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Super-resolution (SR) fluorescence microscopy has been revolutionizing the way in which
we investigate the structures, dynamics, and functions of a wide range of nanoscale sys-
tems. In this review, I describe the current state of various SR fluorescence microscopy
techniques along with the latest developments of fluorophores and labeling for the SR
microscopy. I discuss the applications of SR microscopy in the fields of life science and
materials science with a special emphasis on quantitative molecular imaging and nanoscale
functional imaging.These studies open new opportunities for unraveling the physical, chem-
ical, and optical properties of a wide range of nanoscale architectures together with their
nanostructures and will enable the development of new (bio-)nanotechnology.
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INTRODUCTION
The revealing of microscopic structures and their associated
dynamics comprise essential elements of modern research stud-
ies in biological as well as materials science. NMR spectroscopy
and X-ray crystallography are the primary tools for character-
izing structure and dynamics at the molecular level. Electron
microscopy (EM) has been recognized as a versatile means by
which to investigate nanoscale structures of biological specimens,
and of organic and inorganic materials. Due to its superior spatial
resolution, EM has been used extensively although it is not an ideal
tool for the investigation of dynamic processes. On the other hand,
optical microscopy, especially fluorescence microscopy, offers a
non-invasive tool for the investigation of dynamic processes at
the microscopic level and so has been one of the essential tools
for life science research. However, the spatial resolution of optical
microscopy has been limited by the diffraction of light, typically
200–300 nm in the lateral direction in the visible light range. Due
to this limitation, optical microscopy has not been applicable to
the visualizing of nanometer scale structural dynamics.

This situation has changed drastically in recent years as a
result of the development of new optical microscopy techniques
the spatial resolution of which goes beyond the diffraction limit
(Hell, 2009; Huang et al., 2009, 2010; Patterson et al., 2010;
Schermelleh et al., 2010; Gould et al., 2012). These new opti-
cal microscopy techniques, referred to as super-resolution (SR)
fluorescence microscopy, have been revolutionizing the way in
which we investigate the structure and dynamics of a wide vari-
ety of nanoscale architectures. The development of these new
SR microscopy technologies involves not only the field of optics
but also multiple research areas including the development of
new fluorophores using organic synthesis or molecular biology

technologies; photochemical and photophysical studies on new
fluorescent probes to control their optical properties; the devel-
opment of efficient and high throughput labeling techniques, and
the development of new image processing algorithms. Such inter-
disciplinary research has contributed to the rapid technological
evolution of SR fluorescence microscopy.

In this review, I begin with an overview of the current state of SR
fluorescence microscopy in nanoscale structural imaging together
with recent developments in fluorescent probes. On this basis,
I describe quantitative molecular imaging using SR microscopy,
which enables the visualizing not only of the nanoscale struc-
tures but also dynamic processes at the single-molecule level with
diffraction-unlimited spatial resolution. Furthermore, I introduce
recent developments of SR microscopy in the field of functional
imaging. Using SR microscopy techniques, the physical, chemical,
and optical properties of nanoscale architectures can be mapped
directly along with their structure. This opens new opportunities
for unraveling the functions of a wide range of nanoscale architec-
tures and promises to lead eventually to the development of new
(bio-)nanotechnology.

PRINCIPLES OF SUPER-RESOLUTION FLUORESCENCE
MICROSCOPY
DIFFRACTION LIMIT AND SUPER-RESOLUTION
When light emitted by a point source (e.g., a single organic flu-
orophore) is focused by a lens system, the light rays are not
converged to an infinitely small point at the image plane due to
the diffraction of light. The width of the spot is approximately
0.6 λ/NA, where λ and NA denote the wavelength of the light and
numerical aperture of the optical system (i.e., microscope objec-
tive lens), respectively. In the visible wavelengths, the spot size is
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Habuchi Super-resolution structural and functional imaging

typically 200–300 nm when a high NA objective lens (NA > 1) is
used for imaging. The spot size along the axial axis is typically
~550 nm. The intensity profile of the focused spot is called the
point spread function (PSF).

For many decades, the spatial resolution of optical microscopy
was improved by decreasing the size of the PSF. Beginning
with confocal and multiphoton fluorescence microscopy, which
improves the axial resolution slightly, a variety of high-resolution
optical microscopy methods have been developed. In 4Pi (Hell
and Stelzer, 1992) and I5M microscopy (Gustafsson et al., 1999),
the spatial resolution has been improved by increasing the NA of
the excitation and detection optical system using two opposing
objective lenses. Scanning near-field optical microscopy (SNOM)
improves the spatial resolution using non-propagating light, an
evanescent wave, for excitation as well as detection of the fluo-
rescence signal (Betzig and Trautman, 1992; Johnson et al., 2012).
The size of the aperture used for excitation is the key factor, which
determines the spatial resolution of SNOM. Although SNOM
provides superior lateral resolution, typically an order of mag-
nitude higher than that of normal optical microscopy, the method
is applicable only for the study of the surface of a 3D speci-
men. Metamaterials-based superlens and hyperlens have also been
developed, both of which offer sub-diffraction-limited imaging
(Fang et al., 2005; Liu et al., 2007; Rho et al., 2010).

STED MICROSCOPY AND RELATED TECHNIQUES
The concept of stimulated-emission depletion (STED) microscopy
was proposed by Stefan Hell (Hell and Wichmann, 1994) and
was later demonstrated experimentally (Klar et al., 2000). In
STED microscopy, spontaneous fluorescence emission caused by
the excitation of the fluorophores by an excitation laser with
diffraction-limited spot size is suppressed by a second laser
beam (STED beam), which depletes the excited-state through
stimulated-emission before the fluorophores emit light through
spontaneous fluorescence (Figure 1A). The STED beam with a
doughnut-like spatial pattern leads to the depletion of the spon-
taneous fluorescence at the periphery of the fluorescence spot.
When the fluorescence is depleted by an intense STED beam,
the fluorescence depletion in the peripheral region is saturated
(i.e., saturation of stimulated-emission), resulting in a very small
fluorescence spot at the region around the focal point. This

corresponds to the reduction of the PSF. An SR fluorescence image
can be obtained by scanning the spatially overlapped excitation
and STED beams across the sample. Analogous methods such as
ground-state depletion (GSD) microscopy (Bretschneider et al.,
2007) have been developed using different mechanisms of fluo-
rescence depletion. Collectively, these methods are referred to as
reversible saturable optical fluorescence transitions (RESOLFT)
microscopy (Hofmann et al., 2005). A spatial resolution of approx-
imately 30 nm in both the lateral and axial directions has been
achieved using a STED beam of a 3D doughnut-like spatial pat-
tern (Schmidt et al., 2008). STED microscopy with an imaging
speed similar to confocal microcopy (i.e., video-rate) has been
reported (Westphal et al., 2008). A rapid RESOLFT microscopy
imaging (120 µm× 100 µm-sized fields of view in <1 s) has also
been achieved by parallelizing scanning with more than 100,000
beams (Chmyrov et al., 2013). Furthermore, the spatial resolution
has been improved by the time-gated detection of fluorescence
(Vicidomini et al., 2011), which allows the visualizing of finer
structures at relatively low intensities of the STED beam. STED
microscopy has also been combined with two-photon excitation
microscopy (Bianchini et al., 2012).

(S)SIM
(Saturated) structured-illumination microscopy [(S)SIM] has
been developed by Gustafsson (2005) and Heintzmann et al.
(2002). In (S)SIM, samples are illuminated by an excitation light,
which has a periodical spatial pattern, typically a sinusoidal pattern
(Figure 1B). A fluorescence image recorded under this condition
displays low frequency Moiré fringes due to the frequency mixing
of the sub-diffraction-limit sample structure and the patterned
excitation light; this can readily be resolved by conventional optical
microscopy. A high-resolution image is reconstructed by record-
ing multiple images with different phases and orientations of the
patterned excitation light (Heintzmann and Gustafsson, 2009). As
in the case of STED microscopy, higher spatial resolution can be
achieved by illuminating the sample with intense excitation light.
The saturation of the fluorescence signal under the intense light
illumination introduces a high-frequency component to the spa-
tial pattern of the excitation light, leading to diffraction-unlimited
higher spatial resolution. A lateral resolution of better than 50 nm
has been achieved using SSIM (Gustafsson, 2005). 3D SIM has

FIGURE 1 | Principles of super-resolution fluorescence structural imaging. Schematic illustrations of the principles of (A) STED microscopy, (B) (S)SIM, and
(C) localization microscopy.
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Habuchi Super-resolution structural and functional imaging

also been developed, which uses an excitation light with a 3D
periodical pattern (Schermelleh et al., 2008; Shao et al., 2011; York
et al., 2013).

LOCALIZATION MICROSCOPY
The concept of SR localization microscopy was conceived and
implemented independently by Eric Betzig (Betzig et al., 2006),
Samuel Hess (Hess et al., 2006), and Xiaowei Zhuang (Rust et al.,
2006). While most of the SR microscopy methods realize a higher
spatial resolution by reducing the size of PSF, these researchers
achieved SR by determining extremely precisely the spatial loca-
tions of individual molecules. Although the fluorescence spot
obtained from a single-molecule is 200–300 nm in size, this being
determined by the PSF of the optical system, the spatial location
of the molecule can be determined very precisely, localization pre-
cision of typically 1–10 nm, by fitting the intensity profile using
a Gaussian function (Yildiz et al., 2003; Pertsinidis et al., 2010).
In conventional fluorescence microscopy, the fluorescence signal
from the entire complement of molecules in the sample is detected
simultaneously, and the fluorescence from individual molecules
overlaps spatially. Thus, the spatial location of individual mole-
cules cannot be determined precisely. In localization microscopy,
at one time only a small fraction of the fluorescent molecules in
the sample show fluorescence (i.e., those in the active state), this
enabling determination of the precise position of these molecules
(Figure 1C). These molecules are then deactivated, and another
subset of the fluorescent molecules is then activated and localized
precisely. An SR image is reconstructed by mapping the spatial
locations of a large number of molecules.

In localization microscopy, fluorescent probe molecules have
to be temporally switched between a fluorescent state and a
dark sate. The development of photoswitchable fluorescent probe
molecules [including, e.g., photoswitchable proteins (Patterson
and Lippincott-Schwartz, 2002; Wiedenmann et al., 2004; Habuchi
et al., 2005), and photoswitchable organic dyes (Bates et al., 2005;
Heilemann et al., 2005)] brought the concept of localization
microscopy into reality. These methods have been called (F)PALM
[(fluorescence) photoactivated localization microscopy] (Betzig
et al., 2006; Hess et al., 2006; Flors et al., 2007) or STORM (stochas-
tic optical reconstruction microscopy) (Rust et al., 2006). Based on
a similar concept, other localization microscopy techniques such
as dSTORM (direct STORM) (Heilemann et al., 2008), PALMIRA
(PALM with independently running acquisition) (Egner et al.,
2007), GSDIM (GSD followed by individual molecular return)
(Folling et al., 2008), Blink microscopy (Steinhauer et al., 2008),
PAINT (point accumulation for imaging in nanoscale topogra-
phy) (Sharonov and Hochstrasser, 2006) have been developed,
and these methods are collectively referred to as SR localization
microscopy (Patterson et al., 2010).

The spatial resolution of localization microscopy is determined
primarily by the localization precision of individual fluorescent
probe molecules. A higher level of precision is achieved through
collection of a larger number of photons from individual mol-
ecules (Thompson et al., 2002). In addition, the density of the
localized molecules significantly affects the spatial resolution of
the reconstructed image (van de Linde et al., 2010). According
to the Nyquist criterion, the sampling density should be at least

twice the desired resolution (Biteen et al., 2008). Therefore, the
dense labeling with the fluorophores is essential for successful
SR localization microscopy imaging experiments. A lateral resolu-
tion of 10–20 nm has been achieved. 3D localization microscopy
requires the precise localization of the 3D position of individ-
ual molecules. This has been achieved using, for example, optical
astigmatism (Huang et al., 2008); double-helix PSF (Pavani et al.,
2009); phase-based interferometry with two opposing objective
lenses (Shtengel et al., 2009); and double-plane detection of the
fluorescence signal (Juette et al., 2008). Using these methods, an
axial spatial resolution of 10–75 nm has been achieved. 3D local-
ization microscopy of live cells at a time resolution 1–2 s has been
reported (Jones et al., 2011). Confined activation of fluorophores
using two-photon (York et al., 2011) as well as selective plane illu-
mination (Zanacchi et al., 2011) has further extended the range of
applications of localization microscopy to thick 3D samples.

The concept of localization microscopy has been extended to
the reconstruction of a SR image based on the time-dependent
fluorescence intensity changes at the ensemble level due to photo-
bleaching and blinking of the fluorophores (Burnette et al., 2011;
Simonson et al., 2011; Cox et al., 2012). The statistical analysis
of the ensemble level fluctuation of the fluorescence intensity has
also been used to reconstruct a SR image without the localization
(Dertinger et al., 2009; Dedecker et al., 2012).

