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enhance the emission PSF. Under conditions where all pho-
tons are emitted from the same source, a simple fitting proce-
dure on the image or the determination of the center of mass 
allows a more precise position determination than with the un-
certainty of just a single emitted photon, which is stated by the 
width of the emission PSF. Although this principle has been 
known for a rather long time, most methods to separate such 
particles, which were based on their emission characteristics 
such as color (Bornfleth et al., 1998) or fluorescence lifetime 
(Heilemann et al., 2002), were limited to imaging only a few 
particles in close proximity. This changed drastically when it 
was realized that time could be used to separate the particles. 
The idea to assemble many such localized positions into high 
resolution images of the sample was termed pointillism, in 
analogy to the artistic painting technique (Lidke et al., 2005). 
The chance of detecting particles with overlapping signals in 
one image could be reduced to almost zero by limiting the 
number of simultaneously emitting particles (Betzig et al., 
2006; Hess et al., 2006; Rust et al., 2006). This first became 
possible by using either photoactivatable dyes (e.g., paGFP), 
as in photoactivated localization microscopy (PALM) and 
fluorescence photoactivation localization microscopy (FPALM), 
or by using photoswitchable dye pairs (e.g., Cy3–Cy5) or  
photoswitchable proteins (e.g., EosFP), as in stochastic optical  
reconstruction microscopy (STORM). Such series of a few 
thousand images can then be processed into high resolution 
images typically reaching a resolution in the range of 30 nm 
(Fig. 1 C, Fig. 2, and Fig. 3 C).

It should be noted that the performance of these pointillis-
tic methods critically depends on the labeling density and the 
imaged biological structure. Thus, they may perform better for 
imaging smaller or filamentous objects than dense and bulky 
structures. In view of the discussion of resolution limits above, 
it is now interesting to look at the predicted resolution of the 
pointillistic methods. Only considering the statistical noise of 
photon counting and assuming the point spread functions to be 
of Gaussian shape, the laws of Gaussian error propagation state 
that the precision of localization scales with the inverse square 
root N1/2 of the number of detected photons. In other words, 
the resolution is limited by photon statistics or the more photons 
are collected the better is the resolution.

Variations of this method have been published by numer-
ous groups adding new acronyms, such as SPDM (spectral pre-
cision distance measurement; Bornfleth et al., 1998; Lemmer  
et al., 2009), PALMIRA (PALM with independently running 
acquisition; Egner et al., 2007), GSDIM (ground state depletion 
and individual molecule return; Fölling et al., 2008b), or 
dSTORM (direct STORM; Heilemann et al., 2008). The latter 
use the reversible photoswitching of organic fluorochromes to  
a long-lived dark state (e.g., the triplet state or charge transfer 
complexes), which extends this method in principle to conven-
tional dyes.

Two-color applications on biological samples have been 
demonstrated for most approaches (Bates et al., 2007; Bock  
et al., 2007; Shroff et al., 2007; Bossi et al., 2008; Gunkel et al., 
2009; Subach et al., 2009; van de Linde et al., 2009) and has 
been successfully used to map vertebrate kinetochore components 

Nägerl et al., 2008; Westphal et al., 2008; Eggeling et al., 2009; 
Opazo et al., 2010).

Single molecule localization and composition 

(PALM/STORM). A slightly more subtle nonlinear effect  
is based on the idea that many photons can be combined to  

Figure 3.  Super-resolution microscopy of biological samples. (A) Con-
ventional wide-field image (left) and 3D-SIM image of a mouse C2C12 
prometaphase cell stained with primary antibodies against lamin B and 
tubulin, and secondary antibodies conjugated to Alexa 488 (green) and 
Alexa 594 (red), respectively. Nuclear chromatin was stained with DAPI 
(blue). 3D image stacks were acquired with a DeltaVision OMX prototype 
system (Applied Precision). The bottom panel shows the respective orthogo-
nal cross sections. (B) HeLa cell stained with primary antibodies against the 
nuclear pore complex protein Nup153 and secondary antibodies conju-
gated with ATTO647N. The image was acquired with a TCS STED confo-
cal microscope (Leica). (C) TdEosFP-paxillin expressed in a Hep G2 cell to 
label adhesion complexes at the lower surface. The image was acquired 
on an ELYRA P.1 prototype system (Carl Zeiss, Inc.) using TIRF illumination. 
Single molecule positional information was projected from 10,000 frames 
recorded at 30 frames per second. On the left, signals were summed up to 
generate a TIRF image with conventional wide-field lateral resolution. Bars: 
5 µm (insets, 0.5 µm).
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For example, in developmental biology the ability to image en-
tire embryos in three dimensions over long time periods may be 
more important than absolute resolution. Of particular interest 
for biological applications is light sheet-based microscopy, as 
large specimens can be imaged with a substantially enhanced 
axial resolution down to 0.4 µm and minimal phototoxicity 
(Verveer et al., 2007). Thus, the embryogenesis of flies and  
zebrafish was successfully imaged with an isotropic resolution  
using selective plane illumination microscopy (SPIM) and an 
orthogonal camera-based detection (Huisken et al., 2004; Keller 
et al., 2008). Also, one has to keep in mind that some of the 
published performance benchmarks are “world records” estab-
lished by experts and may not be easily obtained in a routine 
laboratory. Multi-user environments should consider the man-
ageability and the availability of the necessary technical exper-
tise to run and maintain a given system. Thus, the complexity 
and user-friendliness of the system, the susceptibility to arti-
facts, and the demands for special sample preparation should be 
taken into account (Fig. 4). 

