
The tiniest structures in cells can be seen only using sophisticated instrumentation and 
informatics, but what biologists really need are improved fluorescent probes.

BRIGHT LIGHT, BETTER LABELS

B Y  M O N Y A  B A K E R

Scientists love to decorate their favour-
ite biomolecules with fluorescent tags. 
Attaching light-emitting labels to a 

protein can reveal when and where in a cell 
it functions, but usually the details are fuzzy. 
Optical microscopes use light with wave-
lengths between 350 and 750 nanometres, and 
structures smaller than about 200 nm cannot 
be seen clearly. That is much bigger than the 
thickness of a cell membrane and is about 
half as long as the mitochondria that sup-
ply cells’ energy. At this scale, many cellular 
secrets are invisible. The protein machinery 

that allows a virus to invade a cell is blurry, 
as are the synapses across which neurons   
communicate. 

The past few years have seen the rise of a 
suite of techniques, collectively known as 
super-resolution microscopy, that can use 
light to reveal structures much smaller than 
the theoretical limit. The trick is to control 
fluorescent labels, or fluorophores, so that not 
all of them signal at once. Light from each indi-
vidual fluorophore creates a blur, but as long as 
blurs don’t overlap, they can be resolved into 
individual points at their centres. This allows 
the position of the fluorophore to be identified 
precisely, revealing features as small as 20 nm. 

“The super-resolution that we have developed 
doesn’t rely on changing the wave nature of 
light,” says Stefan Hell, director of nanobiopho-
tonics at the Max Planck Institute for Biophysi-
cal Chemistry in Göttingen, Germany. “It relies 
on turning dyes on and off.” 

Although advances in instrumentation and 
informatics should not be overlooked, many 
researchers believe that it is better-performing 
fluorescent labels that will allow super-resolu-
tion microscopy to continue to move forward. 
“That’s an area where the field will see the  
biggest advances,” says Jan Liphardt, a bio-
physicist at the University of California,  
Berkeley. “That’s been limiting all of us.” 

Mitochondria in a cell, imaged by conventional microscopy (left), and super-resolution microscopy colour-coded by depth (middle) and in cross-section (right).
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Electron microscopes can resolve features 
less than a nanometre long — even smaller 
than super-resolution. But electron micros-
copy requires elaborate preparation of samples: 
usually, cells must be ‘fixed’ with preservatives 
and then embedded in resin or frozen. By con-
trast, many forms of super-resolution micros-
copy can be done with live cells. And with fixed 
cells, labels for optical microscopy can iden-
tify proteins more specifically than can those  
available for electron microscopy.

Most super-resolution techniques fall into 
two categories. In one, sometimes called illu-
mination-based super-resolution, precise geo-
metric patterns of light shine repeatedly across 
a sample to control which fluorophores are 
active. In the other, sometimes called probe-
based super-resolu-
tion, conditions are 
tuned so that just 
a few fluoro phores 
emit light at a time. 

Whereas illumina-
tion-based super-res-
olution micro scopy 
requires specialized 
optical equipment, 
probe-based tech-
niques do not. Exper-
iments using the 
latter technique are 
relatively easy to set 
up (see ‘Starting up 
in super-resolution’). 
However, only a few 

dozen of the hundreds of extant fluorescent 
proteins and dyes have the requisite properties 
for probe-based super-resolution microscopy: 
the ability to change from one ‘spectral state’ to 
another when exposed to certain wavelengths 
of light  (see ‘Fluorescent proteins for super-
resolution microscopy’). Some remain dark 
until they are activated; others go from one 
colour to another.

