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Shattering the diffraction limit of light: A revolution
in fluorescence microscopy?
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dentifying and cataloging all gene se-

quences and their corresponding pro-
tein high-resolution structures will serve
only as a prelude to the real challenge of
future biological inquiry—the deciphering
of the cell circuitry and its detailed time-
dependent responses to various stimuli.
Most of the central functions of the cell
are performed by highly organized self-
assembled cellular machines that are con-
trolled and regulated by a complex set of
dynamic interactions between multiple
molecular building blocks. Analytical
tools will need to be developed to identify
and measure these molecular interactions.
Alongside the traditional methods of
molecular biology, electron and x-ray
microscopies, crystallography, immunocy-
tochemistry, and many others, optical
microscopy, and in particular fluores-
cence microscopy, will play a vital role in
this endeavor.

Fluorescence microscopy offers many ad-
vantages for probing live cells. It is nonin-
vasive; it provides imaging in three dimen-
sions; it has high sensitivity down to the
single molecule level, and it allows the ob-
servation of molecular- and organelle-
specific signals. The developments of green
(and other color) fluorescent proteins as
specific genetically manipulated molecular
markers and of other sophisticated fluores-
cence indicators together with improve-
ments in imaging techniques have revolu-
tionized fluorescence imaging of live cells.
The application of novel spectroscopic
methods and advanced image analysis tech-
niques now provides quantitative analytical
tools for the study of cellular dynamics.
However, conventional optical microscopy
lacks the required nanometer resolution
needed for the task described above. As was
shown by Abbe over 100 years ago, the wave
nature of light imposes a fundamental con-
straint on the attainable spatial resolution
known as the “diffraction limit of light” (1).
For commonly used dyes and high numeri-
cal aperture oil immersion objectives, this
resolution limit is on the order of 250-300
nm. In recent years, we have witnessed, in
response to this challenge, inventive solu-
tions that successfully break the diffraction
limit of light. These include surface-specific
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Fig. 1.

A nonlinear relationship between the fluorescence emission (F) and the excitation light

(lex) “shrinks’’ the emission PSF. An excitation "input’’ PSF (blue, Left) will be converted into an
emission “‘output’’ PSF (green, Right) via a ""nonlinear fluorescence box" (Center). The Jablonski
diagram at the top right of the "’fluorescence box’’ describes an arbitrary nonlinear excitation process
(although only one wavy arrow is shown for ley, it can describe a multiphoton process). The output PSF

is normalized and compared with the input PSF.

two-dimensional aperture (2) and aperture-
less (3) near-field scanning optical micros-
copy, wide-field three-dimensional image
restoration by computational methods (4)
and three-dimensional nonuniform periodic
excitation (and emission) patterns that con-
tain high spatial frequency components as in
4PI (5), incoherent interference illumina-
tion image interference (6), standing-wave
total-internal-reflection fluorescence (7),
and harmonic excitation light (8) microsco-
pies. In a previous issue of PNAS, Klar et al.
demonstrated a novel and clever approach
for superresolution imaging that is quite
different from previous approaches, holding
great promise for future application (9).
Although the most recent superresolu-
tion methods listed above rely only on the
volumetric shaping of the excitation light
(through a near-field aperture/tip or pe-
riodic light gradients generated by inter-
ference), attempts have also been made to
enhance resolution further by using a non-
linear relationship between the excitation
and the fluorescence emission (10, 11).
The combination of strong light gradients
and strong nonlinear response can further
shrink the spatial extent of the point-
spread function (PSF), as schematically
shown in Fig. 1. Unfortunately, commonly
used nonlinear two- and multiphoton ex-
citations suffer from two main drawbacks.
Efficient detection requires fluorophores
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that emit in the visible. Multiphoton ex-
citation of visible fluorophores calls for a
longer wavelength (doubled or tripled)
fundamental. Because the diffraction
limit of light scales linearly with the wave-
length, this results in the doubling or
tripling of the extent of the excitation spot.
In fact, the shrinking of the PSF gained by
the nonlinear response cannot even fully
compensate for the swelling of the PSF
resulting from the longer excitation wave-
length. Secondly, because multiphoton ex-
citations are higher-order nonresonant
processes, their absorption cross sections
are many orders of magnitude smaller
than that of the linear one-photon process.
Intense short laser pulses are needed for
efficient excitation. However, such pulses
are phototoxic to the cell because they
accelerate radical production, thereby
limiting the available observation time
before cell damage.