A variety of algorithms for the precise and efficient localiza-
tion of individual fluorescence spots have been proposed for the
efficient reconstruction of a high quality SR image (Mortensen
et al., 2010; Holden et al., 2011). These image processing algo-
rithms allow the real-time reconstruction of SR images (Smith
et al., 2010; Wolter et al., 2010, 2012).

FLUORESCENT PROBES AND LABELING TECHNIQUES FOR
SUPER-RESOLUTION MICROSCOPY
The SR fluorescence microscopy techniques described above rely
on the photophysical and/or photochemical properties of fluo-
rescent probe molecules (e.g., saturation of fluorescence intensity,
saturation of stimulated-emission, and the switching between dif-
ferent fluorescent states). New fluorescent probes optimized for
SR microscopy have been the subject of intense investigation
(Fernandez-Suarez and Ting, 2008).

In STED microscopy, the photostability of the fluorophore
is one of the most important factors as the sample is exposed
to intense laser illumination. Photobleaching of organic fluo-
rophores occurs frequently via a higher excited-state (Donnert
et al., 2006). This is particularly important in STED microscopy as
the intense laser illumination could lead to an efficient excitation to
the higher excited-state. Organic fluorophores suitable for STED
microscopy have been identified by analyzing the energy level of
the higher excited-state of the fluorophore (Hotta et al., 2010).
Bright and photostable organic fluorophores with appropriate
Stokes shifts have been designed for multicolor STED microscopy
(Kolmakov et al., 2012; Schill et al., 2013). The photostability of
the fluorophores is similarly one of the critical factors in SSIM.

As evident from the principle underpinning the imaging
technique, controlling the fluorescent on- and off-states of
the fluorophores is critical to making an accurate localization
measurement. In the early stage of development of localization
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microscopy, the temporal control of the fluorescent states was
based on the wavelength of fluorescence (van Oijen et al., 1998),
photobleaching of the fluorophores (Gordon et al., 2004), or flu-
orescence blinking of quantum dots (Lidke et al., 2005). However,
due to relatively inefficient fluorescent switching behaviors, these
approaches did not achieve reconstruction of a SR image.

Temporal control of the fluorescent state has become possible
with the development of photoswitchable molecules (Figure 2A).
Photoactivation (i.e., switching from an off-state to an on-state
upon illumination at a specific wavelength), photoswitching (i.e.,
reversible switching between an on-state and an off-state upon
illumination at two different wavelengths), and photoconversion
(i.e., conversion of fluorescent state from one color to another
upon illumination at a specific wavelength) have been the most
widely used strategies for the temporal control of the fluorescent
states of the probe molecules. Fluorescent proteins for which the
fluorescent properties can be switched by light illumination have
been studied extensively (Nienhaus and Nienhaus, 2014), these
proteins having been designed originally for fluorescence-based
optical highlighting (Patterson, 2011). A variety of photoswitch-
able proteins (Ando et al., 2004; Habuchi et al., 2005; Egner et al.,
2007; Flors et al., 2007; Andresen et al., 2008; Stiel et al., 2008;
Brakemann et al., 2011), photoactivatable proteins (Patterson and
Lippincott-Schwartz, 2002; Subach et al., 2009, 2010; Gunewar-
dene et al., 2011), and photoconvertable proteins (Ando et al.,
2002; Wiedenmann et al., 2004; Habuchi et al., 2008; McKinney
et al., 2009; Subach et al., 2011; McEvoy et al., 2012; Moeyaert
et al., 2014) have been designed for the localization microscopy.
Fluorescent proteins, which show both photoactivation and pho-
toconversion (Fuchs et al., 2010), such as Iris FP (Adam et al.,
2008) and NijiFP (Adam et al., 2011), have also been designed for
SR pulse-chase imaging. Photochromic dyes are well-known as
photoswitchable molecules (Irie et al., 2002), and have been used
as fluorescent probes for localization microscopy (Folling et al.,
2007).

Another approach to the temporal switching of the fluores-
cence state is to use the excited-state photophysical and photo-
chemical properties of organic fluorophores (Figure 2B). Upon
illumination with an excitation light in the presence of appropriate

reducing reagents, some organic fluorophores are trapped in a
metastable dark state which can act as the off-state of fluores-
cence. Based on this mechanism, the fluorescent state of Cy dyes,
Alexa dyes, and Atto dyes can be switched reversibly between
on- and off-states (Bates et al., 2005; Heilemann et al., 2005,
2009; Steinhauer et al., 2008; Vogelsang et al., 2009; Dempsey
et al., 2011). Temporal switching of fluorescence has also been
achieved by using random adsorption of the fluorophores to the
sample (Figure 2C). A combination of random adsorption and
photochemical redox switching can be used for a scheme of SR
localization microscopy (Yabiku et al., 2013). It is also possible to
thermally switch the fluorescence state of some fluorophores from
off to on (Figure 2D).

Furthermore, blinking (Watanabe et al., 2010) and photo-
induced color changes (Hoyer et al., 2011) of quantum dots,
and nanoparticles doped with photochromic dyes (Tian et al.,
2011) have been reported as fluorescent probes for SR localization
microscopy. Recently, the switching of fluorescent states without
the requirement for light illumination has been achieved by chem-
ical (Schwering et al., 2011; Vaughan et al., 2012) and enzymatic
(Lee et al., 2013) reactions (Figure 2E).

Specific labeling of the target molecules at an appropriate spa-
tial density determined by the Nyquist criterion is one of the
factors, which affects the quality of SR microscopy experiments
(Lukinavicius et al., 2013). Immunostaining (Huang et al., 2008)
and genetic fusion to fluorescent proteins (Betzig et al., 2006) are
the most frequently used approaches for SR fluorescence imaging
of biological samples. Fluorophores targeting specific intracellular
components such as DNA (Flors et al., 2009; Benke and Manley,
2012) and membranes (Shim et al., 2012) have also been used for
SR fluorescence imaging. Hybrid systems of genetic tagging and
external fluorophores, such as SNAP-tag, TMP-tag, CLIP-tag, and
Halo-tag, provide an alternative tool for specific labeling of the
target (Hein et al., 2010; Lee et al., 2010; Wombacher et al., 2010;
Wilmes et al., 2012; Stagge et al., 2013). Using these systems, a
wide variety of external fluorophores can be attached to the non-
fluorescent genetic tags, enabling the use of specific fluorophores,
which possess the particular fluorescent properties required for an
imaging experiments.

FIGURE 2 | Scheme of the switching of fluorescence states for super-resolution fluorescence localization microscopy. (A) Photo-induced switching,
(B) photo-induced redox switching, (C) selective adsorption, (D) photo- and thermal-induced switching, and (E) chemical or enzymatic reaction-induced
switching.
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Habuchi Super-resolution structural and functional imaging

NANOSCALE STRUCTURAL IMAGING
LIFE SCIENCE
Research in the life sciences field probably benefits most from
the development of SR fluorescence microscopy techniques.
These techniques are becoming an essential tool for investigating
nanoscale architectures in fixed as well as in live cells. Subcellular
organelles typically have structural dimensions of tens to hundreds
of nanometers, which can be resolved readily by SR microscopy.
The structure and protein organization in cellular components,
such as mitochondrial cristae (Schmidt et al., 2009) and nucleoids
(Kukat et al., 2011), the nuclear pore complex (Schermelleh et al.,
2008), and focal adhesions (Kanchanawong et al., 2010; Rossier
et al., 2012), have been visualized directly. In addition, the structure
and dynamics of intracellular molecular assembly (e.g., clusters
of membrane proteins) have been the subject of intense study
using SR microscopy techniques (Hess et al., 2007; Sieber et al.,
2007; Eggeling et al., 2009; Mueller et al., 2011; van den Bogaart
et al., 2011; Wurm et al., 2011; Itano et al., 2012). In microbi-
ology, SR microscopy has been a powerful tool for studying the
spatiotemporal behaviors of protein complexes in bacterial cells,
such as the mechanism of spatial organization of structural pro-
teins (Biteen et al., 2008; Ptacin et al., 2010; Buss et al., 2013), and
nucleoid-associated proteins (Lee et al., 2011). In neuroscience,
SR microscopy has revealed the structure and dynamics of synap-
tic vesicles (Willig et al., 2006; Westphal et al., 2008; Hua et al.,
2011), dendritic spines (Nagerl et al., 2008), and axons (Xu et al.,
2013). SR microscopy has also been applied to the study of pro-
tein redistribution in the human immunodeficiency virus (HIV-1)
(Chojnacki et al., 2012), the interaction between HIV-1 and a
transmembrane protein on a host cell (Lehmann et al., 2011),
the structure of telomeres (Doksani et al., 2013), the nanoscale
architecture of chromatin (Ribeiro et al., 2010), and the mapping
of specific sequences of DNA (Neely et al., 2010).

MATERIALS SCIENCE
In the field of materials science, while SR microscopy has just come
to be recognized as an effective research tool, it has already been
applied for studying the architecture of nanomaterials. 3D nanos-
tructures and morphology in the range of tens to hundreds of
nanometers, such as colloidal crystals (Harke et al., 2008), block
copolymers (Ullal et al., 2009), graphene (Stoehr et al., 2012), and
DNA barcodes (Lin et al., 2012a) and origami (Jungmann et al.,
2010) have been visualized directly by SR microscopy. Also, the
nanoscopic spatial distribution of fluorescent nitrogen vacancies
in diamond (Rittweger et al., 2009) and lipid bilayer phases (Kuo
and Hochstrasser, 2011) has been mapped using SR microscopy.

NANOSCALE QUANTITATIVE MOLECULAR IMAGING
Super-resolution localization microscopy is based on the fluo-
rescence imaging of individual molecules. Using this method,
SR images are reconstructed through the spatial localization
of individual molecules by spatiotemporally controlling the
activation and deactivation of the fluorescence signal. This
experimental scheme provides a unique opportunity to inves-
tigate the spatiotemporal dynamics of single-molecules along
with the diffraction-unlimited structural imaging of nanoscale
architectures.

The spatial distribution of membrane proteins is believed to
play an important role in many ligand–receptor binding systems,
such as cell adhesion. Since the spatial locations of individual mol-
ecules can be determined with a precision of approximately 10 nm
in SR localization microscopy, the spatial distribution of individual
molecules [e.g., transferrin receptor (TfR) across the plasma mem-
brane, see Figure 3A (Sengupta et al., 2011)] can be characterized
quantitatively using statistical analysis (Owen et al., 2010; Scarselli
et al., 2012; Veatch et al., 2012; Malkusch et al., 2013). The size of
the TfR cluster in the membrane (~150 nm in radius) is estimated
roughly from the autocorrelation function [g(r)protein] obtained
by pair correlation analysis of the spatial distribution of the indi-
vidual molecules. This analysis allows a quantitative estimation of
the size of molecular clusters together with the average number of
molecules in a cluster (Sengupta et al., 2011). Although in princi-
ple the quantitative determination of the number of molecules in a
cluster is possible, in practice this is not straightforward due to the
blinking behavior of most of the fluorophores. To achieve such
quantitative determination, a single-molecule counting method
has been developed, which enables determination of the num-
ber of the molecules within diffraction-limited space with high
accuracy (Lee et al., 2012). In this method, the counting error is
minimized by temporally modulating the intensity of the activa-
tion laser (i.e., Fermi activation), which maximally separates the
activation of the different molecules together with optimizing the
tolerance time τc which is the characteristic time of the blinking.
Using this approach, the number of photoconvertable proteins,
which are fused to a flagellar motor protein, FliM, has been deter-
mined accurately along with obtaining an SR image of FliM in the
cells (Figure 3B) (Lee et al., 2012). The development of less blink-
ing fluorophores will further improve the accuracy of counting the
number of the molecules.

