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ABSTRACT
Fluorescence microscopy has become an essential tool for biological research because it can be minimally invasive, acquire data
rapidly, and target molecules of interest with specific labeling strategies. However, the diffraction-limited spatial resolution, which is
classically limited to about 200 nm in the lateral direction and about 500 nm in the axial direction, hampers its application to identify
delicate details of subcellular structure. Extensive efforts have been made to break diffraction limit for obtaining high-resolution imaging
of a biological specimen. Various methods capable of obtaining super-resolution images with a resolution of tens of nanometers are
currently available. These super-resolution techniques can be generally divided into three primary classes: (1) patterned illuminationbased super-resolution imaging, which employs spatially and temporally modulated illumination light to reconstruct sub-diffraction
structures; (2) single-molecule localization-based super-resolution imaging, which localizes the profile center of each individual fluorophore at subdiffraction precision; (3) bleaching/blinking-based super-resolution imaging. These super-resolution techniques have been
utilized in different biological fields and provide novel insights into several new aspects of life science. Given unique technical merits and
commercial availability of super-resolution fluorescence microscope, increasing applications of this powerful technique in life science can
be expected.
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INTRODUCTION
Fluorescence microscopy has become an essential tool for
biological research, especially in investigating morphological
structures and interactions of biological molecules inside
living cells, tissues, and whole organisms. Compared with
other imaging techniques, such as electron microscopy (Koster
Abbreviation: FPALM, fluorescence photoactivation localization microscopy; NSOM, near-field scanning optical microscopy; PALM, photoactivated
localization microscopy; RESOLFT, reversible saturable optically linear
fluorescence transitions; SSIM, saturated structured-illumination microscopy;
STED, stimulated emission depletion; STORM, stochastic optical reconstruction microscopy; TIRF, total internal reflection fluorescence microscopy.
* Corresponding author. Tel/fax: þ86 10 6480 6362.
E-mail address: yqjiang@genetics.ac.cn (Y. Jiang).

and Klumperman, 2003), the main advantage of fluorescence
microscopy is that specific subcellular components can be
noninvasively marked. However, the spatial resolution of
fluorescence microscopy is classically limited to about 200 nm
in the lateral direction and about 500 nm in the axial direction
due to the optical diffraction limitation. Therefore, limited
resolution leaves many subcellular structures too small to be
identified.
If the spatial resolution of fluorescence microscopy can be
improved to the level comparable to electron microscopy,
without compromising the labeling specificity and live cell
compatibility, many aspects of biological research will be
benefited. The nanoscale structure and dynamics of cells and
tissues, such as dynamic distribution of synaptic vesicles in the
neuron cell body, will be observable. This is the idea behind
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super-resolution fluorescence microscopy techniques, which
yield an order of magnitude improvement in spatial resolution
over conventional light microscopy. In recent years, different
kinds of super-resolution fluorescence microscopy imaging
techniques have been invented, including stimulated emission
depletion (STED) microscopy (Hell and Wichmann, 1994; Klar
and Hell, 1999), reversible saturable optically linear fluorescence transitions (RESOLFT) (Hell, 2003, 2007, 2009;
Hofmann et al., 2005; Sauer, 2005), saturated structuredillumination microscopy (SSIM) (Gustafsson, 2005), stochastic
optical reconstruction microscopy (STORM) (Rust et al., 2006;
Huang et al., 2007, 2008), photoactivated localization microscopy (PALM) (Betzig et al., 2006), and fluorescence photoactivation localization microscopy (FPALM) (Hess et al., 2006).
Impressive progress has been achieved with these superresolution imaging techniques in life science, especially in
studying biological processes at the cellular and molecular level.
This review focuses on a brief introduction to superresolution fluorescence microscopy techniques, the principles
behind these techniques as well as the uses of these methods
for molecular genetics and cell biology. We first provide
conceptual introductions to typical super-resolution fluorescence imaging techniques, review recent applications of superresolution imaging, and discuss issues related to applying
these techniques to biological systems.
THE DIFFRACTION LIMIT OF RESOLUTION
It was realized by Ernst Abbe in 1873 that the resolution of
optical microscopes is fundamentally limited by the diffraction of light (Abbe, 1873). As an electromagnetic wave, the
light has all properties of a wave such as interference and
diffraction. Thus, a point source of light, when imaged
through a microscope, appears as a spot with a finite size
(Ding et al., 2011). The intensity profile of this spot defines the
point-spread function (PSF) of the microscope. Two identical
fluorophores separated by a distance less than the PSF width
will generate substantially a merged image and be difficult or
impossible to resolve. The resolution of the microscope is thus
limited by the width of the PSF. Since the wavelength of
visible light ranges from 400 to 700 nm, for one microscope
with a high numerical aperture objective (NA ¼ 1.4), the
resolution limit is about 200 nm laterally (along the x and y
directions) and about 500 nm along the optic axis (in the z
direction).
Historically, near-field scanning optical microscopy
(NSOM), which scans a sharp probe tip across the sample and
detects the signal through the nonpropagating light near the
sample to acquire an image, can obtain high spatial resolution,
typically 20‒50 nm (Pohl et al., 1984). And wide-field imaging has also been recently demonstrated in the near-field
regime using a super lens with negative refractive index (Liu
et al., 2007; Smolyaninov et al., 2007). However, the range
of the near-field region is very short, only tens of nanometers,
and thus limits the application of near-field microscopy in
biological fields. This limit highlights the need of developing
far-field high-resolution imaging methods.

