
approaches using actively controlled fluorophore switching
mechanisms have been developed.[2]

However, there are also limitations to be overcome. One
is that high-quality super-resolution images need a lot of
individual localizations, limiting the overall time resolution.
Moreover, image reconstruction needs time-consuming post
processing. Furthermore, life does not take place in two
dimensions, but is three-dimensional. Numerous new schemes
have been developed to account for this. Among others,
astigmatism-[19] and double-helix PSF-based imaging[20] were
introduced to provide super-resolution localization in the z-
dimension. Additional advances include multicolor imag-
ing[21] and faster data collection and analysis methods for
video-rate imaging.[22]

An alternate approach for super-resolved imaging based
on patterned illumination was developed by Stefan Hell.
Finding ways to enhance the resolution of the optical
microscope was a goal of Stefan Hell since early in his
scientific career. While at the University of Turku in Finland,
he published a paper in 1994 discussing a theoretical approach
for obtaining optical images below the diffraction limit,
STimuated Emission Depletion (STED) Microscopy.[5a] In
this approach, one laser beam is used to excite the sample, as
in traditional confocal microscopy. The excitation beam is
subject to diffraction, just as we already described for the
fluorescence emission, and hence has its own PSF. A second,
patterned laser beam deexcites molecules that are not

centered in the excitation PSF (Figure 4a). Deexcitation is
induced by stimulated emission, one of the fundamental
interactions of light with matter along with absorption and
spontaneous emission (Figure 4b). The molecules at the
center of the excitation PSF are unaffected by the STED
beam and still fluoresce. Thus, the effective size of the
excitation PSF is reduced (Figure 4a, right panel).

After publication of his idea, many microscopists were
skeptical that the concept would really work. However,
Stefan Hell received a chance to realize STED microscopy
when the Max Planck Institute in Gçttingen, Germany,
offered him a junior group leader position in December 1996.
The first realization of STED microscopy came in 2000,[5b]

when the STED beam was used to increase the axial
resolution of the microscope by over a factor 5 from a full-
width half-maximum of 490 nm down to 97 nm (Figure 4c,
bottom panel). Since the initial STED experiment, elegant
ways have also been developed to significantly increase the
radial resolution[23] and both approaches have been combined
to enhance the resolution in all three dimensions.[24]

There are three important aspects that need to be
combined in STED microscopy. The first aspect is the use
of stimulated emission to return molecules to the ground
state. The focus of the STED beam is overlapped with the
excitation laser beam such that molecules outside the very
center of the excitation beam PSF are switched back to the
ground state via stimulated emission. The second important
aspect for STED microscopy is engineering the pattern of the
STED beam at the sample so that there is zero intensity at its
center. Thus, fluorophores at the very center of the excitation
PSF remain in the excited state and can fluoresce. This is
currently achieved using phase plates that generate construc-
tive and destructive interference to create the desired
illumination pattern of the STED beam (for example a toroid
or “donut”). The third important aspect of STED microscopy
is the ability to saturate the transition that switches off the
fluorophore (Figure 4d). Therefore, the final resolution
depends upon the physical properties of the fluorophore
and the intensity of the STED beam. The resolution
achievable with STED can be expressed by modifying Abbe�s
equation:

Dxmin;Dymin ¼ l= 2n sin að Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ISTED=Isat

p

h i

where ISTED is the intensity of the STED beam and Isat is
related to the probability of a molecule undergoing stimu-
lated emission by the STED beam and depends on the
molecular properties of the fluorophore. An example that
clearly demonstrates the power of STED is shown in Fig-
ure 4e. The transmembrane synaptic-vesicle protein, synap-
totagmin I, in purified endosomes was labeled and imaged
using confocal and STED microscopy.[25] The high resolution
achievable with STED allows visualization of small protein
clusters within endosomes.