Super-resolution localization microscopy has been further
combined with single-particle tracking (SPT). SPT is a power-
ful tool for characterizing the spatiotemporal behavior of indi-
vidual molecules, especially the diffusional motion of molecules
in nanoscopic heterogeneous structures such as cell membranes
(Douglass and Vale, 2005) and microporous materials (Kirstein
et al., 2007). However, the method can be applied only to rela-
tively low density mapping of the diffusional behavior of indi-
vidual molecules. This makes it difficult to connect directly the
spatiotemporal behavior of the molecules to the nanoscopic struc-
ture of the sample. The combination of SPT and SR localization
microscopy allows high-density spatial mapping of the diffu-
sional behavior of individual molecules through tracking single
fluorescent probe molecules activated in a temporally controlled
manner (Figure 4A) (Manley et al., 2008; Giannone et al., 2010;
Rossier et al., 2012). This method has been applied to the study
of actin molecule dynamics within dendritic spines. While actin
plays numerous roles in synaptic transmission, its spatiotemporal
behavior has not been well-characterized due to the small (sub-
micrometer) size of the spines. Using this method, the highly
heterogeneous velocity of individual actin molecules within the
spines has been demonstrated (Figure 4B) (Frost et al., 2010). The
same approach has been applied to the study of DNA repair in bac-
terial cells. When DNA is damaged in a cell, a freely diffusing DNA
polymerase (Pol) binds to the damaged site. The spatiotemporal
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Habuchi Super-resolution structural and functional imaging

FIGURE 3 | Quantitative super-resolution fluorescence imaging.
(A) (Top left) PALM image of transferrin receptor (TfR) across the plasma
membrane of COS7 cells. A photoactivatable fluorescent protein PAGFP is
fused to TfR; (top right) plot of calculated autocorrelation function [g(r )peaks]
of PAGFP molecules in the PALM image. g(r )stoch and g(r )protein are the
correlation owing to multiple appearances of a single protein and the
protein correlation. The cluster size and average numbers of the molecule in
clusters are estimated by a fitting of the autocorrelation plot with an
exponential decaying function; (bottom) size and number of molecules in
clusters of a transmembrane protein, Lat (Sengupta et al., 2011). (B) (Top)
bright-field microscopy, wide-field fluorescence microscopy, and PALM
images of a flagellar motor protein, FliM, in bacterial cells. A
photoconvertable fluorescent protein Dendra2 is fused to FliM; (bottom)
frequency histogram of number of FliM molecules in each cluster
determined using the Fermi activation with optimal tolerance time (blue
bars). The red bars show the histogram without optimizing the tolerance
time (Lee et al., 2012). Reproduced with permission from Sengupta et al.
(2011), copyright 2011, Nature Publishing Group (A), and Lee et al. (2012),
copyright 2012, National Academy of Science, USA (B).

FIGURE 4 | Super-resolution fluorescence molecular imaging. (A) PALM
image, sptPALM image, and diffusion map of a membrane protein, VSVG, in
COS7 cells. A photoconvertable fluorescent protein tdEosFP is fused to
VSVG. The PALM image was obtained by the temporal activation of
tdEosFP–VSVG followed by the localization and reconstruction of the image.
The sptPALM image was obtained by tracking the activated tdEosFP–VSVG
molecules. The diffusion map was obtained by calculating the diffusion
coefficient of individual tdEosFP–VSVG molecules using the diffusion
trajectories (Manley et al., 2008). (B) (Left) the first (red) and last (green)
localized positions of single actin molecules within dendritic spines. The
positions were determined by the sptPALM imaging. A photoactivatable
fluorescent protein PAGFP is fused to actin; (right) actin dynamics within
individual spines. Orientation and length of the arrows represent direction
and velocity of actin flow. They were calculated using the first and last
positions of the diffusion trajectories within the radius of 1 camera pixel
(111 nm). Gray scale represents molecular density. Vector=100 nm/s (Frost
et al., 2010). (C) (Left) sptPALM image of a DNA-binding protein, DNA
polymerase I (Pol), in E. coli cells in the presence of methyl
methanesulfonate (MMS). A photoactivatable fluorescent protein
PAmCherry is fused to Pol. Inset shows examples of tracks of diffusing Pol
(blue) and bound Pol (red); (right) distribution of diffusion coefficient for Pol
under constant MMS treatment (Uphoff et al., 2013). Reproduced with
permission from Manley et al. (2008), copyright 2008, Nature Publishing
Group (A), Frost et al. (2010), copyright 2010, Elsevier (B), and Uphoff et al.
(2013), copyright 2013, National Academy of Science, USA (C).

dynamics of DNA repair events have been mapped through high-
density tracking of the fluorescently labeled DNA Pol (Figure 4C)
(Uphoff et al., 2013). As is evident from these studies, biolog-
ical processes are precisely regulated by the spatial and temporal
dynamics of protein molecules. The tools for quantitative molecu-
lar imaging such as cluster analysis, single-molecule counting, and
SPT SR microscopy will provide new opportunities to investigate
complex biological processes at the molecular level.

SUPER-RESOLUTION FUNCTIONAL IMAGING
Super-resolution fluorescence microscopy has been developed in
an attempt to visualize nanoscale structures and their dynamics
directly. Recently, these techniques have become recognized as
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an effective means to analyze nanoscale physical, chemical, and
optical properties.

CATALYTIC REACTIONS
The catalytic activity of solid catalysts is governed by their
nanoscale structural heterogeneities. However, a lack of appropri-
ate methodology had hampered attempts to connect the activity
with the nanoscale structure of the catalysts. Recent studies have
demonstrated that the active sites of catalytic reactions can be
visualized at a spatial resolution of tens of nanometers using SR
localization microscopy (Roeffaers et al., 2007). In these stud-
ies, the spatial locations of the active sites are determined by
localizing fluorescent molecules generated by the catalytic reac-
tion (Figure 5A). The SR catalytic activity imaging revealed that
mesoporous particles such as zeolite (Roeffaers et al., 2009) and
titanosilicate Ti-MCM-41 (De Cremer et al., 2010) show catalytic
activity only at the surface of the particles due to the limited access
of the substrate molecules to the catalytic sites inside the parti-
cles (Figure 5A). Heterogeneous catalytic activity on the surface
of the gold nanorod catalyst has also been reported (Figure 5B)
(Zhou et al., 2012; Andoy et al., 2013). The catalytic activity of
carbon nanotubes (Xu et al., 2009) and titanium dioxide nanopar-
ticles (Tachikawa et al., 2013) has also been characterized by SR
fluorescence microscopy.

OPTICAL PROPERTIES
An electromagnetic field near metallic nanostructures is enhanced
significantly through localized surface plasmon resonance. This

FIGURE 5 | Super-resolution fluorescence imaging of catalytic
reactions. (A) (Left) schematic illustration of the strategy for monitoring
individual epoxidation reaction events catalyzed by mesoporous
titanosilicates, Ti-MCM-41. The active sites are fluorescently visualized and
localized by the catalytic reaction-induced color conversion of the
fluorophore; (right) localization microscopy image of individual turnover. The
red dots show positions of fluorescent spots originating from individual
product molecules (De Cremer et al., 2010). (B) Super-resolution imaging of
deacetylation reaction catalyzed by Au@mSiO2 nanorod. The positions of
the reaction product on the nanorod are visualized by localization
microscopy and plotted in the 2D histogram, which shows the
position-dependent catalytic activity (Zhou et al., 2012). Reproduced with
permission from De Cremer et al. (2010), copyright 2010, Wiley (A), and
Zhou et al. (2012), copyright 2012, Nature Publishing Group (B).

phenomenon has been used extensively for chemical and biolog-
ical sensing as well as for the development of plasmonic optics.
While plasmonic hotspots, such as nanoscale gaps and protrusions,
are responsible for the enhancement of the local electromag-
netic field, it has been difficult to visualize these hotspots directly
because nanometer scale spatial resolution is required. SR local-
ization microscopy offers the unique possibility of visualizing
a hotspot through measuring the hotspot-induced fluorescence
intensity enhancement (Cang et al., 2011; Lin et al., 2012b; Wei
et al., 2013). In these studies, the enhancement of the local elec-
tromagnetic field was quantified by a precise localization of the
positions of freely diffusing fluorophores near the hotspots along
with the quantitative analysis of the fluorescence intensity of these
fluorophores. This allows visualization of the size and shape of the
hotspots, as well as the electromagnetic field enhancement within
the single hotspot (Figure 6A). Hotspots on an aluminum film
have been visualized using this method (Figure 6A) (Cang et al.,

FIGURE 6 | Super-resolution imaging of optical properties of nanoscale
architectures. (A) Super-resolution imaging of local electromagnetic field
enhancement. (Left) principle of Brownian motion super-resolution imaging;
(right) super-resolution image of a hotspot on the surface of an aluminum
film (Cang et al., 2011). (B) Super-resolution image of SERS signal of
rhodamine 6G dyes adsorbed at gap between two silver nanoparticles.
Overlay of the SERS spatial intensity map (colored pixels) and luminescent
centroid (white ×) with an SEM image of silver nanoparticle aggregate
(Weber et al., 2012). (C) (Left) schematic illustration nanoscale
photophysical processes occurring in a single conjugated polymer
molecule. (Right) 2D spatial map of emitting sites within a single conjugate
polymer chain; reproduced with permission from Cang et al. (2011),
copyright 2011, Nature Publishing Group (A), Weber et al. (2012), copyright
2012, American Chemical Society (B), Habuchi et al. (2011), copyright 2011,
PCCP Owner Societies (C).
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FIGURE 7 | Super-resolution imaging of proton concentration in a
nanochannel. pH profile in a 410 nm width nanochannel determined by the
spatial intensity map of fluorescence intensity of fluorescein dye (Kazoe
et al., 2011). Reproduced with permission from Kazoe et al. (2011), copyright
2011, American Chemical Society.

2011). A similar approach has been used to visualize hotspots in the
gap regions between silver nanoparticle aggregates (Figure 6B). In
this study, surface-enhanced Raman scattering (SERS) signals of
adsorbed organic dye molecules were used to visualize the hotspots
(colored pixels in Figure 6B) (Weber et al., 2012). The spatial
locations of the hotspots showed a deviation from the lumines-
cence center of the aggregates, which clearly demonstrated the
gap-induced enhancement of the electromagnetic field.

Super-resolution localization microscopy is also a powerful tool
for visualizing nanoscale photophysical processes occurring within
single conjugated polymer molecules, these comprising an impor-
tant class of material for optoelectronic applications, such as solar
cells and light emitting diodes. Conjugated polymers have also
been used as biological sensors and fluorescent markers. Exciton
migration through energy transfer within the molecules in the
excited-state is one of the critical factors for these applications.
Typically, conjugated polymer molecules have a structural dimen-
sion of tens of nanometers, and the fluorescence is emitted from
a localized region within the molecule, the emitting site, due to
the exciton migration along the chain. The direct visualization of
exciton migration requires visualization of the spatial locations of
the emitting sites. Using SR localization microscopy, the spatial
locations of the emitting sites within the single chain have been
mapped (Figure 6C) (Habuchi et al., 2009, 2011); this has pro-
vided new insights into the exciton migration occurring within
the conjugated polymer molecules and the relationship of this
migration with the conformational state of the molecules (Vacha
and Habuchi, 2010; Bolinger et al., 2011).

NANOSCALE FLUID DYNAMICS
Micro- and nano-fluidics are key technologies in the field of broad
analytical science. The properties of fluids in a submicrometer-size
nanochannel are expected to be dramatically different from those
in a bulk flow. However, it has been difficult to measure such fluid
properties experimentally because nanoscale spatial resolution is

required. Using STED microscopy, a pH profile has been deter-
mined for a nanochannel on the basis of a spatial intensity map of
the fluorescence intensity of fluorescein dye, the intensity of which
varies with solution pH (Figure 7) (Kazoe et al., 2011).

CONCLUSION AND OUTLOOK
The principles and applications of SR fluorescence microscopy
techniques have been described in this review. From a techno-
logical point of view, both the spatial and time resolution of SR
fluorescence microscopy have been improved significantly over
the past few years. Indeed, current SR fluorescence microscopy
allows visualization of the molecular organization of large protein
assemblies (Loeschberger et al., 2012; Szymborska et al., 2013).
Furthermore, recent efforts toward a greater time resolution allow
dynamic processes to be visualized in an almost real-time way. The
development of fluorophores and optical systems, which enable to
collect larger number of photons within a sufficiently short time
will further improve the temporal resolution. It is anticipated that
optical imaging of dynamic processes with a spatial resolution at
the molecular level will soon be possible. From a scientific perspec-
tive, SR fluorescence microscopy offers an invaluable opportunity
to unravel complex biological processes at the molecular level,
and is likely to soon become an essential method in life science
research. Currently, SR fluorescence microscopy is considered to
be complementary to EM in the field of materials science; further
improvement of time resolution, however, will broaden the use of
SR fluorescence microscopy in this area.

Recently, SR fluorescence microscopy has been combined with
other techniques such as optical tweezers (Heller et al., 2013),
to provide insights into the mechanical properties of individual
molecules in nanoscale systems. A combination of SR fluores-
cence microscopy with the chromosome conformation capture
technique (Wang et al., 2011; Larkin et al., 2013) would reveal
the mechanisms of spatiotemporal chromosome organization.
In addition to nanoscale imaging, SR fluorescence microscopy
is also of application in nanoscale optical writing (Grotjohann
et al., 2011) and fabrication (Fischer et al., 2010). Imaging of
non-fluorescent species (Wang et al., 2013) further expands the
applicability of SR fluorescence microscopy. The advance of SR
optical microscopy techniques along with nanoscale functional
imaging will be an essential part of the development of new
(bio-)nanotechnology.

ACKNOWLEDGMENTS
The research reported in this publication was supported by the
King Abdullah University of Science and Technology.