Approximately a decade ago, novel fluorescence microscopy based on far-field excitation has emerged that can break
the diffraction limit. Moreover, the spatial resolution of a few
tens of nanometers can be achieved using visible light as
excitation (Hell, 2007). More important, some of these novel
fluorescence microscopies are theoretically capable of unlimited resolution (Gustafsson, 2005).
SUPER-RESOLUTION IMAGING
Generally, super-resolution imaging techniques can be
divided into three primary classes. The first category is
patterned illumination-based super-resolution imaging, which
achieves sub-diffraction-limit resolution by using patterned
illumination to control only few molecules which are simultaneously excited and detected. Patterned illumination category includes STED microscopy (Hell and Wichmann, 1994;
Klar and Hell, 1999), RESOLFT technology (Hell, 2003,
2007, 2009; Hofmann et al., 2005; Sauer, 2005), and SSIM
(Gustafsson, 2005). The second category is single-molecule
localization-based super-resolution imaging, which activates
individual molecules at different times. Single-molecule
localization approach includes STORM (Rust et al., 2006;
Huang et al., 2007, 2008), direct STORM (dSTORM)
(Heilemann et al., 2008), PALM (Betzig et al., 2006), ground
state depletion followed by individual molecule return
(GSDIM) (Folling et al., 2008), and FPALM (Hess et al.,
2006). The third one is bleaching/blinking-based super-resolution imaging, such as single-molecule high-resolution imaging with photobleaching (SHRImP) (Gordon et al., 2004),
bleaching/blinking assisted localization microscopy (BaLM)
(Burnette et al., 2011) and super-resolution optical fluctuation
imaging (SOFI) (Dertinger et al., 2009).
Patterned illumination-based super-resolution imaging
Stimulated emission depletion (STED)
Stimulated emission depletion microscopy for superresolution fluorescence imaging was first proposed by Stefan
Hell in 1994 (Hell and Wichmann, 1994) and demonstrated
experimentally in 1999 with a spatial resolution of 106 nm
(Klar and Hell, 1999). For one common STED, the fluorophores are excited by the conventional laser beam (excitation laser) and followed by a second depletion laser (STED
laser) with a donut-shaped intensity profile (Fig. 1A). The
STED laser can de-excite the molecules in the periphery of the
excitation focal spot, allowing only the fluorescence from the
molecules in the sub-diffraction-limited center to contribute to
the image.
It has been realized that this de-excitation process is achieved via stimulated emission (Rittweger et al., 2007). When
an excited-state fluorescence molecule encounters a photon
with appropriate energy, the excited molecule can lose energy
and return to the ground state through stimulated emission
before spontaneous fluorescence emission occurs (Huang
et al., 2009). The molecules covered by the second laser
leap from the excited-state to the ground state, while its center
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Fig. 1. Basic principles of super-resolution imaging.
A: the principle of stimulated emission depletion (STED) microscopy. There are two lasers in STED: the excitation beam for excitation and the STED beam for deexcitation. The STED beam is phase-modulated to form the focal doughnut shown in the top right panel. Super-imposition of the two focal spots confines the area
in which fluorescence is possible to the doughnut centre, yielding the effective fluorescent spot of sub-diffraction size shown in green in the top right panel (Willig
et al., 2006). B: the principle of reversible saturable optical fluorescence transition (RESOLFT) microscopy. In RESOLFT microscopy, chromophores are locally
photoactivated by a spot of 405 nm light and subsequently depleted by 491 nm light featuring zero intensity in the center; this switches FPs in the periphery back to
the non-fluorescent state. Only rsEGFP molecules near the center remain fluorescent and can be detected by their emission. Reproduced with permission from the
reference (Nienhaus, 2012). C: the principle of saturated structured-illumination microscopy (SSIM). When a structured-illumination pattern is applied to a sample
with unknown structure, a moiré pattern will appear and the spatial frequency is much lower than that of the sample. Thus, unobservable sample structure can be
deduced from the moiré fringes and computationally restored. The generation of the structured-illumination and the corresponding images of SIM and SSIM are
shown. For comparison, the conventional imaging (Conv.) is also demonstrated. D: principles of single-molecule super-resolution microscopy. PALM/STORM
uses photoswitchable or photoactivatable fluorophores. Initially, these fluorophores are in a non-fluorescent state and then stochastically photoactivated of individual fluorophore. And the position is determined by PSF fitting. Sequential cycles of photo-activation/localization are used to obtain the localization of each
fluorophore in the structure. Finally, these coordinates are combined to reconstruct the super-resolution image (Cattoni et al., 2012).

still spontaneously radiates fluorescence. The PSF is small
enough to eliminate other fluorescence wavelengths and illumination that are not useful for detection. Therefore, superresolution fluorescence imaging can be achieved.
For STED, the depletion laser parameters should be carefully chosen, such as wavelength, intensity, and delay time
(Pohl et al., 1984). For example, the wavelength of the STED
beam should be longer than that of the excitation beam, at the
red edge of the fluorescence emission spectrum, to avoid

STED beam re-excitation. At present, both pulsed and
continuous wave (CW) lasers have been used as depletion
light (Smolyaninov et al., 2007). Liu et al. (2012) realized the
first CW STED in China with a resolution of 71 nm.