ACRONYM UPROAR
Three labs independently developed the first 
probe-based techniques in 2006: fluores-
cence photoactivation localization micro-
scopy (fPALM) was described1 by Sam Hess, a 
physicist at the University of Maine in Orono; 
photoactivated localization microscopy 
(PALM) was described2 by Eric Betzig and 
Harald Hess, physicists at the Howard Hughes 
Medical Institute’s Janelia Farm Research Cam-
pus in Ashburn, Virginia; and stochastic opti-
cal reconstruction microscopy (STORM) was 
described3 by Xiaowei Zhuang, a physicist at 
Harvard University in Cambridge, Massa-
chusetts. Perhaps one of the most confusing 
aspects of these and other probe-based tech-
niques is what to call them. Commonly used 
terms include fPALM/STORM and varia-
tions such as single-molecule localization 
micro scopy (SMLM) and single-molecule 
active-control microscopy (SMACM). But 
the underlying concepts behind all the probe-
based techniques are the same, says Sam Hess. 
“You somehow control the molecules so you 
only have a few visible at a time, you find their 

position, you cycle through a whole bunch of 
molecules, and you make a map of where the 
molecules were. That’s your image.” 

These techniques require more control over 
fluorophores than most scientists are used to, 
says Michael Davidson, director of the opti-
cal microscopy division at the National High 
Magnetic Laboratory in Tallahassee, Florida. 
“A lot of people are jumping into this. I get the 
question of what probes to use probably ten 
times a week,” he adds. 

Fluorescent proteins are commonly used for 
super-resolution microscopy. The genes that 
code for them, often taken from jellyfish or 
other sea creatures, are fused with the genes 
for the proteins being studied, so that when 

Interest in super-resolution techniques is 
widespread, but relatively few labs have taken 
the plunge. Here are some tips.

Optimize conditions first. “Before we go 
through collaboration, we ask that people 
try these labels out first under a regular 
fluorescent microscope,” says Harald Hess, 
a physicist at the Howard Hughes Medical 
Institute’s Janelia Farm Research Campus in 
Ashburn, Virginia. A fluorescent protein that 
works seamlessly with one protein of interest 
could completely disrupt another. “Make sure 
the proteins photoactivate, make sure the cell 
health is okay, make sure that the density’s 
right,” says Hess. When a super-resolution 
experiment doesn’t work as expected, 
researchers can be quick to blame the optical 
equipment. Often the problem is actually 
with the biological label. 

Watch out for artefacts that are no longer 
invisible. A 50-nanometre perturbation 
is invisible in conventional microscopy 
experiments. But in super-resolution, that 

distance can tell you whether two proteins 
cluster together or stay apart. Artefacts that 
researchers could once safely ignore — 
microscope drift, a label’s slight effects on 
localization — must now be considered.

Get to know your fluorophore. Researchers 
can’t predict from the literature how a 
protein will behave in their hands. Even when 
fused to the same protein, a fluorophore’s 
photostability — the number of photons it 
can give off — can vary from instrument to 
instrument, sample to sample and culture 
to culture, especially under differing oxygen 
levels. “The numbers will be really specific 
to your experimental conditions,” says 
Robert Campbell, a protein engineer at the 
University of Alberta in Edmonton. The order 
of relative photostability of fluorophores 
should remain the same, says Campbell, “but 
I wouldn’t bet my life on it”. 

Consider your lasers. Xiaowei Zhuang, a 
physicist at Harvard University in Cambridge, 
Massachusetts, developed stochastic optical 

reconstruction microscopy (STORM) using 
a low-powered laser to avoid damaging the 
sample, but it took so long to switch the 
fluorophores that acquiring an image took 
several minutes. With more powerful lasers, 
transitions occur in a millisecond. Michael 
Davidson, director of optical microscopy at 
the National High Magnetic Laboratory in 
Tallahassee, Florida, recommends at least 
100 milliwatts for green wavelengths, and 
up to 200 milliwatts for far-red. The Laser 
Combiner produced by Agilent of Santa 
Clara, California, contains four lasers, putting 
several wavelengths under easy control. 