REFERENCES
Adam, V., Lelimousin, M., Boehme, S., Desfonds, G., Nienhaus, K., Field, M. J.,

et al. (2008). Structural characterization of IrisFP, an optical highlighter under-
going multiple photo-induced transformations. Proc. Natl. Acad. Sci. U.S.A. 105,
18343–18348. doi:10.1073/pnas.0805949105

Adam, V., Moeyaert, B., David, C. C., Mizuno, H., Lelimousin, M., Dedecker, P.,
et al. (2011). Rational design of photoconvertible and biphotochromic fluores-
cent proteins for advanced microscopy applications. Chem. Biol. 18, 1241–1251.
doi:10.1016/j.chembiol.2011.08.007

Ando, R., Hama, H., Yamamoto-Hino, M., Mizuno, H., and Miyawaki, A. (2002).
An optical marker based on the UV-induced green-to-red photoconversion of a

Frontiers in Bioengineering and Biotechnology | Nanobiotechnology June 2014 | Volume 2 | Article 20 | 8

http://dx.doi.org/10.1073/pnas.0805949105
http://dx.doi.org/10.1016/j.chembiol.2011.08.007
http://www.frontiersin.org/Nanobiotechnology
http://www.frontiersin.org/Nanobiotechnology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Habuchi Super-resolution structural and functional imaging

fluorescent protein. Proc. Natl. Acad. Sci. U.S.A. 99, 12651–12656. doi:10.1073/
pnas.202320599

Ando, R., Mizuno, H., and Miyawaki, A. (2004). Regulated fast nucleocytoplasmic
shuttling observed by reversible protein highlighting. Science 306, 1370–1373.
doi:10.1126/science.1102506

Andoy, N. M., Zhou, X., Choudhary, E., Shen, H., Liu, G., and Chen, P. (2013). Single-
molecule catalysis mapping quantifies site-specific activity and uncovers radial
activity gradient on single 2D nanocrystals. J. Am. Chem. Soc. 135, 1845–1852.
doi:10.1021/ja309948y

Andresen, M., Stiel, A. C., Folling, J., Wenzel, D., Schonle, A., Egner, A., et al. (2008).
Photoswitchable fluorescent proteins enable monochromatic multilabel imag-
ing and dual color fluorescence nanoscopy. Nat. Biotechnol. 26, 1035–1040.
doi:10.1038/nbt.1493

Bates, M., Blosser, T. R., and Zhuang, X. W. (2005). Short-range spectroscopic
ruler based on a single-molecule optical switch. Phys. Rev. Lett. 94, 108101.
doi:10.1103/PhysRevLett.94.108101

Benke, A., and Manley, S. (2012). Live-cell dSTORM of cellular DNA based on direct
DNA labeling. Chembiochem 13, 298–301. doi:10.1002/cbic.201100679

Betzig, E., Patterson, G. H., Sougrat, R., Lindwasser, O. W., Olenych, S., Bonifa-
cino, J. S., et al. (2006). Imaging intracellular fluorescent proteins at nanometer
resolution. Science 313, 1642–1645. doi:10.1126/science.1127344

Betzig, E., and Trautman, J. K. (1992). Near-field optics – microscopy, spectroscopy,
and surface modification beyond the diffraction limit. Science 257, 189–195.
doi:10.1126/science.257.5067.189

Bianchini, P., Harke, B., Galiani, S., Vicidomini, G., and Diaspro, A. (2012). Single-
wavelength two-photon excitation-stimulated emission depletion (SW2PE-
STED) superresolution imaging. Proc. Natl. Acad. Sci. U.S.A. 109, 6390–6393.
doi:10.1073/pnas.1119129109

Biteen, J. S., Thompson, M. A., Tselentis, N. K., Bowman, G. R., Shapiro, L., and
Moerner, W. E. (2008). Super-resolution imaging in live Caulobacter crescentus
cells using photoswitchable EYFP. Nat. Methods 5, 947–949. doi:10.1038/nmeth.
1258

Bolinger, J. C., Traub, M. C., Adachi, T., and Barbara, P. F. (2011). Ultralong-range
polaron-induced quenching of excitons in isolated conjugated polymers. Science
331, 565–567. doi:10.1126/science.1199140

Brakemann, T., Stiel, A. C., Weber, G., Andresen, M., Testa, I., Grotjohann, T., et al.
(2011). A reversibly photoswitchable GFP-like protein with fluorescence excita-
tion decoupled from switching. Nat. Biotechnol. 29, 942–947. doi:10.1038/nbt.
1952

Bretschneider, S., Eggeling, C., and Hell, S. W. (2007). Breaking the diffraction bar-
rier in fluorescence microscopy by optical shelving. Phys. Rev. Lett. 98, 218103.
doi:10.1103/PhysRevLett.98.218103

Burnette, D. T., Sengupta, P., Dai, Y., Lippincott-Schwartz, J., and Kachar, B. (2011).
Bleaching/blinking assisted localization microscopy for superresolution imag-
ing using standard fluorescent molecules. Proc. Natl. Acad. Sci. U.S.A. 108,
21081–21086. doi:10.1073/pnas.1117430109

Buss, J., Coltharp, C., Huang, T., Pohlmeyer, C., Wang, S.-C., Hatem, C., et al.
(2013). In vivo organization of the FtsZ-ring by ZapA and ZapB revealed
by quantitative super-resolution microscopy. Mol. Microbiol. 89, 1099–1120.
doi:10.1111/mmi.12331

Cang, H., Labno, A., Lu, C. G., Yin, X. B., Liu, M., Gladden, C., et al. (2011). Probing
the electromagnetic field of a 15-nanometre hotspot by single molecule imaging.
Nature 469, 385–388. doi:10.1038/nature09698

Chmyrov, A., Keller, J., Grotjohann, T., Ratz, M., d’Este, E., Jakobs, S., et al. (2013).
Nanoscopy with more than 100,000 ‘doughnuts’. Nat. Methods 10, 737–740.
doi:10.1038/nmeth.2556

Chojnacki, J., Staudt, T., Glass, B., Bingen, P., Engelhardt, J., Anders, M., et al.
(2012). Maturation-dependent HIV-1 surface protein redistribution
revealed by fluorescence nanoscopy. Science 338, 524–528. doi:10.1126/
science.1226359

Cox, S., Rosten, E., Monypenny, J., Jovanovic-Talisman, T., Burnette, D. T.,
Lippincott-Schwartz, J., et al. (2012). Bayesian localization microscopy reveals
nanoscale podosome dynamics. Nat. Methods 9, 195–200. doi:10.1038/nmeth.
1812

De Cremer, G., Roeffaers, M. B. J., Bartholomeeusen, E., Lin, K. F., Dedecker, P.,
Pescarmona, P. P., et al. (2010). High-resolution single-turnover mapping reveals
intraparticle diffusion limitation in Ti-MCM-41-catalyzed epoxidation. Angew.
Chem. Int. Ed. 49, 908–911. doi:10.1002/anie.200905039

Dedecker, P., Mo, G. C. H., Dertinger, T., and Zhang, J. (2012). Widely accessible
method for superresolution fluorescence imaging of living systems. Proc. Natl.
Acad. Sci. U.S.A. 109, 10909–10914. doi:10.1073/pnas.1204917109

Dempsey, G. T., Vaughan, J. C., Chen, K. H., Bates, M., and Zhuang, X. (2011).
Evaluation of fluorophores for optimal performance in localization-based super-
resolution imaging. Nat. Methods 8, 1027–1036. doi:10.1038/nmeth.1768

Dertinger, T.,Colyer, R., Iyer, G.,Weiss,S., and Enderlein, J. (2009). Fast, background-
free, 3D super-resolution optical fluctuation imaging (SOFI). Proc. Natl. Acad.
Sci. U.S.A. 106, 22287–22292. doi:10.1073/pnas.0907866106

Doksani, Y., Wu, J. Y., de Lange, T., and Zhuang, X. (2013). Super-resolution fluo-
rescence imaging of telomeres reveals TRF2-dependent T-loop formation. Cell
155, 345–356. doi:10.1016/j.cell.2013.09.048

Donnert, G., Keller, J., Medda, R., Andrei, M. A., Rizzoli, S. O., Lurmann, R., et al.
(2006). Macromolecular-scale resolution in biological fluorescence microscopy.
Proc. Natl. Acad. Sci. U.S.A. 103, 11440–11445. doi:10.1073/pnas.0604965103

Douglass, A. D., and Vale, R. D. (2005). Single-molecule microscopy reveals plasma
membrane microdomains created by protein-protein networks that exclude or
trap signaling molecules in T cells. Cell 121, 937–950. doi:10.1016/j.cell.2005.04.
009

Eggeling, C., Ringemann, C., Medda, R., Schwarzmann, G., Sandhoff, K., Polyakova,
S., et al. (2009). Direct observation of the nanoscale dynamics of membrane
lipids in a living cell. Nature 457, 1159–1162. doi:10.1038/nature07596

Egner, A., Geisler, C., Von Middendorff, C., Bock, H., Wenzel, D., Medda, R., et al.
(2007). Fluorescence nanoscopy in whole cells by asynchronous localization of
photoswitching emitters. Biophys. J. 93, 3285–3290. doi:10.1529/biophysj.107.
112201

Fang, N., Lee, H., Sun, C., and Zhang, X. (2005). Sub-diffraction-limited opti-
cal imaging with a silver superlens. Science 308, 534–537. doi:10.1126/science.
1108759

Fernandez-Suarez, M., and Ting, A. Y. (2008). Fluorescent probes for super-
resolution imaging in living cells. Nat. Rev. Mol. Cell Biol. 9, 929–943. doi:10.
1038/nrm2531

Fischer, J., von Freymann, G., and Wegener, M. (2010). The materials challenge
in diffraction-unlimited direct-laser-writing optical lithography. Adv. Mater. 22,
3578–3582. doi:10.1002/adma.201000892

Flors, C., Hotta, J., Uji-I, H., Dedecker, P., Ando, R., Mizuno, H., et al. (2007). A
stroboscopic approach for fast photoactivation-localization microscopy with
Dronpa mutants. J. Am. Chem. Soc. 129, 13970–13977. doi:10.1021/ja074704l

Flors, C., Ravarani, C. N. J., and Dryden, D. T. F. (2009). Super-resolution imag-
ing of DNA labelled with intercalating dyes. Chemphyschem 10, 2201–2204.
doi:10.1002/cphc.200900384

Folling, J., Belov, V., Kunetsky, R., Medda, R., Schonle, A., Egner, A., et al. (2007).
Photochromic rhodamines provide nanoscopy with optical sectioning. Angew.
Chem. Int. Ed. 46, 6266–6270. doi:10.1002/anie.200702167

Folling, J., Bossi, M., Bock, H., Medda, R., Wurm, C. A., Hein, B., et al. (2008). Fluo-
rescence nanoscopy by ground-state depletion and single-molecule return. Nat.
Methods 5, 943–945. doi:10.1038/nmeth.1257

Frost, N. A., Shroff, H., Kong, H. H., Betzig, E., and Blanpied, T. A. (2010). Single-
molecule discrimination of discrete perisynaptic and distributed sites of actin fil-
ament assembly within dendritic spines. Neuron 67,86–99. doi:10.1016/j.neuron.
2010.05.026

Fuchs, J., Boehme, S., Oswald, F., Hedde, P. N., Krause, M., Wiedenmann, J., et al.
(2010). A photoactivatable marker protein for pulse-chase imaging with super-
resolution. Nat. Methods 7, 627–630. doi:10.1038/nmeth.1477

Giannone, G., Hosy, E., Levet, F., Constals, A., Schulze, K., Sobolevsky, A. I., et al.
(2010). Dynamic superresolution imaging of endogenous proteins on living cells
at ultra-high density. Biophys. J. 99, 1303–1310. doi:10.1016/j.bpj.2010.06.005

Gordon, M. P., Ha, T., and Selvin, P. R. (2004). Single-molecule high-resolution
imaging with photobleaching. Proc. Natl. Acad. Sci. U.S.A. 101, 6462–6465.
doi:10.1073/pnas.0401638101

Gould, T. J., Hess, S. T., and Bewersdorf, J. (2012). Optical nanoscopy: from acqui-
sition to analysis. Annu. Rev. Biomed. Eng. 14, 231–254. doi:10.1146/annurev-
bioeng-071811-150025

Grotjohann, T., Testa, I., Leutenegger, M., Bock, H., Urban, N. T., Lavoie-Cardinal,
F., et al. (2011). Diffraction-unlimited all-optical imaging and writing with a
photochromic GFP. Nature 478, 204–208. doi:10.1038/nature10497