In addition, STED microscopy uses separate laser beams
for fluorescence excitation and quenching, and thus incorporation of multicolor imaging for STED is more difficult than
that for conventional light microscopy. Two-color STED microscopy has been achieved by approaches that rely on
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separate lasers for each fluorophore (Donnert et al., 2007;
Meyer et al., 2008), or photoswitchable fluorescent proteins
(Willig et al., 2011). However, they are technically challenging, costly and restrictive in the type of fluorophores that
can be used. Recently, a straightforward method for two-color
STED with only a single-excitation/STED laser beam pair has
been developed and used for the study of living synapses
(Tonnesen et al., 2011). The signals from two different kinds
of fluorophores were separated by spectral detection and linear
unmixing. Most recently, Buckers et al. (2011) established a
simultaneous multi-lifetime multicolor STED for colocalization analysis. Two fluorescence labels (KK 114, ATTO 647N)
are separated by their fluorescence lifetime, whereas a third
channel (ATTO 590) is discriminated by the wavelength of
fluorescence emission.
Live cell STED microscopy was successfully applied to the
imaging of gap junctions (Hein et al., 2010), vimentin (Hein
et al., 2010), actin (Fitzpatrick et al., 2009), and synaptic
vesicles (Westphal et al., 2008). And recently, Pellett et al.
(2011) reported the first realization of two-color STED imaging in living cells with a resolution of 78 nm.
Reversible saturable optical fluorescence transition
(RESOLFT)
As most of fluorophores have short fluorescence lifetimes
(<5 ns), very high intensity (often >109 W/cm2) (Huang et al.,
2009) depletion laser is needed in STED for super-resolution
imaging (Hell and Wichmann, 1994; Klar et al., 2000).
However, this high intensity laser can cause photobleaching
of fluorophores and/or damage to biological specimens. In
theory, if the fluorophores could be switched off from a longlived state, the power required for the donut-shaped offswitching beam would be dramatically reduced. This is just
the main idea of RESOLFT microscopy (Hell et al., 2004),
which uses switching between metastable fluorescent and dark
states of fluorophores, instead of stimulated emission
(Fig. 1B). Until now, such “fatigue-resistant” switchable
probes (Vaughan and Zhuang, 2011), which can be switched
back and forth between the fluorescent and dark states many
times, are still limited (Chang et al., 2012; Zhang et al., 2012),
which greatly hampers the use of RESOLFT in biological
imaging.
In 2011, Brakemann et al. (2011) introduced a new yellow
fluorescent protein (YFP) variant named Dreiklang, which is
operated by a novel photoswitching mechanism. Like YFP,
Dreiklang emits fluorescence at 530 nm upon excitation with
515 nm light. But unlike other photoswitchable proteins, it can
be switched on (365 nm) and off (405 nm) at wavelengths that
are different from the imaging wavelengths. The Dreiklang
images taken in the RESOLFT mode reveal many details with
a resolution of down to about 35 nm. Grotjohann et al. (2011)
introduced another novel fluorescent protein, named reversibly
switchable enhanced green fluorescent protein (rsEGFP),
which is extremely fatigue resistant and, remarkably, is
capable of keeping more than 1000 switching cycles. Distributions of functional rsEGFP-fusion proteins in living bacteria
and mammalian cells are imaged at <40 nm resolution.

Dendritic spines in living brain slices are super-resolved with
about a million times lower light intensities than that usually
used in STED.
Saturated structured-illumination microscopy (SSIM)
To improve the lateral resolution for wide-field microscopy,
an interferometric technique called structured-illumination
microscopy (SIM) was proposed in the late 1990s. SIM allows
the lateral resolution limit of the conventional light microscope to be broken by a factor of two (Gustafsson, 2000). SIM
obtains resolution extension through the moiré effect that takes
advantage of spatial frequency of the pattern. The role of
SSIM is to introduce high-frequency harmonics into the
effective pattern and thereby increase its resolution enhancement power (Fig. 1C).
In SSIM, the excited-state fluorophore is depleted to the
ground state by saturated excitation illumination to generate a
sinusoidal emission pattern that is recorded on an area-array
CCD detector. Due to the nonlinear effect (Gustafsson,
2005), extremely high-resolution can be achieved and then
super-resolution image can be reconstructed (Huang and
Zhang, 2006).
Although the resolution of SSIM is theoretically unlimited
(Heintzmann et al., 2002; Heintzmann, 2003), the nonlinear
fluorescence effect is accompanied by severe quenching,
bleaching and saturation phenomena, which severely limit its
application in living biological samples (Gur et al., 2011).
Recently, fluorescent photoswitchable protein Dronpa was
introduced and approximately 40-nm resolution was achieved
on purified labeled microtubules using light intensities six
orders of magnitude lower than those needed for saturation
(Rego et al., 2012). Three-dimensional (3D) SIM images
with the lateral resolution of 90 nm and the optical sectioning
depth of 120 mm were achieved by using a digital micromirror device (DMD) and a low-coherence LED light (Dan
et al., 2013).
Single-molecule localization-based super-resolution
imaging
Single-molecule localization-based super-resolution imaging is based on photoactivatable probes, which can be “activated” by a laser at one wavelength and excited to
fluorescence by another laser. For stochastic activation of
photoactivatable probes, only a few molecules are emitted at
any imaging shot (Fig. 1D). And the center of individual
fluorescent molecules can be localized using theoretical fitting
of a Gaussian profile (Larson et al., 2002). Super-resolution
imaging, with a precision on the order of tens of nanometers,
can be reconstructed by combining hundreds to tens of thousands of raw frames, each containing only a few single
molecules.
High-precision localization of each single-molecule is vital
for the resolution of single-molecule localization-based superresolution imaging. The scaling of the localization precision
with the photon number allows super-resolution microscopy
with a resolution not limited by the diffraction of light.
