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T
he fl uorescence microscope is a pow-
erful tool for the study of molecular 
and cell biology, enabling research-

ers to peer into cells and living organisms to 
understand their spatial organization.  Meth-
ods for tagging specifi c biomolecules with 
fluorescent labels, such as green fluores-
cent protein (GFP), provide a toolbox for the 
observation of protein organization, interac-
tions, and dynamics (1).   This enables the 
visualization of a host of biological phenom-
ena, such as enzymatic processes, the devel-
opment of cells and organisms, and the struc-
tural dynamics of individual biomolecules.   

Despite its benefi ts, a signifi cant draw-
back of fl uorescence microscopy is its spatial 
resolution.  Beyond a certain magnifi cation, 
the fi ne structure of a specimen is obscured 
when viewed through the optical microscope.  
As described by Abbe in the late 19th century, 
the diffraction of light imposes a resolution 
limit, which makes it impossible to resolve 
spatial features smaller than about 250 nm 
using visible light.  This leaves much of the 
architecture of cells and their inner workings 
inaccessible to study.  The electron micro-
scope allows researchers to obtain images 
with higher resolution, but in this case the 
sample preparation is not compatible with 
live cell imaging, and it is diffi cult to achieve 
the molecular specificity and multicolor 
capability offered by fl uorescent labeling.

My graduate thesis focused on the devel-
opment of an imaging modality that would 
combine the advantages of both electron 
microscopy and fluorescence imaging.  In 
the past several years, a number of innovative 
approaches have been conceived to capture 
fl uorescence images with nanometer-scale 
spatial resolution (2, 3).  These techniques 
take advantage of nonlinearities inherent in 
molecular fl uorescence, such as saturation or 
depletion of the excited state, to obtain opti-
cal resolutions an order of magnitude beyond 
the classical diffraction limit.  We invented a 
new approach that is based on single-mole-
cule detection and localization, using a stan-
dard fluorescence microscope and readily 
available fl uorescent labels, for wide appli-

cability to the life sciences.
Early in my doctoral 

research, I made a sur-
prising observation about 
a commonly used red fl u-
orophore, Cy5:  Its fluo-
rescence emission can be 
switched on and off using 
pulses of light.  We stud-
ied this “optical switching” 
effect and found that dur-
ing each excitation, Cy5 
emits thousands of pho-
tons before going dark.  A 
brief pulse of ultraviolet 
light will then effi ciently reactivate the mol-
ecule to its fl uorescent state, and this process 
can be repeated for hundreds of cycles (4, 5).  
We realized that the switchable fl uorescence 
exhibited by Cy5 is a strongly nonlinear pro-
cess, and we reasoned that this nonlinearity 
could be used to overcome the diffraction 
limit of resolution.

Inspired by this idea, we found a novel 
method to obtain sub–diffraction limit fl uo-
rescence images (see the fi gure, parts A to 
D).  If a biological sample is labeled with 
photoswitchable fl uorophores, the experi-
ment can be controlled so that only one fl uo-
rophore, or a sparse subset of fl uorophores, 
are in the fl uorescent state at any given time.  
The image of each isolated fluorophore 

appears as a diffraction-limited 
spot several hundred nanome-
ters in size.  By measuring the 
centroid of this spot, the posi-
tion of the fluorophore can be 
determined with a high degree of 
precision, often on the nanome-
ter scale (6, 7).  When the active 
fl uorophores have been switched 
off, a new subset is stochastically 
activated by a pulse of activation 
light, and the process is repeated.  
When a suff icient number of 
fl uorophore positions have been 
obtained, a plot of their coordi-

nates reconstructs an image of the sample.  
The spatial resolution of the resulting image 
is not diffraction-limited. Rather, it is lim-
ited only by the precision of each fl uoro-
phore localization and the number of local-
izations present.  We called this method sto-
chastic optical reconstruction microscopy, 
or STORM (8).  This concept for imaging 
was simultaneously developed by several 
groups, and it is also known as PALM and 
fPALM (9, 10).   

Multicolor fl uorescence imaging enables 
the study of the relative organization and 
interactions of cellular components, and we 
developed a strategy for multicolor STORM 
using Cy5 as the photoswitchable fluoro-
phore.  We found that when Cy5 is paired 
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with a second fl uorophore (such as Cy2 or 
Cy3), its activation wavelength is strongly 
infl uenced by the spectral characteristics of 
its neighbor (11).  We took advantage of this 
property to selectively activate specifi c pop-
ulations of dye pairs, enabling us to capture 
images of multiple molecular targets within 
the same sample.  Using antibodies labeled 
with either Cy3 and Cy5, or Cy2 and Cy5, we 
imaged microtubules and clathrin-coated pits 
in cultured mammalian cells (see the fi gure, 
parts E to G).  In comparison with the conven-
tional fl uorescence image, the STORM image 
reveals previously unseen detail due to its 
high spatial resolution (~25 nm) and clearly 
resolves the rounded structure of clathrin pits 
only 150 to 200 nm in diameter (11).  

Many cellular structures have a com-
plex three-dimensional (3D) shape, requir-
ing a 3D imaging method for study.  Tak-
ing advantage of a technique for 3D particle 
localization, we used astigmatic imaging to 
generate 3D STORM images with 25-nm 
lateral resolution and 50-nm axial resolu-
tion.  With this strategy, we were able to 
obtain images of the full spherical structure 
of clathrin-coated pits (12).   

Although imaging techniques based on 
this concept are relatively recent, they have 
already been used to understand mecha-
nisms in biology. Greenfi eld et al. (13) have 
used these techniques to develop a model of 
how chemotaxis receptors in Escherichia 
coli organize in growing cells.  Biteen et al.
(14) have visualized the nanoscale structure 
of MreB in live Caulobacter crescentus, tak-
ing advantage of the photoswitchable fl uores-
cence of enhanced yellow fl uorescent protein 
(EYFP).  Also, Hess et al. (15) have obtained 
high-resolution images and dynamic infor-
mation from influenza hemagglutinin, a 
clustered membrane protein, to differentiate 
between membrane organization models in 
fi broblast cells.

The development of sub–diffraction limit 
fluorescence microscopy has created new 
possibilities for the observation of biological 
processes, and a new assay for the organiza-
tion and composition of biomolecular com-
plexes.  With continued advances in fl uores-
cent labels and labeling methods (16), it will 
be exciting to see how these techniques are 
applied to bring about insights into life at the 
nanometer scale.
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