Realizing the drawbacks of multiphoton
excitation for superresolution imaging,
the Hell group has been searching for
alternative “‘smart” nonlinearities that use
visible rather than infrared excitation and
have large effective cross sections. Al-
though previous approaches treated fluo-

See companion article on page 8206 in issue 15 of
volume 97.
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rescence as a linear process, the Hell
group has been looking for ways to exploit
the spectroscopic properties of fluoro-
phores to produce such nonlinearities.
They proposed and theoretically investi-
gated the possibility of inhibition of fluo-
rescence resonance energy transfer under
donor saturation conditions for a donor-
acceptor conjugated dye pair (12, 13).
More recently, they proposed a scheme
that relies on repeated excitation by a
short-pulse pump probe to effectively pro-
long the fluorescence lifetime of mole-
cules at the center of the PSF (compared
with molecules at its outskirts) (14). Both
proposals still await experimental verifi-
cation. Their third and earlier proposal
(15) has now been experimentally demon-
strated (9, 16).

The concept, dubbed “point-spread-
function engineering (PSFE) by stimu-
lated emission depletion (STED)” relies
on two main ingredients: (i) fluorophores
that act as effective four-level systems and
display very efficient stimulated emission
(as good laser dyes do), and (ii) a nonde-
generate (different wavelength) pump-
probe scheme that excites the fluoro-
phores with one beam and quenches them
with the other. A short (200-fs) visible
pulse is focused to a diffraction-limited
focal spot and excites all fluorophores in
this volume. A second near-infrared and
longer pulse (40 ps) stimulates the emis-
sion from molecules at the outer part of
the focus, forcing them into the ground
state immediately after they are excited.
The longer duration of this second pulse
guarantees full quenching without reab-
sorption. The beauty of this approach is in
taking advantage of two constructive ef-
fects: first, the quenching efficiency scales
exponentially with the STED intensity (as
opposed to the power law dependence in
multiphoton processes) and thus requires
only moderate powers. Second, the cross
section for stimulated emission is large
and comparable to the one-photon exci-
tation cross section. The carving and re-
shaping of the PSF is achieved by a phase
mask that is inserted into the STED beam
path. The phase mask redistributes the
STED energy, yielding a null intensity
(node) at the exact focus but preserving
the wings of the STED beam. These wings
are the “carving knife” that quenches the
fluorescence and shrinks the detected
(emission) PSF. Fig. 2 illustrates the es-
sentials of the technique. Fig. 2a shows a
Jablonski (energy level) diagram, the ab-
sorption and emission spectra of the flu-
orophore and the spectral alignment of
the excitation and the STED pulses. Fig.
2b shows how the extent of the PSF is
shrunk in one dimension by using this
method (the illustration in one dimension
is for demonstration only; shrinking is
effective in all three dimensions).
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Fig. 2.

PSFE by STED. (a Left) A Jablonski diagram showing the ground (Sg) and the first excited singlet

(S1) states of a fluorophore with the corresponding vibrational manifolds. The fluorophore acts as an
effective four-level system because the vibrational relaxations of Sy and Sq are fast compared with the
fluorescence lifetime. A short pulse (lex, 200 fs) excites the fluorophore into a high vibrational state of Sq.
The slow STED pulse (STED, 40 ps) stimulates emission from the lowest S; vibrational state into a high
vibrational state of So. The stimulated emission depletes S; and quenches the fluorescence. (Right) The
equivalent wavelength diagram showing the absorption curve (dotted black line), the emission curve
(solid black line), and the positions of lex, STED and the filter (F). The filter blocks the two lasers and passes
the signal (hatched green). (b) The combination of the excitation PSF (blue) with the STED engineered
intensity distribution (red) acts as an input to the PSFE by STED “nonlinear box."” The output PSF (green)

is shrunk.