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Thereby, the photophysical and photochemical properties of
photoactivatable probes are another important issue for singlemolecule localization-based super-resolution imaging. A large
number of photoactivatable fluorophores, such as synthetic
organic dyes (van de Linde et al., 2012) and fluorescent proteins (Patterson et al., 2010), have so far been developed for
super-resolution imaging. These probes typically yield on the
order of 1000 detected photons per switching event. And the
resolutions down to 10‒20 nm have been achieved.
Stochastic optical reconstruction microscopy (STORM)
In 2006, STORM was first developed by Rust et al. (2006),
by which a fluorescence image is constructed from highaccuracy localization of individual fluorescent molecules that
are switched on and off using lights of different colors. And an
imaging resolution of approximately 20 nm using a simple
total internal reflection fluorescence microscope, low-power
continuous wave lasers and a photoswitchable cyanine dye
has been demonstrated.
STORM can be realized using a variety of photoswitchable
probes, including dyes and fluorescent proteins (Bates et al.,
2008). Cyanine dyes (such as Cy3eCy5) (Bates et al., 2005;
Rust et al., 2006; Bates et al., 2007; Heilemann et al., 2008),
photochromic rhodamine (Folling et al., 2007), caged dyes
(Betzig et al., 2006) and blinking dyes have been utilized in
STORM. Recently, Dempsey et al. (2011) quantitatively
characterized the switching properties of 26 organic dyes and
properties directly related to the quality of super-resolution
images. In addition to dyes, photoswitchable fluorescent proteins, such as mEos2, (Wiedenmann et al., 2004; McKinney
et al., 2009) and photoactivatable green fluorescent protein
(PA-GFP) (Patterson and Lippincott-Schwartz, 2002), can also
be used for STORM imaging. When choosing fluorescent
probes for STORM, the properties of the probes, including
photons per switching event, on/off duty cycle, photostability,
and the number of switching cycles, should be taken into account (Dempsey et al., 2011).
One of the main advantages of fluorescence microscopy is
its capacity for multicolor imaging, which is essential for
probing interactions between different biological structures or
molecules and provides invaluable insights into biological
processes. Taking advantage of its high-resolution, STORM
provides a more precise picture of molecular interactions.
Various combinations of the aforementioned photoswitchable
dyes and fluorescent proteins have been used for multicolor
super-resolution imaging (Bates et al., 2008). Recently, four
dyes (Atto 488, Cy3B, Alexa 647, and DyLight 750) are used
to immunostain tubulin of cells and high-quality STORM
images were achieved (Dempsey et al., 2011).
Three-dimensional super-resolution imaging and live cell
imaging are other issues for STORM. Various methods
involving above two issues have been developed (Bates et al.,
2008). Recently, Zhuang and co-authors have achieved fast,
three-dimensional super-resolution imaging of live cells with
an overall resolution of 30 nm in the xey dimension and
50 nm in the z dimension at time resolutions as fast as 1‒2 s
(Dempsey et al., 2011).
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Photoactivated localization microscopy (PALM)
In 2006, Betzig et al. (2006) invented PALM technology,
which is based on the stochastic activation, localization, and
bleaching of single photoactivatable fluorescent proteins (PAFPs). In particular, a few PA-FPs are activated with low intensity 405 nm laser pulse and then a 561 nm continuous wave
stimulates molecules. By calculating and positioning the
centers of excited molecules, their precise location can be
obtained. When the 561 nm laser illuminates for a long time,
these excited molecules will be permanently bleached, and
thus they cannot participate in the following cycle. After many
times of stochastic rounds, the final super-resolution image
can be achieved. Similar to PALM, FPALM technology was
also developed in 2006 (Hess et al., 2006).

Bleaching/blinking-based super-resolution imaging
Bleaching and blinking behaviors are intrinsic to virtually
all fluorescent probes (Bopp et al., 1997). These intrinsic
properties have been utilized for developing new strategies of
super-resolution imaging. In 2004, two bleaching-based superresolution imaging techniques, SHRImP (single-molecule
high-resolution imaging with photobleaching) (Gordon et al.,
2004) and NALMS (nanometer-localized multiple singlemolecule) (Qu et al., 2004), have been developed and 5-nm
localization precision was achieved. In 2005, based on blinking behavior of quantum dots, an independent component
analysis was developed and high localization precision (<l/
30) was achieved. Recently, a technique called BaLM
(Burnette et al., 2011) has been developed, by which a stream
of fluorescence images are acquired and bleach or blink-off
events are detected by subtracting subsequent frames from
the image series. After image subtractions, fluorescence
emission signals from single fluorophores are identified and
analyzed with a precision of about 50 nm (Burnette et al.,
2011). Similar to BaLM, super-resolution optical fluctuation
imaging (SOFI) has been demonstrated a five-fold improvement in spatial resolution by using a conventional wide-field
microscope (Dertinger et al., 2009). Quantum dots and
organic dyes have been used in SOFI (Dertinger et al., 2010).
Compared to localization-based super-resolution algorithms,
which imposes significant constraints on the blinking behavior
of the probes, SOFI is an attractive and straightforward
approach to fast three-dimensional super-resolution imaging
of living biological samples (Geissbuehler et al., 2011). More
recently, based on standard non-photoswitchable fluorescent
proteins and a common arc lamp, Bayesian analysis of the
blinking and bleaching (3B analysis) method has been developed and an entire cell imaging with a resolution of 50 nm on
a 4-s timescale was achieved (Cox et al., 2012). The ability to
achieve super-resolution images of dynamic structures in
living cells with simple optical setups makes the 3B method a
powerful new tool for cellular imaging (Lidke, 2012). Other
SOFI methods, such as photochromic stochastic optical fluctuation imaging (pcSOFI) (Dedecker et al., 2012) and direct
SOFI (dSOFI) (Cho et al., 2013), have also been developed
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and provide two- to three-fold enhancement in spatial resolution, and favorable temporal resolution in live cell imaging.