Gunewardene, M. S., Subach, F. V., Gould, T. J., Penoncello, G. P., Gudheti, M. V.,
Verkhusha, V. V., et al. (2011). Superresolution imaging of multiple fluorescent

www.frontiersin.org June 2014 | Volume 2 | Article 20 | 9

http://dx.doi.org/10.1073/pnas.202320599
http://dx.doi.org/10.1073/pnas.202320599
http://dx.doi.org/10.1126/science.1102506
http://dx.doi.org/10.1021/ja309948y
http://dx.doi.org/10.1038/nbt.1493
http://dx.doi.org/10.1103/PhysRevLett.94.108101
http://dx.doi.org/10.1002/cbic.201100679
http://dx.doi.org/10.1126/science.1127344
http://dx.doi.org/10.1126/science.257.5067.189
http://dx.doi.org/10.1073/pnas.1119129109
http://dx.doi.org/10.1038/nmeth.1258
http://dx.doi.org/10.1038/nmeth.1258
http://dx.doi.org/10.1126/science.1199140
http://dx.doi.org/10.1038/nbt.1952
http://dx.doi.org/10.1038/nbt.1952
http://dx.doi.org/10.1103/PhysRevLett.98.218103
http://dx.doi.org/10.1073/pnas.1117430109
http://dx.doi.org/10.1111/mmi.12331
http://dx.doi.org/10.1038/nature09698
http://dx.doi.org/10.1038/nmeth.2556
http://dx.doi.org/10.1126/science.1226359
http://dx.doi.org/10.1126/science.1226359
http://dx.doi.org/10.1038/nmeth.1812
http://dx.doi.org/10.1038/nmeth.1812
http://dx.doi.org/10.1002/anie.200905039
http://dx.doi.org/10.1073/pnas.1204917109
http://dx.doi.org/10.1038/nmeth.1768
http://dx.doi.org/10.1073/pnas.0907866106
http://dx.doi.org/10.1016/j.cell.2013.09.048
http://dx.doi.org/10.1073/pnas.0604965103
http://dx.doi.org/10.1016/j.cell.2005.04.009
http://dx.doi.org/10.1016/j.cell.2005.04.009
http://dx.doi.org/10.1038/nature07596
http://dx.doi.org/10.1529/biophysj.107.112201
http://dx.doi.org/10.1529/biophysj.107.112201
http://dx.doi.org/10.1126/science.1108759
http://dx.doi.org/10.1126/science.1108759
http://dx.doi.org/10.1038/nrm2531
http://dx.doi.org/10.1038/nrm2531
http://dx.doi.org/10.1002/adma.201000892
http://dx.doi.org/10.1021/ja074704l
http://dx.doi.org/10.1002/cphc.200900384
http://dx.doi.org/10.1002/anie.200702167
http://dx.doi.org/10.1038/nmeth.1257
http://dx.doi.org/10.1016/j.neuron.2010.05.026
http://dx.doi.org/10.1016/j.neuron.2010.05.026
http://dx.doi.org/10.1038/nmeth.1477
http://dx.doi.org/10.1016/j.bpj.2010.06.005
http://dx.doi.org/10.1073/pnas.0401638101
http://dx.doi.org/10.1146/annurev-bioeng-071811-150025
http://dx.doi.org/10.1146/annurev-bioeng-071811-150025
http://dx.doi.org/10.1038/nature10497
http://www.frontiersin.org
http://www.frontiersin.org/Nanobiotechnology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Habuchi Super-resolution structural and functional imaging

proteins with highly overlapping emission spectra in living cells. Biophys. J. 101,
1522–1528. doi:10.1016/j.bpj.2011.07.049

Gustafsson, M. G. L. (2005). Nonlinear structured-illumination microscopy: wide-
field fluorescence imaging with theoretically unlimited resolution. Proc. Natl.
Acad. Sci. U.S.A. 102, 13081–13086. doi:10.1073/pnas.0406877102

Gustafsson, M. G. L., Agard, D. A., and Sedat, J. W. (1999). (IM)-M-5: 3D widefield
light microscopy with better than 100 nm axial resolution. J. Microsc. 195, 10–16.
doi:10.1046/j.1365-2818.1999.00576.x

Habuchi, S., Ando, R., Dedecker, P., Verheijen, W., Mizuno, H., Miyawaki, A., et al.
(2005). Reversible single-molecule photoswitching in the GFP-like fluorescent
protein Dronpa. Proc. Natl. Acad. Sci. U.S.A. 102, 9511–9516. doi:10.1073/pnas.
0500489102

Habuchi, S., Onda, S., and Vacha, M. (2009). Mapping the emitting sites within a
single conjugated polymer molecule. Chem. Commun. 4868–4870. doi:10.1039/
b907882g

Habuchi, S., Onda, S., and Vacha, M. (2011). Molecular weight dependence of
emission intensity and emitting sites distribution within single conjugated
polymer molecules. Phys. Chem. Chem. Phys. 13, 1743–1753. doi:10.1039/
c0cp01729a

Habuchi, S., Tsutsui, H., Kochaniak, A. B., Miyawaki, A., and van Oijen, A. M. (2008).
mKikGR, a monomeric photoswitchable fluorescent protein. PLoS ONE 3:e3944.
doi:10.1371/journal.pone.0003944

Harke, B., Ullal, C. K., Keller, J., and Hell, S. W. (2008). Three-dimensional nanoscopy
of colloidal crystals. Nano Lett. 8, 1309–1313. doi:10.1021/nl073164n

Heilemann, M., Margeat, E., Kasper, R., Sauer, M., and Tinnefeld, P. (2005). Carbo-
cyanine dyes as efficient reversible single-molecule optical switch. J. Am. Chem.
Soc. 127, 3801–3806. doi:10.1021/ja044686x

Heilemann, M., van de Linde, S., Mukherjee, A., and Sauer, M. (2009). Super-
resolution imaging with small organic fluorophores. Angew. Chem. Int. Ed. 48,
6903–6908. doi:10.1002/anie.200902073

Heilemann, M., van de Linde, S., Schuttpelz, M., Kasper, R., Seefeldt, B., Mukherjee,
A., et al. (2008). Subdiffraction-resolution fluorescence imaging with conven-
tional fluorescent probes. Angew. Chem. Int. Ed. 47, 6172–6176. doi:10.1002/
anie.200802376

Hein, B., Willig, K. I., Wurm, C. A., Westphal, V., Jakobs, S., and Hell, S. W. (2010).
Stimulated emission depletion nanoscopy of living cells using SNAP-Tag fusion
proteins. Biophys. J. 98, 158–163. doi:10.1016/j.bpj.2009.09.053

Heintzmann, R., and Gustafsson, M. G. L. (2009). Subdiffraction resolution in
continuous samples. Nat. Photonics 3, 362–364. doi:10.1038/nphoton.2009.102

Heintzmann, R., Jovin, T. M., and Cremer, C. (2002). Saturated patterned excitation
microscopy – a concept for optical resolution improvement. J. Opt. Soc. Am. A
19, 1599–1609. doi:10.1364/josaa.19.001599

Hell, S., and Stelzer, E. H. K. (1992). Fundamental improvement of resolution with a
4Pi-confocal fluorescence microscope using 2-photon excitation. Opt. Commun.
93, 277–282. doi:10.1016/0030-4018(92)90185-t

Hell, S. W. (2009). Microscopy and its focal switch. Nat. Methods 6, 24–32.
doi:10.1038/nmeth.1291

Hell, S. W., and Wichmann, J. (1994). Breaking the diffraction resolution limit by
stimulated-emission – stimulated-emission-depletion fluorescence microscopy.
Opt. Lett. 19, 780–782. doi:10.1364/ol.19.000780

Heller, I., Sitters, G., Broekmans, O. D., Farge, G., Menges, C., Wende, W., et al.
(2013). STED nanoscopy combined with optical tweezers reveals protein
dynamics on densely covered DNA. Nat. Methods 10, 910–916. doi:10.1038/
nmeth.2599

Hess, S. T., Girirajan, T. P. K., and Mason, M. D. (2006). Ultra-high resolution
imaging by fluorescence photoactivation localization microscopy. Biophys. J. 91,
4258–4272. doi:10.1529/biophysj.106.091116

Hess, S. T., Gould, T. J., Gudheti, M. V., Maas, S. A., Mills, K. D., and Zimmerberg,
J. (2007). Dynamic clustered distribution of hemagglutinin resolved at 40 nm in
living cell membranes discriminates between raft theories. Proc. Natl. Acad. Sci.
U.S.A. 104, 17370–17375. doi:10.1073/pnas.0708066104

Hofmann, M., Eggeling, C., Jakobs, S., and Hell, S. W. (2005). Breaking the diffrac-
tion barrier in fluorescence microscopy at low light intensities by using reversibly
photoswitchable proteins. Proc. Natl. Acad. Sci. U.S.A. 102, 17565–17569.
doi:10.1073/pnas.0506010102

Holden, S. J., Uphoff, S., and Kapanidis, A. N. (2011). DAOSTORM: an algo-
rithm for high-density super-resolution microscopy. Nat. Methods 8, 279–280.
doi:10.1038/nmeth0411-279

Hotta, J. I., Fron, E., Dedecker, P., Janssen, K. P. F., Li, C., Mullen, K., et al. (2010).
Spectroscopic rationale for efficient stimulated-emission depletion microscopy
fluorophores. J. Am. Chem. Soc. 132, 5021–5023. doi:10.1021/ja100079w

Hoyer, P., Staudt, T., Engelhardt, J., and Hell, S. W. (2011). Quantum dot blue-
ing and blinking enables fluorescence nanoscopy. Nano Lett. 11, 245–250.
doi:10.1021/nl103639f

Hua, Y., Sinha, R., Thiel, C. S., Schmidt, R., Hueve, J., Martens, H., et al. (2011).
A readily retrievable pool of synaptic vesicles. Nat. Neurosci. 14, 833–839.
doi:10.1038/nn.2838

Huang, B., Babcock, H., and Zhuang, X. W. (2010). Breaking the diffraction barrier:
super-resolution imaging of cells. Cell 143, 1047–1058. doi:10.1016/j.cell.2010.
12.002

Huang, B., Bates, M., and Zhuang, X. W. (2009). Super-resolution fluorescence
microscopy. Annu. Rev. Biochem. 78, 993–1016. doi:10.1146/annurev.biochem.
77.061906.092014

Huang, B., Wang, W. Q., Bates, M., and Zhuang, X. W. (2008). Three-dimensional
super-resolution imaging by stochastic optical reconstruction microscopy. Sci-
ence 319, 810–813. doi:10.1126/science.1153529

Irie, M., Fukaminato, T., Sasaki, T., Tamai, N., and Kawai, T. (2002). Organic
chemistry: a digital fluorescent molecular photoswitch. Nature 420, 759–760.
doi:10.1038/420759a

Itano, M. S., Steinhauer, C., Schmied, J. J., Forthmann, C., Liu, P., Neumann, A. K.,
et al. (2012). Super-resolution imaging of C-Type lectin and influenza hemag-
glutinin nanodomains on plasma membranes using blink microscopy. Biophys.
J. 102, 1534–1542. doi:10.1016/j.bpj.2012.02.022

Johnson, T. W., Lapin, Z. J., Beams, R., Lindquist, N. C., Rodrigo, S. G., Novotny,
L., et al. (2012). Highly reproducible near-field optical imaging with sub-20-nm
resolution based on template-stripped gold pyramids. ACS Nano 6, 9168–9174.
doi:10.1021/nn303496g

Jones, S. A., Shim, S.-H., He, J., and Zhuang, X. (2011). Fast, three-dimensional
super-resolution imaging of live cells. Nat. Methods 8, 499–505. doi:10.1038/
nmeth.1605

Juette, M. F., Gould, T. J., Lessard, M. D., Mlodzianoski, M. J., Nagpure, B. S.,
Bennett, B. T., et al. (2008). Three-dimensional sub-100 nm resolution fluo-
rescence microscopy of thick samples. Nat. Methods 5, 527–529. doi:10.1038/
nmeth.1211

Jungmann, R., Steinhauer, C., Scheible, M., Kuzyk, A., Tinnefeld, P., and Simmel, F.
C. (2010). Single-molecule kinetics and super-resolution microscopy by fluores-
cence imaging of transient binding on DNA origami. Nano Lett. 10, 4756–4761.
doi:10.1021/nl103427w

Kanchanawong, P., Shtengel, G., Pasapera, A. M., Ramko, E. B., Davidson, M. W.,
Hess, H. F., et al. (2010). Nanoscale architecture of integrin-based cell adhesions.
Nature 468, 580–584. doi:10.1038/nature09621

Kazoe, Y., Mawatari, K., Sugii, Y., and Kitamori, T. (2011). Development of
a measurement technique for ion distribution in an extended nanochannel
by super-resolution-laser-induced fluorescence. Anal. Chem. 83, 8152–8157.
doi:10.1021/ac201654r

Kirstein, J., Platschek, B., Jung, C., Brown, R., Bein, T., and Brauchle, C. (2007).
Exploration of nanostructured channel systems with single-molecule probes.
Nat. Mater. 6, 303–310. doi:10.1038/nmat1861