By using a very simple nonoptimized
phase mask, Klar et al. were able to break
the diffraction limit and shrink the PSF by
a factor of six along the optical axis and by
a factor of two in the radial direction,
reducing the volume of the confocal spot
by a factor of 2 X 2 X 6 ~ 18 (the math is
slightly complicated by the reshaping ef-
fect!). Very importantly, they showed that
their superresolution method is compati-
ble with live-cell imaging (9). The funda-
mental limitations of the technique are
not yet clear. In principle, as the intensity
of the STED beam is increased, the extent
of the PSF should be further decreased.
However, photophysical properties of flu-
orophores (quantum yields, intersystem
crossing rates, triplet state lifetimes, non-
radiative decay rates, saturation intensi-
ties, photobleaching rates) and other phys-
ical factors, such as probe concentration in
the focal volume, imperfection of filters,
and leakage of the excitation and the
STED beams into the detection band, will
determine the technique’s resolution lim-
its. Theoretical and experimental studies
addressing these questions will be needed
to assess the ultimate capabilities of the
technique. Regardless of the outcome of
these studies, it is quite clear that many
improvements can be envisioned.

Combining PSFE by STED with one or
more of the other superresolution tech-
niques is likely to follow. Three-dimen-
sional image restoration by deconvolution
is obviously compatible. STED combined

with nonuniform periodic excitation
schemes will provide sophisticated con-
trol of the light-producing nanometric
excitation patterns in three dimensions.
A hybrid approach combining two-
photon excitation with one-photon
STED might offer improvements in sig-
nal to noise (at the expense of higher
intensities). Furthermore, it might be
possible to use adaptive optics tech-
niques to improve the shape of the STED
beam. A computer-controlled spatial
light modulator or a deformable mirror
could replace the fixed phase mask.
Adaptive algorithms such as genetic evo-
lution (17) might allow the control and
optimization of the STED pulse’s ampli-
tude, phase, and spatial distributions
across the focal spot, affording control,
manipulation, and optimization of the
shape of the superresolution spot.

The development of optimized probes
for PSFE by STED will greatly benefit
future applications. The technique will
not be easily expanded to multicolor
probes, because different wavelength
STED pulses will be needed. Neverthe-
less, it should be possible to multiplex
several signals by using probes with the
same color but different lifetimes. Be-
cause the technique relies on pulsed exci-
tation, fluorescence lifetime imaging
(FLIM) (18) by time-gated detection or by
time-correlated single-photon counting
can be simultaneously implemented.
Combining FLIM with PSFE by STED
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will allow the dynamic colocalization of
cellular factors with superresolution accu-
racy in the live cell. Another interesting
area for future exploration is the combi-
nation of PSFE by STED with fluores-
cence resonance energy transfer inhibi-
tion (13). Last, the reduced volume of the
PSF should improve single-molecule ex-
periments, merging ultrahigh resolution
with ultrasensitive detection.

The work by Klar ez al. has the potential
to transform the fluorescence microscopy
“Renaissance” we are currently experi-
encing into an “Enlightenment Millenni-
um.” Our perception of the ideas put
forward by Abbe over a century ago will
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certainly be transformed. The powerful
concept of wedding nonlinear microsco-
pies with tailored fluorophores’ photo-
physical properties will continue to pro-
duce innovative methodologies and open
novel windows into cellular dynamics. The
few predictions listed above are only a
small subset of what is to follow, and this
beautiful story is not going to end here:
the technique has even more to offer
beyond live-cell imaging and biology. Spa-
tial and temporal manipulations of the
amplitude and phase of short pulses could
provide coherent control of chemical re-
actions on the nanometer scale. Such ca-
pabilities could find uses, for example, in
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controlling photoresist chemistry for
ultrahigh-resolution lithography, elec-
trooptics, and magnetooptics data storage
and many other nanotechnology applica-
tions. Keep your eyes open!
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