SUPER-RESOLUTION IMAGING IN MOLECULAR
GENETICS AND CELL BIOLOGY
Biologists have begun to utilize super-resolution fluorescence imaging techniques in many fields, such as cellular architecture, heterogenous molecular organization, and dynamic
organization of synapses. A common feature of all of these
areas is that they involve ensembles of component interaction
to form large-scale cellular features, and thus acquiring information on specific components at the nanoscale could yield
fundamentally new insights. Their applications to microbiology (Coltharp and Xiao, 2012), neuroscience (Sigrist and
Sabatini, 2012; Tonnesen and Nagerl, 2013), as well as other
biomedical fields have been excellently reviewed elsewhere
(Hell, 2007, 2009; Huang et al., 2009, 2010; Schermelleh
et al., 2010; Leung and Chou, 2011; van de Linde et al.,
2012). In this review, we discuss some representative examples in the areas of chromosome, genome mapping, membrane
transport, viral infection, and cell division.
The chromosome
The haploid human genome contains approximately 3
billion base pairs of DNA, about 2 m in length, but is packaged
into nuclei with diameter of about 6 mm (Zessin et al., 2012).
And this condensation and spatial organization is highly
regulated, and influences the essential processes which it
hosts: transcription, replication, and repair (Chakalova et al.,
2005). However, the chromatin nanostructure, i.e., structures
with dimensions <100 nm, remains poorly understood, due to
the limitations of electron microscopy and standard optical
microscopy.
The super-resolution fluorescence imaging techniques
represent an exciting opportunity to access chromatin substructures, and recent progress with these techniques has
yielded insights into chromatin organization (Flors and
Earnshaw, 2011). These techniques have been used to image
isolated plasmids (Rust et al., 2006), and chromatin in fixed
(Reymann et al., 2008; Schermelleh et al., 2008; Bohn et al.,
2010; Matsuda et al., 2010; Cremer et al., 2011; Panchenko
et al., 2011; Zessin et al., 2012) and living cells (Reymann
et al., 2008; Ptacin et al., 2010; Wombacher et al., 2010).
For example, compared to conventional (confocal or deconvolution) imaging, 3D SIM can depict chromosomes of Caenorhabditis elegans in more qualitative detail, and additional
features emerge: paired chromosomes appear as hollow cylinders with a well-defined void space in the middle, and sister
chromatids can often be distinguished (Schermelleh et al.,
2008). Moreover, 3D SIM was also used to study DAPIstained C2C12 cell nucleus and revealed morphological
changes of the chromosomes and the nuclear lamin during
early mitosis (Schermelleh et al., 2008). 2D high-resolution
localization light microscopy, combined with statistical
methods, was used to study the distribution of histone H2B

inside the cell nucleus and provides evidence for loopingbased models of chromatin organization (Bohn et al., 2010).
Super-resolution fluorescence microscopy, combined with
FISH (fluorescence in situ hybridization), has revealed structural features of heterochromatic and centromeric regions of
chromosomes (Muller et al., 2010; Cremer et al., 2011).
PALM has shown promise in resolving condensed mitotic
chromosome nanostructure of Drosophila and revealed
filament-like structures in Drosophila metaphase chromosomes (Matsuda et al., 2010). Recently, based on superresolution PLAM in the bacterium Caulobacter crescentus
(Biteen et al., 2008), the distribution of the partitioning (Par)
apparatus was studied and it was found that the ATPase ParA
forms a narrow, linear polymer structure that runs through the
center of the cell body (Fig. 2A), functioning in a way that is
surprisingly similar to the mitotic spindles observed in
eukaryotic cells (Ptacin et al., 2010). Bacterial chromosomes
are confined in submicrometer-sized nucleoids. Chromosome
organization is facilitated by nucleoid-associated proteins
(NAPs), but the mechanisms of action remain elusive. In
2011, Wang et al. (2011) used super-resolution fluorescence
microscopy (3D PALM/STORM), in combination with a
chromosome-conformation capture assay, to study the distributions of major NAPs in live Escherichia coli cells and
observed distinct clusters of the H-NS in live E. coli cells
while other NAPs (NAPs-HU, Fis, IHF, and StpA) were
observed to be more scattered (Wang et al., 2011).
The difficulty of chromosomal DNA imaging with superresolution fluorescence microscopy is lacking of effective
and appropriate DNA labeling strategies. For super-resolution
imaging, higher density of photoswitchable fluorophores is
usually needed for better spatial resolution (Gould and Hess,
2008). However, DNA labeling with high-density photoswitchable fluorophores is particularly challenging (Flors,
2011). To circumvent this problem, one alternative is by labeling instead DNA-associated proteins that are present in
high enough density, taking advantage of the wider availability
of protein labeling methods (Flors, 2011). DNA-associated
proteins, such as H2B in eukaryotic cells (Wombacher et al.,
2010), ParA in bacteria (Ptacin et al., 2010), and
centromere-associated proteins (Ribeiro et al., 2010), have
been labeled and studied with super-resolution techniques.