Klar, T. A., Jakobs, S., Dyba, M., Egner, A., and Hell, S. W. (2000). Fluorescence
microscopy with diffraction resolution barrier broken by stimulated emission.
Proc. Natl. Acad. Sci. U.S.A. 97, 8206–8210. doi:10.1073/pnas.97.15.8206

Kolmakov, K., Wurm, C. A., Hennig, R., Rapp, E., Jakobs, S., Belov, V. N., et al.
(2012). Red-emitting rhodamines with hydroxylated, sulfonated, and phospho-
rylated dye residues and their use in fluorescence nanoscopy. Chemistry 18,
12986–12998. doi:10.1002/chem.201201168

Kukat, C., Wurm, C. A., Spahr, H., Falkenberg, M., Larsson, N.-G., and Jakobs,
S. (2011). Super-resolution microscopy reveals that mammalian mitochondrial
nucleoids have a uniform size and frequently contain a single copy of mtDNA.
Proc. Natl. Acad. Sci. U.S.A. 108, 13534–13539. doi:10.1073/pnas.1109263108

Kuo, C. K., and Hochstrasser, R. M. (2011). Super-resolution microscopy of lipid
bilayer phases. J. Am. Chem. Soc. 133, 4664–4667. doi:10.1021/ja1099193

Larkin, J. D., Papantonis, A., Cook, P. R., and Marenduzzo, D. (2013). Space explo-
ration by the promoter of a long human gene during one transcription cycle.
Nucleic Acids Res. 41, 2216–2227. doi:10.1093/nar/gks1441

Lee, H. L. D., Lord, S. J., Iwanaga, S., Zhan, K., Xie, H. X., Williams, J. C., et al. (2010).
Superresolution imaging of targeted proteins in fixed and living cells using

Frontiers in Bioengineering and Biotechnology | Nanobiotechnology June 2014 | Volume 2 | Article 20 | 10

http://dx.doi.org/10.1016/j.bpj.2011.07.049
http://dx.doi.org/10.1073/pnas.0406877102
http://dx.doi.org/10.1046/j.1365-2818.1999.00576.x
http://dx.doi.org/10.1073/pnas.0500489102
http://dx.doi.org/10.1073/pnas.0500489102
http://dx.doi.org/10.1039/b907882g
http://dx.doi.org/10.1039/b907882g
http://dx.doi.org/10.1039/c0cp01729a
http://dx.doi.org/10.1039/c0cp01729a
http://dx.doi.org/10.1371/journal.pone.0003944
http://dx.doi.org/10.1021/nl073164n
http://dx.doi.org/10.1021/ja044686x
http://dx.doi.org/10.1002/anie.200902073
http://dx.doi.org/10.1002/anie.200802376
http://dx.doi.org/10.1002/anie.200802376
http://dx.doi.org/10.1016/j.bpj.2009.09.053
http://dx.doi.org/10.1038/nphoton.2009.102
http://dx.doi.org/10.1364/josaa.19.001599
http://dx.doi.org/10.1016/0030-4018(92)90185-t
http://dx.doi.org/10.1038/nmeth.1291
http://dx.doi.org/10.1364/ol.19.000780
http://dx.doi.org/10.1038/nmeth.2599
http://dx.doi.org/10.1038/nmeth.2599
http://dx.doi.org/10.1529/biophysj.106.091116
http://dx.doi.org/10.1073/pnas.0708066104
http://dx.doi.org/10.1073/pnas.0506010102
http://dx.doi.org/10.1038/nmeth0411-279
http://dx.doi.org/10.1021/ja100079w
http://dx.doi.org/10.1021/nl103639f
http://dx.doi.org/10.1038/nn.2838
http://dx.doi.org/10.1016/j.cell.2010.12.002
http://dx.doi.org/10.1016/j.cell.2010.12.002
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1146/annurev.biochem.77.061906.092014
http://dx.doi.org/10.1126/science.1153529
http://dx.doi.org/10.1038/420759a
http://dx.doi.org/10.1016/j.bpj.2012.02.022
http://dx.doi.org/10.1021/nn303496g
http://dx.doi.org/10.1038/nmeth.1605
http://dx.doi.org/10.1038/nmeth.1605
http://dx.doi.org/10.1038/nmeth.1211
http://dx.doi.org/10.1038/nmeth.1211
http://dx.doi.org/10.1021/nl103427w
http://dx.doi.org/10.1038/nature09621
http://dx.doi.org/10.1021/ac201654r
http://dx.doi.org/10.1038/nmat1861
http://dx.doi.org/10.1073/pnas.97.15.8206
http://dx.doi.org/10.1002/chem.201201168
http://dx.doi.org/10.1073/pnas.1109263108
http://dx.doi.org/10.1021/ja1099193
http://dx.doi.org/10.1093/nar/gks1441
http://www.frontiersin.org/Nanobiotechnology
http://www.frontiersin.org/Nanobiotechnology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Habuchi Super-resolution structural and functional imaging

photoactivatable organic fluorophores. J. Am. Chem. Soc. 132, 15099–15101.
doi:10.1021/ja1044192

Lee, M. K., Williams, J., Twieg, R. J., Rao, J., and Moerner, W. E. (2013). Enzy-
matic activation of nitro-aryl fluorogens in live bacterial cells for enzymatic
turnover-activated localization microscopy. Chem. Sci. 4, 220–225. doi:10.1039/
c2sc21074f

Lee, S. F., Thompson, M. A., Schwartz, M. A., Shapiro, L., and Moerner, W. E. (2011).
Super-resolution imaging of the nucleoid-associated protein HU in Caulobacter
crescentus. Biophys. J. 100, L31–L33. doi:10.1016/j.bpj.2011.02.022

Lee, S.-H., Shin, J. Y., Lee, A., and Bustamante, C. (2012). Counting single pho-
toactivatable fluorescent molecules by photoactivated localization microscopy
(PALM). Proc. Natl. Acad. Sci. U.S.A. 109, 17436–17441. doi:10.1073/pnas.
1215175109

Lehmann, M., Rocha, S., Mangeat, B., Blanchet, F., Uji-i, H., Hofkens, J., et al. (2011).
Quantitative multicolor super-resolution microscopy reveals tetherin HIV-1
interaction. PLoS Pathog. 7(12):e1002456. doi:10.1371/journal.ppat.1002456

Lidke, K. A., Rieger, B., Jovin, T. M., and Heintzmann, R. (2005). Superresolu-
tion by localization of quantum dots using blinking statistics. Opt. Express 13,
7052–7062. doi:10.1364/opex.13.007052

Lin, C., Jungmann, R., Leifer, A. M., Li, C., Levner, D., Church, G. M., et al. (2012a).
Submicrometer geometrically encoded fluorescent barcodes self-assembled from
DNA. Nat. Chem. 4, 832–839. doi:10.1038/nchem.1451

Lin, H. Z., Centeno, S. P., Su, L., Kenens, B., Rocha, S., Sliwa, M., et al. (2012b).
Mapping of surface-enhanced fluorescence on metal nanoparticles using super-
resolution photoactivation localization microscopy. Chemphyschem 13, 973–981.
doi:10.1002/cphc.201100743

Liu, Z. W., Lee, H., Xiong, Y., Sun, C., and Zhang, X. (2007). Far-field optical
hyperlens magnifying sub-diffraction-limited objects. Science 315, 1686–1686.
doi:10.1126/science.1137368

Loeschberger, A., van de Linde, S., Dabauvalle, M.-C., Rieger, B., Heilemann, M.,
Krohne, G., et al. (2012). Super-resolution imaging visualizes the eightfold
symmetry of gp210 proteins around the nuclear pore complex and resolves
the central channel with nanometer resolution. J. Cell Sci. 125, 570–575.
doi:10.1242/jcs.098822

Lukinavicius, G., Umezawa, K., Olivier, N., Honigmann, A., Yang, G., Plass, T., et al.
(2013). A near-infrared fluorophore for live-cell super-resolution microscopy of
cellular proteins. Nat. Chem. 5, 132–139. doi:10.1038/nchem.1546

Malkusch, S., Muranyi,W., Mueller, B., Krausslich, H.-G., and Heilemann, M. (2013).
Single-molecule coordinate-based analysis of the morphology of HIV-1 assembly
sites with near-molecular spatial resolution. Histochem. Cell Biol. 139, 173–179.
doi:10.1007/s00418-012-1014-4

Manley, S., Gillette, J. M., Patterson, G. H., Shroff, H., Hess, H. F., Betzig, E., et al.
(2008). High-density mapping of single-molecule trajectories with photoacti-
vated localization microscopy. Nat. Methods 5, 155–157. doi:10.1038/nmeth.
1176

McEvoy, A. L., Hoi, H., Bates, M., Platonova, E., Cranfill, P. J., Baird, M. A., et al.
(2012). mMaple: a photoconvertible fluorescent protein for use in multiple imag-
ing modalities. PLoS ONE 7:e51314. doi:10.1371/journal.pone.0051314

McKinney, S. A., Murphy, C. S., Hazelwood, K. L., Davidson, M. W., and Looger, L.
L. (2009). A bright and photostable photoconvertible fluorescent protein. Nat.
Methods 6, 131–133. doi:10.1038/nmeth.1296

Moeyaert, B., Bich, N. N., De Zitter, E., Rocha, S., Clays, K., Mizuno, H., et al. (2014).
Green-to-red photoconvertible Dronpa mutant for multimodal super-resolution
fluorescence microscopy. ACS Nano 8, 1664–1673. doi:10.1021/nn4060144

Mortensen, K. I., Churchman, L. S., Spudich, J. A., and Flyvbjerg, H. (2010). Opti-
mized localization analysis for single-molecule tracking and super-resolution
microscopy. Nat. Methods 7, 377–381. doi:10.1038/nmeth.1447

Mueller,V., Ringemann, C., Honigmann,A., Schwarzmann, G., Medda, R., Leuteneg-
ger, M., et al. (2011). STED nanoscopy reveals molecular details of cholesterol-
and cytoskeleton-modulated lipid interactions in living cells. Biophys. J. 101,
1651–1660. doi:10.1016/j.bpj.2011.09.006

Nagerl, U. V., Willig, K. I., Hein, B., Hell, S. W., and Bonhoeffer, T. (2008). Live-cell
imaging of dendritic spines by STED microscopy. Proc. Natl. Acad. Sci. U.S.A.
105, 18982–18987. doi:10.1073/pnas.0810028105

Neely, R. K., Dedecker, P., Hotta, J. I., Urbanaviciute, G., Klimasauskas, S., and
Hofkens, J. (2010). DNA fluorocode: a single molecule, optical map of DNA
with nanometre resolution. Chem. Sci. 1, 453–460. doi:10.1039/c0sc00277a

Nienhaus, K., and Nienhaus, G. U. (2014). Fluorescent proteins for live-cell imaging
with super-resolution. Chem. Soc. Rev. 43, 1088–1106. doi:10.1039/c3cs60171d

Owen, D. M., Rentero, C., Rossy, J., Magenau, A., Williamson, D., Rodriguez, M.,
et al. (2010). PALM imaging and cluster analysis of protein heterogeneity at the
cell surface. J. Biophotonics 3, 446–454. doi:10.1002/jbio.200900089

Patterson, G., Davidson, M., Manley, S., and Lippincott-Schwartz, J. (2010). Super-
resolution imaging using single-molecule localization. Annu. Rev. Phys. Chem.
61, 345–367. doi:10.1146/annurev.physchem.012809.103444

Patterson, G. H. (2011). Highlights of the optical highlighter fluorescent proteins.
J. Microsc. 243, 1–7. doi:10.1111/j.1365-2818.2011.03505.x

Patterson, G. H., and Lippincott-Schwartz, J. (2002). A photoactivatable GFP
for selective photolabeling of proteins and cells. Science 297, 1873–1877.
doi:10.1126/science.1074952

Pavani, S. R. P., Thompson, M. A., Biteen, J. S., Lord, S. J., Liu, N., Twieg, R. J., et al.
(2009). Three-dimensional, single-molecule fluorescence imaging beyond the
diffraction limit by using a double-helix point spread function. Proc. Natl. Acad.
Sci. U.S.A. 106, 2995–2999. doi:10.1073/pnas.0900245106

Pertsinidis, A., Zhang, Y., and Chu, S. (2010). Subnanometre single-molecule
localization, registration and distance measurements. Nature 466, 647–651.
doi:10.1038/nature09163

Ptacin, J. L., Lee, S. F., Garner, E. C., Toro, E., Eckart, M., Comolli, L. R., et al. (2010). A
spindle-like apparatus guides bacterial chromosome segregation. Nat. Cell Biol.
12, 791–798. doi:10.1038/ncb2083

Rho, J., Ye, Z. L., Xiong, Y., Yin, X. B., Liu, Z. W., Choi, H., et al. (2010). Spherical
hyperlens for two-dimensional sub-diffractional imaging at visible frequencies.
Nat. Commun. 1, 143. doi:10.1038/ncomms1148