Don’t overactivate the probes. Setting up a 
probe-based super-resolution experiment 
is easy, but calculating localization spots 
does not guarantee resolution higher than 
that of conventional microscopy. If too many 
probes are activated, localization represents 
not individual molecules, but an average of 
several, explains Zhuang. “Just because you 
get a STORM-like type of image doesn’t mean 
that it has high quality,” she says. M.B.

Starting up in super-resolution

“You make a 
map of where 
the molecules 
were. That’s 
your image.”
Sam Hess

Live-cell super-resolution images showing how 
actin and membrane proteins associate.
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the proteins are produced, they too are joined. 
Thus, when the fluorophore probe lights up, 
it allows researchers to locate the studied 
protein. The most popular protein for probe-
based super-resolution microscopy is prob-
ably mEos2 (ref. 4). When first expressed, it 
fluoresces green, but a burst of ultraviolet light 
turns it red. Such ‘photo convertible’ fluoro-
phores offer certain advantages over those that 
start out in a dark, non-fluorescent state: they 
allow researchers to image the protein before 
experiments begin, and so more easily pick out 
healthy cells that are producing high levels of 
the labelled protein. What is more, newly pro-
duced proteins are different colours from those 
that have already been imaged, so researchers 
can follow pools of proteins over time and get a 
sense of their rates of production and destruc-
tion (see ‘How to build a fluorescent protein’).

EVERYTHING IS ILLUMINATED 
Often, though, one fluorophore per experi-
ment is not enough. “Most of the outstand-
ing questions that people want nanometric 
accuracy for are in the relationship of two or 
more different proteins relative to each other,” 
explains Jennifer Lippincott-Schwartz, a cell 
biologist at the National Institutes of Health 
in Bethesda, Maryland, and part of the team 
that invented PALM. “The only way that you 
can address that is using different markers at 
the same time.” 

Gleb Shtengel, a physicist at Janelia Farm, 
says that getting two labels to work together 
inside a cell is difficult, partly because the 
optimal conditions for each are not always the 
same. Fluorophores always prove trickier to 
work with than the imaging apparatus. “You 
have to add another laser, but that’s the sim-
plest part,” says Shtengel. Putting the brighter 
label on the less-expressed protein can help to 
make sure that enough data can be collected 
on each of the proteins of interest to fix their 
locations definitively; expression  levels must 
also be sufficient and reliable for both proteins. 

And then there are the spectral considera-
tions. If researchers want to use a second label 
alongside mEos2, for example, they have to find 
one unaffected by both red and green wave-
lengths of light. A protein described5 this year 

could be a big help: it converts from orange to 
far-red, a much desired colour that is distinct 
from both the natural fluorescence of cells and 
that of other popular fluorophores. “The palette 
is so small right now that any addition is a big 
step forward, especially if you add a colour in 
part of the spectrum that’s empty,” says Shtengel. 

But researchers are succeeding in using two-
colour super-resolution microscopy. That has 
allowed them to address questions such as 
whether cell-surface receptors implicated in 
cancer are randomly assorted or are co-local-
ized on the plasma membrane. Lippincott-
Schwartz has described6,7 a general technique 
that allows researchers to quantify how pro-
teins cluster together on plasma membranes, 
and to assess the size, abundance and density 
of clusters.

Even illumination-based techniques are 
benefiting from new fluorophores. A technique 
called stimulated emission depletion works by 
pairing lasers: one excites a spot to fluoresce, 

and the other shrinks 
the area of fluor-
escence by further 
exciting fluorophores 
on its periphery into a 
special dark state. To 
collect an image, the 
paired laser beams 
scan across the sam-
ple, repeatedly apply-
ing intense beams of 

light that force fluorophores into the appropri-
ate state but can also damage cells. Hell and his 
colleagues last month described8 a fluorescent 
protein that can enable illumination-based 
super-resolution miscroscopy in extremely 
low light levels. Although most fluorescent 
proteins bleach out, or lose their fluorescence, 
with repeated imaging, this new protein can 
be switched on and off more than 1,000 times. 
The researchers were able to image dendritic 
spines (signal-receiving outgrowths on neu-
rons) at light levels one million times lower 
than had previously been documented, and the 
technique can work with a standard confocal 
microscope, says Hell.