Recently, high-density DNA fluorophore labeling, based on
click chemistry reaction, was achieved and dSTORM superresolution image of DNA with a spatial resolution of better
than 20 nm was demonstrated (Zessin et al., 2012). With the
development of super-resolution fluorescence imaging and
DNA labeling, more exciting findings can be expected for
chromosome biology.
Genome mapping
Physical mapping of long single DNA molecules, either by
using gaps generated by digestion with restriction endonucleases (Jing et al., 1998), or by using fluorescent tags bound
to specific sequence-motif sites as landmarks (Xiao et al.,
2007a, 2007b, 2009), has been successfully utilized for
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Fig. 2. The representative biological applications of super-resolution fluorescence imaging.
A: ParA and ParB dynamics in vivo and ParA polymerization in vitro suggest a retracting polymeric ParA structure guides centromere segregation. Superresolution imaging reveals that the retracting ‘cloud’-like ParA in epifluorescence images corresponds to a narrow linear ParA structure. Representative
images of JP138 cells at various stages of parS segregation are shown: a diffraction-limited epifluorescence image and corresponding super-resolution image of a
representative cell (cell A); a cell undergoing parS segregation (cell B); and a cell after parS segregation (cell C). For the super-resolution images, the locations of
ParA-eYFP (green) and CFP-ParB (red) molecules are plotted as 2D Gaussians with width defined by the fit error of the single-molecule localizations, and overlaid
with the white light cell outline. Scale bars, 1 mm. Reproduced with permission from the reference (Ptacin et al., 2010). B: localization and axial segregation of
dynamin and FBP17 along the tubular invaginations. Stacked 3D-STORM images of 59 membrane invaginations labeled with FBP17 (immunofluorescence with
Cy3eCy5-labeled secondary antibodies) and aligned according to the position of the coat region (Alexa 405-Cy5-labeled clathrin heavy chain), and of 96
membrane invaginations aligned according to the position of the constriction site where dynamin (Alexa 405-Cy5-labeled dynamin) was localized. Scale bars,
200 nm. Reproduced with permission from the reference (Wu et al., 2010). C: HIV-1 Env distribution visualized by STED microscopy. Purified HIV-1 particles,
containing eGFP.Vpr (green), were stained for Env (orange). Images were acquired using the STED setup with the eGFP.Vpr signal recorded in the standard
confocal mode to define the localization of particles. Scale bars, 200 nm. Left upper: Env signal of mature particles acquired in STED mode. Left bottom: Env
signal of immature particles acquired in STED mode. Right: schematic illustration of the mature and immature HIV particle structures. Reproduced with
permission from the reference (Chojnacki et al., 2012). D: the molecular architecture of pericentrin-like protein (PLP). STORM image of centrioles from S2 cells
stained with rabbit anti-PLP MD antibody (amino acids 1805e2137) and anti-rabbit secondary antibodies conjugated with Alexa 647/Alexa 405 dye pairs. Scale
bar, 100 nm. Reproduced with permission from the reference (Mennella et al., 2012).

whole-genome structural variation studies. However, these
motifs that are closer than about 1.5 kb cannot be resolved due
to the optical nature of the mapping (Xiao et al., 2007b).
Recently, Baday et al. (2012) used photobleaching combined

with dual color super-resolution imaging and densely labeling
strategy to map 91 out of a total of 107 reference sites on a
180 kb human BAC. In comparison, standard optical DNA
mapping technologies with common microscopy resolved only
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65 of these sites. In another work, STORM, combined with
FISH, was demonstrated to measure mRNA levels of 32 genes
simultaneously in single Saccharomyces cerevisiae cells
(Lubeck and Cai, 2012).
Membrane transport
Membrane transport processes are vital for a living system
as metabolic pathways. Receptor-mediated endocytosis as one
type of membrane transport has gained extensive attentions.
Clathrin-mediated endocytosis was first discovered and remains the most extensively characterized cargo internalization
pathway (Schmid, 1997). Generally, receptor-mediated endocytosis is a process by which cells internalize molecules
(endocytosis) by the inward budding of plasma membrane
vesicles containing proteins with receptor sites specific to the
internalized molecules (Schmid, 1992). Super-resolution imaging techniques have been introduced into the field of
Clathrin-mediated endocytosis and resolved the hemispherical
shape of the clathrin coat on nascent endocytic vesicles (Bates
et al., 2007; Huang et al., 2008). And 3D-STORM has been
successfully used to reveal that the two tubule-forming proteins, dynamin and the F-BAR domain protein FBP17, have
distinct distributions along the membrane tubules connecting
clathrin-coated pits and the basal plasma membrane (Fig. 2B).
Moreover, super-resolution imaging, combined with electron
microscopy and time-lapse conventional fluorescence imaging, uncovered a novel role of FBP17 in creating endocytic
vesicles: FBP17-dependent membrane tubulation is linked to
clathrin-dependent budding (Wu et al., 2010).
Viral infection
Super-resolution imaging also has the potential to provide
unprecedented detail into hostepathogen interactions. The
visualization of viral proteins was difficult with conventional
fluorescent microscopes since the viral particle is smaller than
the resolution limit of conventional fluorescent microscopes.