Ribeiro, S. A., Vagnarelli, P., Dong, Y., Hori, T., McEwen, B. F., Fukagawa, T., et al.
(2010). A super-resolution map of the vertebrate kinetochore. Proc. Natl. Acad.
Sci. U.S.A. 107, 10484–10489. doi:10.1073/pnas.1002325107

Rittweger, E., Han, K. Y., Irvine, S. E., Eggeling, C., and Hell, S. W. (2009). STED
microscopy reveals crystal colour centres with nanometric resolution. Nat. Pho-
tonics 3, 144–147. doi:10.1038/nphoton.2009.2

Roeffaers, M. B. J., De Cremer, G., Libeert, J., Ameloot, R., Dedecker, P., Bons, A.
J., et al. (2009). Super-resolution reactivity mapping of nanostructured catalyst
particles. Angew. Chem. Int. Ed. 48, 9285–9289. doi:10.1002/anie.200904944

Roeffaers, M. B. J., De Cremer, G., Uji-i, H., Muls, B., Sels, B. F., Jacobs, P. A., et al.
(2007). Single-molecule fluorescence spectroscopy in (bio)catalysis. Proc. Natl.
Acad. Sci. U.S.A. 104, 12603–12609. doi:10.1073/pnas.0610755104

Rossier, O., Octeau, V., Sibarita, J.-B., Leduc, C., Tessier, B., Nair, D., et al. (2012).
Integrins beta(1) and beta(3) exhibit distinct dynamic nanoscale organizations
inside focal adhesions. Nat. Cell Biol. 14, 1057–1067. doi:10.1038/ncb2588

Rust, M. J., Bates, M., and Zhuang, X. W. (2006). Sub-diffraction-limit imaging
by stochastic optical reconstruction microscopy (STORM). Nat. Methods 3,
793–795. doi:10.1038/nmeth929

Scarselli, M., Annibale, P., and Radenovic, A. (2012). Cell type-specific beta
2-adrenergic receptor clusters identified using photoactivated localization
microscopy are not lipid raft related, but depend on actin cytoskeleton integrity.
J. Biol. Chem. 287, 16768–16780. doi:10.1074/jbc.M111.329912

Schermelleh, L., Carlton, P. M., Haase, S., Shao, L., Winoto, L., Kner, P., et al. (2008).
Subdiffraction multicolor imaging of the nuclear periphery with 3D structured
illumination microscopy. Science 320, 1332–1336. doi:10.1126/science.1156947

Schermelleh, L., Heintzmann, R., and Leonhardt, H. (2010). A guide to super-
resolution fluorescence microscopy. J. Cell Biol. 190, 165–175. doi:10.1083/jcb.
201002018

Schill, H., Nizamov, S., Bottanelli, F., Bierwagen, J., Belov, V. N., and Hell, S. W.
(2013). 4-Trifluoromethyl-substituted coumarins with large stokes shifts: syn-
thesis, bioconjugates, and their use in super-resolution fluorescence microscopy.
Chemistry 19, 16556–16565. doi:10.1002/chem.201302037

Schmidt, R., Wurm, C. A., Jakobs, S., Engelhardt, J., Egner, A., and Hell, S. W. (2008).
Spherical nanosized focal spot unravels the interior of cells. Nat. Methods 5,
539–544. doi:10.1038/nmeth.1214

Schmidt, R., Wurm, C. A., Punge, A., Egner, A., Jakobs, S., and Hell, S. W. (2009).
Mitochondrial cristae revealed with focused light. Nano Lett. 9, 2508–2510.
doi:10.1021/nl901398t

Schwering, M., Kiel, A., Kurz, A., Lymperopoulos, K., Sproedefeld, A., Kraemer,
R., et al. (2011). Far-field nanoscopy with reversible chemical reactions. Angew.
Chem. Int. Ed. 50, 2940–2945. doi:10.1002/anie.201006013

www.frontiersin.org June 2014 | Volume 2 | Article 20 | 11

http://dx.doi.org/10.1021/ja1044192
http://dx.doi.org/10.1039/c2sc21074f
http://dx.doi.org/10.1039/c2sc21074f
http://dx.doi.org/10.1016/j.bpj.2011.02.022
http://dx.doi.org/10.1073/pnas.1215175109
http://dx.doi.org/10.1073/pnas.1215175109
http://dx.doi.org/10.1371/journal.ppat.1002456
http://dx.doi.org/10.1364/opex.13.007052
http://dx.doi.org/10.1038/nchem.1451
http://dx.doi.org/10.1002/cphc.201100743
http://dx.doi.org/10.1126/science.1137368
http://dx.doi.org/10.1242/jcs.098822
http://dx.doi.org/10.1038/nchem.1546
http://dx.doi.org/10.1007/s00418-012-1014-4
http://dx.doi.org/10.1038/nmeth.1176
http://dx.doi.org/10.1038/nmeth.1176
http://dx.doi.org/10.1371/journal.pone.0051314
http://dx.doi.org/10.1038/nmeth.1296
http://dx.doi.org/10.1021/nn4060144
http://dx.doi.org/10.1038/nmeth.1447
http://dx.doi.org/10.1016/j.bpj.2011.09.006
http://dx.doi.org/10.1073/pnas.0810028105
http://dx.doi.org/10.1039/c0sc00277a
http://dx.doi.org/10.1039/c3cs60171d
http://dx.doi.org/10.1002/jbio.200900089
http://dx.doi.org/10.1146/annurev.physchem.012809.103444
http://dx.doi.org/10.1111/j.1365-2818.2011.03505.x
http://dx.doi.org/10.1126/science.1074952
http://dx.doi.org/10.1073/pnas.0900245106
http://dx.doi.org/10.1038/nature09163
http://dx.doi.org/10.1038/ncb2083
http://dx.doi.org/10.1038/ncomms1148
http://dx.doi.org/10.1073/pnas.1002325107
http://dx.doi.org/10.1038/nphoton.2009.2
http://dx.doi.org/10.1002/anie.200904944
http://dx.doi.org/10.1073/pnas.0610755104
http://dx.doi.org/10.1038/ncb2588
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1074/jbc.M111.329912
http://dx.doi.org/10.1126/science.1156947
http://dx.doi.org/10.1083/jcb.201002018
http://dx.doi.org/10.1083/jcb.201002018
http://dx.doi.org/10.1002/chem.201302037
http://dx.doi.org/10.1038/nmeth.1214
http://dx.doi.org/10.1021/nl901398t
http://dx.doi.org/10.1002/anie.201006013
http://www.frontiersin.org
http://www.frontiersin.org/Nanobiotechnology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Habuchi Super-resolution structural and functional imaging

Sengupta, P., Jovanovic-Talisman, T., Skoko, D., Renz, M., Veatch, S. L., and
Lippincott-Schwartz, J. (2011). Probing protein heterogeneity in the plasma
membrane using PALM and pair correlation analysis. Nat. Methods 8, 969–975.
doi:10.1038/nmeth.1704

Shao, L., Kner, P., Rego, E. H., and Gustafsson, M. G. L. (2011). Super-resolution
3D microscopy of live whole cells using structured illumination. Nat. Methods
8, 1044–1046. doi:10.1038/nmeth.1734

Sharonov, A., and Hochstrasser, R. M. (2006). Wide-field subdiffraction imaging
by accumulated binding of diffusing probes. Proc. Natl. Acad. Sci. U.S.A. 103,
18911–18916. doi:10.1073/pnas.0609643104

Shim,S.-H.,Xia,C.,Zhong,G.,Babcock,H. P.,Vaughan, J. C.,Huang,B., et al. (2012).
Super-resolution fluorescence imaging of organelles in live cells with photo-
switchable membrane probes. Proc. Natl. Acad. Sci. U.S.A. 109, 13978–13983.
doi:10.1073/pnas.1201882109

Shtengel, G., Galbraith, J. A., Galbraith, C. G., Lippincott-Schwartz, J., Gillette, J. M.,
Manley,S., et al. (2009). Interferometric fluorescent super-resolution microscopy
resolves 3D cellular ultrastructure. Proc. Natl. Acad. Sci. U.S.A. 106, 3125–3130.
doi:10.1073/pnas.0813131106

Sieber, J. J., Willig, K. I., Kutzner, C., Gerding-Reimers, C., Harke, B., Donnert, G.,
et al. (2007). Anatomy and dynamics of a supramolecular membrane protein
cluster. Science 317, 1072–1076. doi:10.1126/science.1141727

Simonson, P. D., Rothenberg, E., and Selvin, P. R. (2011). Single-molecule-based
super-resolution images in the presence of multiple fluorophores. Nano Lett. 11,
5090–5096. doi:10.1021/nl203560r

Smith, C. S., Joseph, N., Rieger, B., and Lidke, K. A. (2010). Fast, single-molecule
localization that achieves theoretically minimum uncertainty. Nat. Methods 7,
373–375. doi:10.1038/nmeth.1449

Stagge, F., Mitronova, G. Y., Belov, V. N., Wurm, C. A., and Jakobs, S. (2013).
Snap-, CLIP- and Halo-tag labelling of budding yeast cells. PLoS ONE 8:e78745.
doi:10.1371/journal.pone.0078745

Steinhauer, C., Forthmann, C., Vogelsang, J., and Tinnefeld, P. (2008). Superresolu-
tion microscopy on the basis of engineered dark states. J. Am. Chem. Soc. 130,
16840–16841. doi:10.1021/ja806590m

Stiel, A. C., Andresen, M., Bock, H., Hilbert, M., Schilde, J., Schonle, A., et al. (2008).
Generation of monomeric reversibly switchable red fluorescent proteins for far-
field fluorescence nanoscopy. Biophys. J. 95, 2989–2997. doi:10.1529/biophysj.
108.130146

Stoehr, R. J., Kolesov, R., Xia, K., Reuter, R., Meijer, J., Logvenov, G., et al. (2012).
Super-resolution fluorescence quenching microscopy of graphene. ACS Nano 6,
9175–9181. doi:10.1021/nn303510p

Subach, F. V., Patterson, G. H., Manley, S., Gillette, J. M., Lippincott-Schwartz, J.,
and Verkhusha, V. V. (2009). Photoactivatable mCherry for high-resolution two-
color fluorescence microscopy. Nat. Methods 6, 153–159. doi:10.1038/nmeth.
1298

Subach, F. V., Patterson, G. H., Renz, M., Lippincott-Schwartz, J., and Verkhusha, V.
V. (2010). Bright monomeric photoactivatable red fluorescent protein for two-
color super-resolution sptPALM of live cells. J. Am. Chem. Soc. 132, 6481–6491.
doi:10.1021/ja100906g

Subach, O. M., Patterson, G. H., Ting, L. M., Wang, Y. R., Condeelis, J. S., and
Verkhusha, V. V. (2011). A photoswitchable orange-to-far-red fluorescent pro-
tein, PSmOrange. Nat. Methods 8, 771–777. doi:10.1038/nmeth.1664

Szymborska, A., de Marco, A., Daigle, N., Cordes, V. C., Briggs, J. A. G., and Ellen-
berg, J. (2013). Nuclear pore scaffold structure analyzed by super-resolution
microscopy and particle averaging. Science 341, 655–658. doi:10.1126/science.
1240672

Tachikawa, T., Yonezawa, T., and Majima, T. (2013). Super-resolution mapping
of reactive sites on titania-based nanoparticles with water-soluble fluorogenic
probes. ACS Nano 7, 263–275. doi:10.1021/nn303964v

Thompson, R. E., Larson, D. R., and Webb, W. W. (2002). Precise nanometer local-
ization analysis for individual fluorescent probes. Biophys. J. 82, 2775–2783.
doi:10.1016/S0006-3495(02)75618-X

Tian, Z. Y., Li, A. D. Q., and Hu, D. H. (2011). Super-resolution fluorescence
nanoscopy applied to imaging core-shell photoswitching nanoparticles
and their self-assemblies. Chem. Commun. 47, 1258–1260. doi:10.1039/
c0cc03217d

Ullal, C. K., Schmidt, R., Hell, S. W., and Egner, A. (2009). Block copolymer nanos-
tructures mapped by far-field optics. Nano Lett. 9, 2497–2500. doi:10.1021/
nl901378e

Uphoff, S., Reyes-Lamothe, R., de Leon, F. G., Sherratt, D. J., and Kapanidis, A. N.
(2013). Single-molecule DNA repair in live bacteria. Proc. Natl. Acad. Sci. U.S.A.
110, 8063–8068. doi:10.1073/pnas.1301804110