Lippincott-Schwartz and others are working 
out ways to make conventional fluoro phores 

a b c

500 nm 200 nm
Clathrin
Microtubule

Conventional (a) and super-resolution (b, c) microscopy of microtubules and clathrin protein clusters.

“A lot of people 
are jumping 
into super 
resolution. I get 
the question of 
what probes to 
use probably ten 
times a week.”
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amenable to probe-based super-resolution 
microscopy. Instead of lighting up just a few 
molecules at once, they activate an entire popu-
lation and wait for the fluorescent proteins to 
slowly turn off.  The analysis identifies the loss 
of signal, she explains. “As they bleach, mol-
ecules switch off and leave a hole that can be 
fit to determine where the molecule was.” Data 
for localizing dark holes are much noisier than 
those for localizing bright points, but the tech-
nique allows researchers to work with several 
labels at once. In unpublished work, Lippincott-
Schwartz has been able to visualize as many as 
four fluorophores in a single fixed sample, and 
she thinks that the technique can also be made 
to work in live cells. 

DESIRABLE DYES
To many cell biologists, the term fluorescent 
label is synonymous with fluorescent protein, 
but there are also small-molecule fluorescent 
dyes. Dyes tend to be more photostable than 
fluorescent proteins, so they can emit an order 
of magnitude more photons, which means 
that dye molecules can be detected and pin-
pointed more reliably, explains Markus Sauer, 
a biophysicist at the University of Würzburg 
in Germany. “The higher photon yield goes in 
hand with higher localization precision and 
thus a higher optical resolution,” he says. 

The speed at which dyes turn on and off is 
also an advantage. In the first demonstration of 
live-cell, three-dimensional STORM, Zhuang 
used six different probes: four dyes and two 
proteins9. One of the dyes, Alexa 647, allowed 
an image to be taken in one second; proteins 
required substantially longer, at 30 seconds per 
image. Collecting more images in less time is a 
practical advantage for all samples, particularly 

for live cells, says Zhuang. “If you can’t switch 
the probes fast, you can only image slow  
processes,” she adds.  

The problem is that dyes are often less con-
venient than fluorescent proteins. Whereas 
researchers can label proteins with fluorescent 
proteins by introducing genes into cultured 
cells, dyes have to be attached in a separate step. 
The most common technique is to combine 
them with antibodies against a protein of inter-
est. Usually, researchers label ‘secondary anti-
bodies’, which themselves attach to antibodies 
against the protein of interest — a practice that 

allows the same reagents to be used in multiple 
experiments. However, because it is the anti-
body rather than the protein that is visualized, 
the dyes are somewhat distant from the protein 
of interest. 

Antibodies can usually be used only on fixed 
cells, but they do have advantages. Relevant 
techniques are in common use, and antibod-
ies work  in samples that can’t be transfected, 
such as human biopsies. What is more, the 
target proteins are produced naturally, rather 
than from introduced genes, which can have 
aberrant expression. Last year, Zhuang and 
her colleagues reported10 that they had used 
labelled antibodies with STORM to interrogate 
the locations of ten different proteins within 
synapses, distinguishing which occurred on 
the signal-sending (pre-synaptic) side and 
signal-receiving (post-synaptic) side — some-
thing that would be impossible in conventional 
microscopy because the synapse is so small. 