The charm of STED is that it physically reduces the
effective PSF of the microscope and can be used with a large
ensemble of molecules and with single molecules. However,
STED also has its limitations. The most sever limitation is the
high laser power needed for stimulated emission. This can

Figure 3. Super-resolved images of mitochondria in COS-7 cells. a) A
total internal reflection fluorescence (TIRF) microscopy image and
b) the PALM super-resolution image of mitochondria in COS-7 cells.
The mitochondria were labeled using a photoactivable fluorescent
protein (dEosFP) targeted to the matrix of the mitochondria. Whereas
only the approximate shape of the mitochondria can be resolved using
TIRF microscopy, PALM microscopy exhibits features on the length
scale of about 20 nm, well below the diffraction limit.[4b]
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lead to significant photobleaching of the sample and can be
a concern when measuring in live cells. Furthermore, the
fluorophores needed for STED microscopy have to be
photostable, which limits the choice of fluorophores.

Nevertheless, STED microscopy is evolving rapidly, with
new capabilities or enhancements being regularly developed.
For example, two- and three-color STED microscopy has
been realized,[26] new fluorophores are being developed,[27]

the resolution further increased by using the fluorescence
lifetime information,[28] and STED has been combined with
fluorescence correlation spectroscopy[29] to investigate lipid
rafts, to name only a few. Recently, a related method, referred
to as RESOFLT,[30] has been developed based on photo-
switchable proteins to perform super-resolution imaging in
a STED-like fashion but at laser intensities of about one-
millionth of that used for traditional STED microscopy.

Importantly, the power of super-resolution microscopy is
not only its high resolution: electron microscopes, for
example, outperform any optical method. Nevertheless,
combining super resolution with the specificity of fluorescent

labels and the possibility of imaging cells easily without
complicated sample preparation makes experiments possible
with super-resolution optical microscopy that cannot be
performed using any other technique. Furthermore, it allows
dynamical processes to be followed in living cells, which is not
possible with electron microscopy. Four examples of recent
findings employing super-resolution microscopy techniques
are given in Figure 5. They demonstrate the influence of
super-resolution microscopy in various fields: Chromosome
segregation in bacteria,[31] huntingtin aggregation in neu-
rons,[32] the architecture of the nuclear pore complex,[33] and
in vivo imaging of dendrites inside a living mouse brain.[34]

Single-molecule experiments and super-resolved imaging
have already been embraced by the scientific community.
Furthermore, experimental setups for these methods are
commercially available, making it accessible to non-special-
ists. Thus, the stage is set for the broad application of
these methods ranging from chemistry and cell biology to
medicine.

Figure 4. The principles of STED microscopy. a) Measured profiles of the excitation beam (left), the STED beam (center) and the effective PSF
(right).[25] b) A Jablonski diagram showing the basic transitions occurring in STED microscopy. Fluorophores are excited to the S1 state using the
excitation laser. The STED laser deexcites molecules outside the center of the PSF from the ground vibrational state of the excited state to a high
vibrational state of the ground state. The emitted light is blocked at the detector with proper filters. Molecules at the center of the PSF return to
the ground state via fluorescence and are detected with an effectively reduced PSF.[25] c) Upper: the first realized STED microscope. Lower: the
PSF from 48 nm beads labeled with the fluorophore LDS 751 measured using confocal microscopy and with STED microscopy. In the STED
image, the lateral size of the PSF was reduced from 490 nm to 97 nm.[5b] d) The full-width half-maximum (FWHM) of the effective PSF as
a function of the intensity of the STED beam.[33] e) Synaptotagmin I molecules within endosomes. The confocal image (top) shows diffraction-
limited spots with a size around 200 nm. The STED microscope image (center) reveals the true size of the spots to be around 30 nm. Bottom:
Intensity profiles of the endosomes highlighted with arrows in the upper panel, demonstrating the dramatic increase in optical resolution.[25]
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With super-resolution fluorescence microscopy being so
interdisciplinary, involving optical resolution, which is a phys-
ical problem, and important applications in biology, one may
ask why the Nobel Prize was awarded in Chemistry. However,
molecules are at the center of these methods, and the main
results concern molecules, molecular structures, and their
behavior.
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