Most challenging still is the full-fledged implementation 
of super-resolution in live-cell microscopy, i.e., the monitoring 
of dynamic processes with multi-dimensional time-series at  
super-resolution without affecting the physiology or viability  
of the cell. In case of samples with a constant density of fluoro-
phores, higher resolution for the same field of view automati-
cally means less fluorophores per volume element (voxel) as the 
interrogated volume becomes smaller, e.g., a twofold better  
resolution in 3D entails an eightfold smaller volume, meaning 
also eightfold less fluorophores at the same labeling density. 
To compensate the drop in brightness and achieve a similar signal  
to noise as in the normal resolution image, the excitation inten-
sity could be increased which would, however, also increase 

on stretched chromatin fibers (Ribeiro et al., 2010). Recent im-
plementations have also demonstrated the ability to localize 
single molecules with subdiffraction accuracy (50–80 nm) in 
the axial direction over an extended imaging depth of a few  
microns by either introducing an astigmatism, as in 3D STORM 
(Huang et al., 2008a,b), by a double-plane detection in biplane 
(BP) FPALM (Juette et al., 2008), or by engineering a double 
helix–shaped point spread function (DH-PSF; Pavani et al., 
2009). The utility of these techniques for live-cell imaging has 
been demonstrated (Hess et al., 2007), although it is still re-
stricted to small cellular subregions or rather slow processes in 
2D. It will still take time and further engineering until these 
technical developments find their way into commercial systems. 
Nonetheless, the number of recent publications indicates that 
the field is rapidly progressing toward 3D live-cell studies.

Opposing objective approaches
Conventional and super-resolution techniques can be combined 
with interferometric configurations to further enhance the axial 
resolution. In 4Pi microscopy, the concept of confocal micros-
copy is extended by having two precisely aligned identical ob-
jective lenses act as a single lens (Sheppard and Matthews, 
1987; Hell et al., 1994a,b; Schrader et al., 1997, 1998; Egner  
et al., 2002, 2004) to achieve a z-resolution down to 80 nm. 4Pi 
microscopy has been successfully applied to study the details 
of the nuclear pore complex (Hüve et al., 2008) and to investi-
gate H2AX at sites of DNA damage (Bewersdorf et al., 2006). 
Similarly, double-sided illumination and/or detection can en-
hance the axial performance of wide-field microscopy as in 
I5M (Gustafsson et al., 1999) or SMI (Albrecht et al., 2002), 
structured illumination as in I5S (Shao et al., 2008), STED as in 
isoSTED (Schmidt et al., 2008, 2009), and PALM as in iPALM 
(Shtengel et al., 2009). All these techniques require extremely 
precise alignment of the two opposing light paths via piezo-
electric control and extensive preparatory alignment proce-
dures. In addition, the sample preparation and embedding 
requires extra care. Coherent opposing lens arrangements are 
also very sensitive to temperature shifts and are altogether 
technically very demanding.

Present trade-offs
As diverse as these new technologies are, so are their opportuni-
ties and trade-offs for applications in cell biology. Therefore, 
when choosing the best technology for a given cell biological 
question, one has to match experimental requirements with 
technical performance. For comparison, the technical perfor-
mance data of several present super-resolution methods were 
compiled from recent publications (Table I). Some commer-
cially available technologies improve lateral but not axial reso-
lution, which makes them ideal for studies of flat structures 
such as membranes but less suited for extended 3D structures 
like the nucleus. Similarly, the possibility to image three or four 
cellular components in 3D with conventional staining protocols 
might outweigh the higher lateral resolution available from  
an alternative method (Fig. 2). Optimum resolution should  
be weighed against versatility, suitability for live-cell applica-
tions, and the simultaneous detection of multiple components. 

Figure 4.  Challenges and trade-offs in super-resolution fluorescence 
microscopy. Although the nominal lateral (xy) and axial (z) resolution of 
a microscope is the most prominent system parameter, the usefulness for 
broader or routine application depends on a wealth of additional criteria. 
This includes the ability to image time series of living samples and multi-
dimensional imaging (3D sectioning with multiple wavelength), as well as 
soft criteria, such as the easy applicability and the reliability of the results. 
Notably, none of the currently available super-resolution technologies fulfill 
all criteria.
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engineering attempts to build perfect systems. Future solutions 
may not eliminate this problem but could map the optical an-
isotropy of cells and then compensate for it by post processing 
and/or adaptive optics (Kam et al., 2001; Booth et al., 2002;  
Ji et al., 2010), similar to what is already practiced in astron-
omy. In this emerging field a number of further innovations are 
currently being developed. Significant engineering challenges 
remain before these next-generation super-resolution technolo-
gies become widely available. As the first super-resolution  
microscopes are now becoming commercially available, many 
new and exciting insights into cellular structure and function are 
to be expected in the near future.
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