There are also ways to use dyes without 
antibodies: ‘soluble ligands’, or secreted pro-
teins that attach to cell surfaces can be pro-
duced, labelled and then added to cell cultures 
directly. Intracellular proteins can be labelled 
using a ‘hybrid-fusion’ approach. Instead of 
being fused to a fluorescent protein, a protein 
of interest is joined to a ‘protein hook’ that can 
attach to the dye molecules. A variety of tags are 
in use, and the technique can even work with 
commercially available chemical-tag kits made 
for conventional microscopy11. But the dye can 
sometimes attach to biomolecules other than 
the target, says Robert Campbell, a protein 
engineer at the University of Alberta in Edmon-
ton. “That raises up background fluorescence, 
and that limits the level at which you can see 
the protein.” 

To be useful for super-resolution microscopy, 
a fluorescent protein must have all the 
properties necessary for standard imaging: 
it can’t be toxic; it must label the intended 
target; it must be biologically active at the 
same temperatures as mammalian cells (no 
small feat, given that these proteins generally 
come from sea creatures living in chilly 
waters); it must be bright; and its fluorescence 
must stand out from background. 

Such proteins are often taken from 
jellyfish, anemones or coral, but they all have 
the same general shape: a flat sheet rolled 
up into a ‘β-barrel’, with a helix spiralling 
into the centre. Three amino acids at the end 
of the helix create the chromophore — the 
part responsible for the fluorescence. For a 
protein to be photoactivatable, the parts in 
or around the chromophore must undergo 
reactions catalysed by light. Swapping in 
different amino acids can create new colours 

and set the stage for light-activated reactions 
that change the properties of the protein. 

Even if a protein has the desired colour and 
photoactivity, it may not be bright or well-
behaved enough to be useful in microscopy, 
so researchers use random mutagenesis to 
hunt for beneficial mutations over the entire 
barrel. Super-resolution imaging makes 
heavy demands on proteins, says Vladislav 
Verkhusha, a structural biologist at Albert 
Einstein College of Medicine in New York 
City, who has made many photoactivatable 
proteins, including the first far-red one5. “If 
you want to have tenfold better resolution, 
you need 100-fold photostability,” he says. 

And for reasons that aren’t entirely clear, 
the way that proteins behave in a group does 
not perfectly represent their behaviour at 
the single-molecule level, explains George 
Patterson, a physicist at the US National 
Institutes of Health in Bethesda, Maryland, 

who helped to develop the first practical 
photoactivatable fluorescent protein and a 
super-resolution technique2.

Fluorescent proteins occur naturally as 
bulky tetramers, impractical for labels, so 
research groups have to modify them. One 
group might break the four-barrel proteins 
into individual stable barrels more suitable 
for labelling; another might shift the protein’s 
colour spectrum; another might make it 
photoactivatable; and yet others might make 
more general improvements. 

Researchers just can’t get enough. 
Now more than ever, the better the 
fluorophore, the more biology it can reveal. 
“The fluorophore is at centre stage of the 
whole development,” says Stefan Hell, a 
nanomicroscopist at the Max Planck Institute 
for Biophysical Chemistry in Göttingen, 
Germany. “The fluorophore is decisive. It 
allows you to get the pictures.” M.B.

How to build a fluorescent protein

Xiaowei Zhuang of Harvard University looks for 
tiny details using fluorescent proteins and dyes.
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Improved analysis will also help scientists 
to get more from their labels. Researchers led 
by Sam Hess showed12 that three fluorophores 
that all emit in the orange–red wavelengths 
could be distinguished from each other. Con-
ventional microscopy would not be able to 
separate, say, a greenish-yellow label that emits 
two green photons for each red one from an 
orangish-yellow label that emits one green 
photon for each red one, but super-resolu-
tion microscopy can distinguish such signals 
because emitted photons are attributed to indi-
vidual proteins. In such a case, “it’s okay to have 
the emission spectrum overlap because you are 
imaging individual molecules”, says Hess. His 
team was able to use three labels with over-
lapping spectra to simultaneously image two 
membrane proteins and a cytoskeleton pro-
tein, showing how these different components 
of the cell interact.