Super-resolution microscopy with the resolution approaching
electron microscopy makes it possible to unveil the distribution of viral proteins. Pereira et al. (2012) provided the proofof-concept for the use of dSTORM to visualize the molecular
distribution of the major structural proteins of the infectious
human immunodeficiency virus type 1 (HIV-1) before and
after infection of lymphoid cells. Malkusch et al. (2013)
applied single-molecule super-resolution microscopy and
coordinate-based cluster analysis to extract information on the
distribution and on the morphology and size of clusters of the
HIV-1 Gag polyprotein in fixed cells. Three different patterns
of Gag distribution were found: (1) small Gag clusters, (2)
Gag clusters of a defined size of about 140 nm and (3) patchy
aggregation of Gag proteins. Lehmann et al. (2011) demonstrated two-color super-resolution imaging of assembling HIV
particles in HeLa cells. The distributions of Gag, the HIV-1
structural protein, and tetherin, a human protein that inhibits
release of budding virus particles, were studied, and it was
found that most budding HIV-1 particles were colocalized

with a single cluster of tetherin, rather than recruiting multiple
clusters. The data offer novel insights into the mechanisms of
tetherin restriction.
Recently, Chojnacki et al. (2012) used STED to study the
distribution of the viral envelope (Env) glycoprotein on the
surface of individual HIV-1 particles and found that
maturation-induced clustering of Env proteins are dependent
on the Gag-interacting Env tail. Thus, Gag proteolysisdependent clustering of the sparse Env trimers on the viral
surface may be an essential aspect of HIV-1 maturation
(Fig. 2C). In another study, by using PALM, Lelek et al.
(2012) characterized the distribution of the integrase enzyme
(IN) within virions and intracellular complexes and distinguished different HIV structural populations based on their
morphology. And they also found that in infected cells cytoplasmic (but not nuclear) IN complexes display a morphology
similar to the conical capsid. Combined with the presence of
capsid proteins, these results suggest that cytoplasmic IN is
largely present in intact capsids and that these can be found
deep within the cytoplasm.
Cell division
The centrosome is the main microtubule organization
center in animal cells and participates in three major cellular
functions: locomotion, sensory reception, and division
(Bornens, 2012). In the present view (Mennella et al., 2012),
the centrosome is composed of two structural elements: the
centriole, a barrel-shaped cylinder encircled by microtubule
blades, and the pericentriolar material (PCM), described as an
amorphous, electron-dense structure surrounding the centrioles. The centriole cylinders are built of nine triplet microtubules (MTs) and have approximate diameters of 150‒200 nm
and lengths of 400‒450 nm (Vorobjev and Chentsov, 1980;
Paintrand et al., 1992; Bornens, 2012). The PCM is
composed of more than 100 different proteins (Andersen et al.,
2003; Jakobsen et al., 2011), as indicated by proteomics analyses. And electron microscopy revealed in great detail the
structure of centrioles and identified within the PCM ring-like
structures of about 25‒30 nm in diameter, which represent
microtubule nucleation sites formed by g-tubulin ring complexes (gTuRCs) (Luders, 2012). However, no higher-order
PCM structure was observed because it is amorphous,
electron-dense in nature and thus it is difficult to be investigated with TEM (Lawo et al., 2012).
To overcome this limitation, sub-diffraction light microscopy techniques were introduced. 3D SIM (Mennella et al.,
2012) revealed that the PCM contains two different structural
domains with distinct molecular composition and architecture.
Specifically, the PCM layer most proximal to the centriole wall
is composed of pericentrin-like protein (PLP) fibrils that radiate
outwards from the centriole wall to the outer PCM matrix. The
further study, combined with STORM microscopy, revealed
that PLP probably binds to the centriole wall through its Cterminal PACT domain and shows a symmetrical organization
derived from the nine-fold symmetry of the centriole. PLP is
organized in quite extended fibrils that function in recruiting
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and organizing the outer PCM matrix (Fig. 2D). A second PCM
matrix layer extending farther from the centriole wall has the
core functionality of microtubule organization, tethering TuRC
to a CNN matrix that can expand when needed. In another
study, STED (Lau et al., 2012) demonstrated that nine centrosome components (CPAP, centrin, CEP120, CEP192, CEP152,
CDK5RAP2, NEDD1, TUBG1 and PCNT) are organized in a
toroidal manner around the proximal end of mother centrioles
in interphase cells.
CONCLUDING REMARKS
Super-resolution fluorescence microscopy has already
provided insights into several new aspects of subcellular
structures that were inaccessible by previous techniques.
However, for super-resolution fluorescence imaging, there is
still much room for improvement, such as further improvements of temporal resolution when keeping high spatial
resolution, getting 3D imaging more rapidly, and higher performance of fluorescent probes.
Improvements of temporal resolution
One challenge for super-resolution imaging is its limited
temporal resolution. The timescale of achieving a superresolution imaging is generally on the order of seconds to a few
minutes. For instance, achieving a 50- to 70-nm spatial resolution
in STORM usually requires several thousand frames, or tens of
seconds (Zhu et al., 2012). For many dynamic events and structural features, this timescale is too long to get meaningful signals.
Faster imaging modalities are certainly favorable.