Vacha, M., and Habuchi, S. (2010). Conformation and physics of polymer chains: a
single molecule perspective. NPG Asia Mater. 2, 134–142. doi:10.1038/asiamat.
2010.135

van de Linde, S., Wolter, S., Heilemann, M., and Sauer, M. (2010). The effect of
photoswitching kinetics and labeling densities on super-resolution fluorescence
imaging. J. Biotechnol. 149, 260–266. doi:10.1016/j.jbiotec.2010.02.010

van den Bogaart, G., Meyenberg, K., Risselada, H. J., Amin, H., Willig, K. I., Hubrich,
B. E., et al. (2011). Membrane protein sequestering by ionic protein-lipid inter-
actions. Nature 479, 552–555. doi:10.1038/nature10545

van Oijen, A. M., Kohler, J., Schmidt, J., Muller, M., and Brakenhoff, G. J. (1998). 3-
Dimensional super-resolution by spectrally selective imaging. Chem. Phys. Lett.
292, 183–187. doi:10.1016/s0009-2614(98)00673-3

Vaughan, J. C., Jia, S., and Zhuang, X. (2012). Ultrabright photoactivatable fluo-
rophores created by reductive caging. Nat. Methods 9, 1181–1184. doi:10.1038/
nmeth.2214

Veatch, S. L., Machta, B. B., Shelby, S. A., Chiang, E. N., Holowka, D. A., and
Baird, B. A. (2012). Correlation functions quantify super-resolution images
and estimate apparent clustering due to over-counting. PLoS ONE 7:e31457.
doi:10.1371/journal.pone.0031457

Vicidomini, G., Moneron, G., Han, K. Y., Westphal,V., Ta, H., Reuss, M., et al. (2011).
Sharper low-power STED nanoscopy by time gating. Nat. Methods 8, 571–573.
doi:10.1038/nmeth.1624

Vogelsang, J., Cordes, T., Forthmann, C., Steinhauer, C., and Tinnefeld, P. (2009).
Controlling the fluorescence of ordinary oxazine dyes for single-molecule switch-
ing and superresolution microscopy. Proc. Natl. Acad. Sci. U.S.A. 106, 8107–8112.
doi:10.1073/pnas.0811875106

Wang, P., Slipchenko, M. N., Mitchell, J.,Yang, C., Potma, E. O., Xu, X. F., et al. (2013).
Far-field imaging of non-fluorescent species with subdiffraction resolution. Nat.
Photonics 7, 450–454. doi:10.1038/nphoton.2013.97

Wang, W. Q., Li, G. W., Chen, C. Y., Xie, X. S., and Zhuang, X. W. (2011). Chromo-
some organization by a nucleoid-associated protein in live bacteria. Science 333,
1445–1449. doi:10.1126/science.1204697

Watanabe, T. M., Fukui, S., Jin, T., Fujii, F., and Yanagida, T. (2010). Real-time
nanoscopy by using blinking enhanced quantum dots. Biophys. J. 99, L50–L52.
doi:10.1016/j.bpj.2010.07.036

Weber, M. L., Litz, J. P., Masiello, D. J., and Willets, K. A. (2012). Super-resolution
imaging reveals a difference between SERS and luminescence centroids. ACS
Nano 6, 1839–1848. doi:10.1021/nn205080q

Wei, L., Liu, C., Chen, B., Zhou, P., Li, H. C., Xiao, L. H., et al. (2013). Probing
single-molecule fluorescence spectral modulation within individual hotspots
with subdiffraction-limit image resolution. Anal. Chem. 85, 3789–3793. doi:10.
1021/ac400240v

Westphal, V., Rizzoli, S. O., Lauterbach, M. A., Kamin, D., Jahn, R., and Hell, S. W.
(2008). Video-rate far-field optical nanoscopy dissects synaptic vesicle move-
ment. Science 320, 246–249. doi:10.1126/science.1154228

Wiedenmann, J., Ivanchenko, S., Oswald, F., Schmitt, F., Rocker, C., Salih, A.,
et al. (2004). EosFP, a fluorescent marker protein with UV-inducible green-
to-red fluorescence conversion. Proc. Natl. Acad. Sci. U.S.A. 101, 15905–15910.
doi:10.1073/pnas.0403668101

Willig, K. I., Rizzoli, S. O., Westphal, V., Jahn, R., and Hell, S. W. (2006). STED
microscopy reveals that synaptotagmin remains clustered after synaptic vesicle
exocytosis. Nature 440, 935–939. doi:10.1038/nature04592

Wilmes, S., Staufenbiel, M., Lisse, D., Richter, C. P., Beutel, O., Busch, K. B., et al.
(2012). Triple-color super-resolution imaging of live cells: resolving submicro-
scopic receptor organization in the plasma membrane. Angew. Chem. Int. Ed. 51,
4868–4871. doi:10.1002/anie.201200853

Wolter, S., Loeschberger,A., Holm, T.,Aufmkolk, S., Dabauvalle, M.-C., van de Linde,
S., et al. (2012). rapidSTORM: accurate, fast open-source software for localiza-
tion microscopy. Nat. Methods 9, 1040–1041. doi:10.1038/nmeth.2224

Wolter, S., Schuttpelz, M., Tscherepanow, M., Van de Linde, S., Heilemann, M., and
Sauer, M. (2010). Real-time computation of subdiffraction-resolution fluores-
cence images. J. Microsc. 237, 12–22. doi:10.1111/j.1365-2818.2009.03287.x

Wombacher, R., Heidbreder, M., van de Linde, S., Sheetz, M. P., Heilemann, M., Cor-
nish, V. W., et al. (2010). Live-cell super-resolution imaging with trimethoprim
conjugates. Nat. Methods 7, 717–719. doi:10.1038/nmeth.1489

Frontiers in Bioengineering and Biotechnology | Nanobiotechnology June 2014 | Volume 2 | Article 20 | 12

http://dx.doi.org/10.1038/nmeth.1704
http://dx.doi.org/10.1038/nmeth.1734
http://dx.doi.org/10.1073/pnas.0609643104
http://dx.doi.org/10.1073/pnas.1201882109
http://dx.doi.org/10.1073/pnas.0813131106
http://dx.doi.org/10.1126/science.1141727
http://dx.doi.org/10.1021/nl203560r
http://dx.doi.org/10.1038/nmeth.1449
http://dx.doi.org/10.1371/journal.pone.0078745
http://dx.doi.org/10.1021/ja806590m
http://dx.doi.org/10.1529/biophysj.108.130146
http://dx.doi.org/10.1529/biophysj.108.130146
http://dx.doi.org/10.1021/nn303510p
http://dx.doi.org/10.1038/nmeth.1298
http://dx.doi.org/10.1038/nmeth.1298
http://dx.doi.org/10.1021/ja100906g
http://dx.doi.org/10.1038/nmeth.1664
http://dx.doi.org/10.1126/science.1240672
http://dx.doi.org/10.1126/science.1240672
http://dx.doi.org/10.1021/nn303964v
http://dx.doi.org/10.1016/S0006-3495(02)75618-X
http://dx.doi.org/10.1039/c0cc03217d
http://dx.doi.org/10.1039/c0cc03217d
http://dx.doi.org/10.1021/nl901378e
http://dx.doi.org/10.1021/nl901378e
http://dx.doi.org/10.1073/pnas.1301804110
http://dx.doi.org/10.1038/asiamat.2010.135
http://dx.doi.org/10.1038/asiamat.2010.135
http://dx.doi.org/10.1016/j.jbiotec.2010.02.010
http://dx.doi.org/10.1038/nature10545
http://dx.doi.org/10.1016/s0009-2614(98)00673-3
http://dx.doi.org/10.1038/nmeth.2214
http://dx.doi.org/10.1038/nmeth.2214
http://dx.doi.org/10.1371/journal.pone.0031457
http://dx.doi.org/10.1038/nmeth.1624
http://dx.doi.org/10.1073/pnas.0811875106
http://dx.doi.org/10.1038/nphoton.2013.97
http://dx.doi.org/10.1126/science.1204697
http://dx.doi.org/10.1016/j.bpj.2010.07.036
http://dx.doi.org/10.1021/nn205080q
http://dx.doi.org/10.1021/ac400240v
http://dx.doi.org/10.1021/ac400240v
http://dx.doi.org/10.1126/science.1154228
http://dx.doi.org/10.1073/pnas.0403668101
http://dx.doi.org/10.1038/nature04592
http://dx.doi.org/10.1002/anie.201200853
http://dx.doi.org/10.1038/nmeth.2224
http://dx.doi.org/10.1111/j.1365-2818.2009.03287.x
http://dx.doi.org/10.1038/nmeth.1489
http://www.frontiersin.org/Nanobiotechnology
http://www.frontiersin.org/Nanobiotechnology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Habuchi Super-resolution structural and functional imaging

Wurm, C. A., Neumann, D., Lauterbach, M. A., Harke, B., Egner, A., Hell, S. W.,
et al. (2011). Nanoscale distribution of mitochondrial import receptor Tom20
is adjusted to cellular conditions and exhibits an inner-cellular gradient. Proc.
Natl. Acad. Sci. U.S.A. 108, 13546–13551. doi:10.1073/pnas.1107553108

Xu, K., Zhong, G., and Zhuang, X. (2013). Actin, spectrin, and associated pro-
teins form a periodic cytoskeletal structure in axons. Science 339, 452–456.
doi:10.1126/science.1232251

Xu, W. L., Shen, H., Kim, Y. J., Zhou, X. C., Liu, G. K., Park, J., et al. (2009).
Single-molecule electrocatalysis by single-walled carbon nanotubes. Nano Lett.
9, 3968–3973. doi:10.1021/nl900988f

Yabiku, Y., Kubo, S., Nakagawa, M., Vacha, M., and Habuchi, S. (2013). Super-
resolution fluorescence imaging of nanoimprinted polymer patterns by selective
fluorophore adsorption combined with redox switching. AIP Adv. 3, 102128.
doi:10.1063/1.4827155

Yildiz, A., Forkey, J. N., McKinney, S. A., Ha, T., Goldman, Y. E., and Selvin, P. R.
(2003). Myosin V walks hand-over-hand: single fluorophore imaging with 1.5-
nm localization. Science 300, 2061–2065. doi:10.1126/science.1084398

York, A. G., Chandris, P., Nogare, D. D., Head, J., Wawrzusin, P., Fischer, R. S., et al.
(2013). Instant super-resolution imaging in live cells and embryos via analog
image processing. Nat. Methods 10, 1122–1126. doi:10.1038/nmeth.2687

York, A. G., Ghitani, A., Vaziri, A., Davidson, M. W., and Shroff, H.
(2011). Confined activation and subdiffractive localization enables whole-cell
PALM with genetically expressed probes. Nat. Methods 8, 327–333. doi:10.1038/
nmeth.1571

Zanacchi, F. C., Lavagnino, Z., Donnorso, M. P., Del Bue, A., Furia, L., Faretta, M.,
et al. (2011). Live-cell 3D super-resolution imaging in thick biological samples.
Nat. Methods 8, 1047–1049. doi:10.1038/nmeth.1744

Zhou, X., Andoy, N. M., Liu, G., Choudhary, E., Han, K.-S., Shen, H., et al. (2012).
Quantitative super-resolution imaging uncovers reactivity patterns on single
nanocatalysts. Nat. Nanotechnol. 7, 237–241. doi:10.1038/nnano.2012.18

Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 15 April 2014; paper pending published: 11 May 2014; accepted: 30 May
2014; published online: 12 June 2014.
Citation: Habuchi S (2014) Super-resolution molecular and functional imaging of
nanoscale architectures in life and materials science. Front. Bioeng. Biotechnol. 2:20.
doi: 10.3389/fbioe.2014.00020
This article was submitted to Nanobiotechnology, a section of the journal Frontiers in
Bioengineering and Biotechnology.
Copyright © 2014 Habuchi. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org June 2014 | Volume 2 | Article 20 | 13

http://dx.doi.org/10.1073/pnas.1107553108
http://dx.doi.org/10.1126/science.1232251
http://dx.doi.org/10.1021/nl900988f
http://dx.doi.org/10.1063/1.4827155
http://dx.doi.org/10.1126/science.1084398
http://dx.doi.org/10.1038/nmeth.2687
http://dx.doi.org/10.1038/nmeth.1571
http://dx.doi.org/10.1038/nmeth.1571
http://dx.doi.org/10.1038/nmeth.1744
http://dx.doi.org/10.1038/nnano.2012.18
http://dx.doi.org/10.3389/fbioe.2014.00020
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Nanobiotechnology/archive

	Super-resolution molecular and functional imaging of nanoscale architectures in life and materials science
	Introduction
	Principles of super-Resolution fluorescence microscopy
	Diffraction limit and super-resolution
	STED microscopy and related techniques
	(S)SIM
	Localization microscopy

	Fluorescent probes and labeling techniques for super-resolution microscopy
	Nanoscale structural imaging
	Life science
	Materials science

	Nanoscale quantitative molecular imaging
	Super-resolution functional imaging
	Catalytic reactions
	Optical properties
	Nanoscale fluid dynamics

	Conclusion and Outlook
	Acknowledgments
	References