BETTER RESOLUTION THROUGH COMPUTATION
Better analysis and more sophisticated algo-
rithms should also help researchers who are 
using only one label at a time. To speed imag-
ing, researchers would like to increase the 
number of fluoro pohores that emit light at any 
given time. But if too many fluorophores emit 
too close together, their signals overlap and 
cannot be resolved into individual points. Sev-
eral groups are working on software that lets 
scientists image more labels in smaller spaces. 
For example, researchers at the University of 
Oxford, UK, adapted13 an algorithm originally 
developed to study crowded star systems, 
and used it in probe-based super-resolution 
microscopy. They showed that it could detect 
more fluoro phores than could two imaging 
algorithms commonly used in microscopy. 

Aleksandra Radenovic, a biophysicist at the 
Swiss Federal Institute of Technology in Laus-
anne, has designed computational approaches 
to mitigate artefacts caused when ‘bleached’ 
proteins, which have supposedly lost their 
fluorescence permanently, revert to a state in 
which they can be activated14. The effort grew 
out of another project, exploring dense protein 
clusters on the cell membrane. After a protein 
fragment chosen as a negative control dis-
played unexpectedly high levels of clustering, 

Radenovic and her co-workers studied the 
activation times of individual molecules of 
mEos2. The data showed that signals from 
similar locations clustered together in time. 
The sequence of signalling molecules should 
be random across a sample, so these results 
indicated that the same protein was signalling 
more than once and was being misinterpreted 
as multiple proteins, explains Radenovic. “Just 
looking at the time domain, you can get rid of 
those artefacts,” she says. 

Although probe-based super-resolution 
microscopy can be done using standard fluo-
rescence microscopes, several manufacturers 
offer systems built specifically for this purpose, 
along with software for analysing the data. 
Such microscopes are designed to optimize 
the activation of probes. Licensing agree-
ments restrict which acronyms each manu-
facturer uses in marketing, but a machine that 
works for one form of probe-based micros-
copy generally works for other forms as well. 
Tokyo-based company Nikon has installed its 
system in dozens of labs; Leica Microsystems 
of Wetzlar and Zeiss of Oberkochen, both in 
Germany, have also introduced systems. And 
small start-up companies, such as Vutara in 

Salt Lake City, Utah, are getting into the mar-
ket as well. Applied Precision of Issaquah, 
Washington (acquired in April by GE Health-
care of Fairfield, Connecticut), plans to roll 
out its probe-based super-resolution system, 
Monet, later this year. Most of these compa-
nies also make instruments for illumination-
based micro scopy, which require specialized  
components.

With or without dedicated instruments, 
researchers are keen to try their hand at super-
resolution microscopy. So far, most papers 
demonstrate proof of principle for microscope 
methods rather than fundamental new biology 
uncovered by the techniques, but the balance 
is shifting, says Davidson. “It’s going to be an 
explosive field. It’s just now raising its head, 
and it’s about to take off like a bat out of hell.” ■

Monya Baker is technology editor for Nature 
and Nature Methods.
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FLUORESCENT PROTEINS FOR SUPER-RESOLUTION MICROSCOPY
Protein Spectral states

mEos2; 
tandem 
dimer Eos

Green to red Brightest photoactivatable proteins described so far. mEos2 
behaves well when fused with target proteins. (Dendra2 and 
KikGR also convert from green to red, but not as well)

PS-CFP2 Cyan to green Can be used alongside red and orange proteins

PSmOrange Orange to far-red First photoconvertible protein in the advantageous far-red part of 
spectrum

PAmCherry Dark to orange Along with PATag RFP, can be used in combination with dark-to-
green proteins

PA-GFP Dark to green Behaves well when fused with target proteins. First 
photoactivatable protein, but not as bright as others

Dronpa Dark to green to dark 
(reversible)

The ability to switch from dark to light and back to dark allows 
tracking and live-cell applications

Super-resolution imaging reveals the molecular architecture that enables cellular adhesion.
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