Single-molecule localization-based super-resolution imaging, such as STORM and PALM/FPALM, is usually based on
repeated imaging and localization of sparse subsets of active
molecules. To meet Nyquist criterion, single-molecule activation events should be accumulated thousands of times to
ensure that adjacent localization points can be closer than one
half of the desired spatial resolution, and thus the temporal
resolution is greatly limited (Shroff et al., 2008). Higher
excitation power can increase the switching rate and thus
improve the time resolution (Jones et al., 2011), but may cause
photodamage. Moreover, in the case of fluorescent proteins, a
fast switching rate can cause signal degradation (Jones et al.,
2011). An alternative approach is to increase the density of
activated fluorophores so that each camera frame samples
more molecules. However, this high-density of fluorescent
spots causes them to overlap and thus classical localization
algorithms cannot be employed (Holden et al., 2011). New
localization algorithms, which can simultaneously fit overlapping molecules with multiple model PSFs, may improve
the imaging speed and spatial resolution. Recently, many
methods, such as maximum likelihood estimation (Holden
et al., 2011; Quan et al., 2011) (for example, using the
DAOSTORM algorithm) and Bayesian statistics (Quan et al.,
2011), have been developed for acquiring super-resolution
images rapidly. For example, the Bayesian method has been
successfully applied to the whole image set, with a resolution
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of 50 nm on live cell samples and with a temporal resolution
of 4 s using non-photoswitchable fluorophores (Cox et al.,
2012). Recently, imaging microtubule dynamics in living
cells with a time resolution of 3 s has been achieved based on a
new sparsesignal recovery technique (Zhu et al., 2012). More
recently, Mukamel et al. (2012) presented a computational
method, deconvolution-STORM (deconSTORM), which uses
iterative image deconvolution in place of single- or multiemitter localization to estimate the sample. DeconSTORM
enables an approximately five-fold or greater increase in imaging speed by allowing a higher density of activated fluorophores/frame. Wang et al. (2012) presented a high-density
localization method, called PALMER (parallel localization
of multiple emitters via Bayesian information criterion
recommendation), based on the combination of graphics processing unit (GPU) parallel computation, multiple-emitter
fitting, and model recommendation via Bayesian information
criterion (BIC). Compared to the conventional localization
microscopy, high-density localization microscopy based on
the PALMER method allows a speed gain of up to about 14fold in obtaining a super-resolution image with the same
Nyquist resolution.
Three-dimensional imaging
As biological structures are 3D dynamic ensembles,
another challenge for super-resolution fluorescence imaging is
how to get 3D images with nanoscale resolution in all dimensions. The simplest way to generate 3D super-resolution
images is to combine the serial mechanical sectioning of tissue with standard lateral super-resolution techniques. In 2008,
3D STED image reconstruction with a resolution <80 nm in
all directions was successfully achieved with this straightforward strategy (Punge et al., 2008). Subsequently, isotropic
STED (isoSTED), which uses opposing objectives to create a
hollow sphere of light, yielded 30-nm isotropic resolution
(Schmidt et al., 2009). As for STORM, a cylindrical lens is
simply to distort the images to an elliptical shape, and the
fluorophore z position can be deduced from the ellipticity,
yielding a resolution of 20‒30 nm laterally and 50‒60 nm
axially (Huang et al., 2008). A more precise method is interferometry (Shtengel et al., 2009), which is based on localization by interference and the z-localization precision on par
or with even better than the xey precision (Quan et al., 2011).
However, this interference method is only useful for a thin
specimen with a depth <200 nm (Quan et al., 2011). Recently,
combined with 4Pi microscopy, another high-resolution
imaging technique that coherently illuminates the sample
through two opposing lenses, 3D super-resolution imaging
with a resolution potential of at least 5.4‒6.6 nm in the axial
and 8.3‒22.3 nm in the lateral directions within an about 1.5lthick (about 650 nm) layer around the focal plane, has been
reported (Aquino et al., 2011).
Besides these, other methods, such as multiplane methods
(Juette et al., 2008), optical sectioning (Folling et al., 2007)
and double-helix point-spread function microscopy (Pavani
et al., 2009), have been developed and successfully utilized
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in obtaining 3D super-resolution images. For example, 3D
super-resolution images in live C. crescentus cells have
recently been achieved with a double-helix point-spread
function microscopy (Lew et al., 2011) and an astigmatic lens
(Biteen et al., 2012).
Biological structures are not only dynamic ensembles, but
also often located deep within tissues. Thus, the next challenges in 3D super-resolution microscopy are to correct the
aberrations induced by the light scattering and absorption of
tissue, maintain the lateral and axial resolution, and finally
achieve in vivo ultrastructural imaging (Galbraith and
Galbraith, 2011).
Improvement of fluorescent probes
Brighter, longer-lived fluorescent probes are vital for superresolution fluorescence microscopy, as the spatial accuracy is
proportional to fluorescent label brightness, and the accuracy
of calculated diffusion coefficients depends on the length of
measured trajectories. Several routes, including engineering
better fluorescent proteins (Shaner et al., 2008), improved
techniques for highly specific, intracellular labeling of intracellular targets with organic fluorophores (Wombacher and
Cornish, 2011), and developing generalizable platforms for
enhancing emission from existing labels, for instance,
plasmon-enhanced fluorescence (Lakowicz, 2001), have been
developed. On the other hand, until now, the ‘fatigue-resistant’
switchable probes for RESOLFT is still rare (Vaughan and
Zhuang, 2011).
In conclusion, super-resolution fluorescence imaging is still
in its infancy, although it has already provided much novel
meaningful information that was inaccessible for previous
techniques. Improvements of spatial resolution and simultaneously increasing temporal resolution, acquirement of 3D
images and accessibility of high-quality brighter longer-lived
fluorescent probes are technologically preferred. Meanwhile,
it should be noted that the compatibility with living biological
specimen is another important issue and it is sometimes
beneficial to reduce the time resolution for probing longer
processes. With the methodology improvement and commercial availability of super-resolution fluorescence microscopy
(Chen et al., 2013; Hao et al., 2013; Kuang et al., 2013), a
wider application of this powerful technique for biological
research can be expected to provide more exciting insights into
the nature of life.
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