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Abstract
In this review, we introduce the principles of spatial resolution improvement in superresolution microscopies that were recently developed. These super-resolution techniques
utilize the interaction of light and ﬂuorescent probes in order to break the diffraction
barrier that limits spatial resolution. The imaging property of each super-resolution technique is also compared with the corresponding conventional one. Typical applications of
the super-resolution techniques in biological research are also introduced.
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Introduction
Optical microscopy has played a key role in biological and
medical ﬁelds since optical microscopy allows us to image
and investigate microorganisms, cells, tissues and organs in
living conditions. With the aid of suitable ﬂuorescent
probes, microscopic images provide not only the structural
information of the samples, but also a variety of information from the cellular environment, such as ion concentrations, membrane potential and signaling molecules. The
non-invasiveness and the range of available imaging modalities have attracted researchers in biology, medicine and
related research ﬁelds.
Although optical microscopy provides many different
approaches to visualize various aspects of biological structures and activities, the spatial resolution of classical optical
microscopes has been limited to approximately half the
wavelength of the light used to probe the sample. The limitation in the spatial resolution stems from the wave nature
of light and diffraction. Since the light propagates as an electromagnetic wave, it cannot be focused to an area smaller
than the half of the light wavelength, as shown in Fig. 1,
which directly determines the size of resolvable sample

structures. Due to the limitation on spatial resolution,
referred to as ‘the diffraction limit’, biological interactions
in the submicron scale environment were largely conjectured without imaging evidence.
In this review, we introduce the recent development of
optical microscopy that has achieved spatial resolution
beyond the diffraction limit. Intuitively, many biological
events take place in a region smaller than the diffraction
limit. These super-resolution microscopy techniques allow
visualization to elucidate biological functions and phenomena, which in reality occur as an ensemble of biological
events starting from the molecular scale. In the new microscopy concepts developed to achieve spatial resolution beyond
the diffraction barrier, the key point is to exploit photoswitching of ﬂuorescent probes or a non-linear response in
the ﬂuorescence emission. The primary way to realize such
phenomena is the use of stimulated emission, photoactivation, cis–trans isomerization, triplet pumping and saturated
excitation (SAX) (Table 1). So far, nearly all of the superresolution microscopy implementations utilize the excitation
and emission properties of ﬂuorescent probes to break the
diffraction barrier. Therefore, the current super-resolution
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Fig. 1. Light distribution for focused light.

Image formation in ﬂuorescence microscopy
There are two types of ﬂuorescence microscopy that are
widespread in current experimental research. One is the
‘wide-ﬁeld’ implementation and the other is laser scanning
microscopy. These two techniques have different optical
conﬁgurations and the mechanism of image construction is
different; however, the spatial resolution limits are similar
for both.
Figure 2a shows the image formation in wide-ﬁeld ﬂuorescence microscopy. The optical systems shown in Fig. 2 are
schematic, but sufﬁcient to show the limitation in the spatial
resolution. In wide-ﬁeld ﬂuorescence microscopy, a sample
is illuminated with light distributed uniformly across the
ﬁeld of view. Fluorescent probes, such as ﬂuorescent molecules or quantum dots, are excited by the illumination light
and ﬂuorescence is emitted from each probe as it transitions
to the ground state. Fluorescence is collected by an objective
lens, and each ﬂuorescent probe is imaged onto a detector,
which is usually based on camera sensor elements such as
CCD or CMOS, where it forms a ﬂuorescence spot. Due to

the wave nature of light, the size of the ﬂuorescence spot
cannot be smaller than the diffraction limit and the image of
ﬂuorescent probes is blurred and individual probe spots
overlap and cannot be resolved. This overlap of ﬂuorescence
spots then limits the resolvable size of the sample structure
(or distribution of ﬂuorescent probes) in wide-ﬁeld ﬂuorescence microscopy.
The image formation mechanism in laser scanning
microscopy is slightly different from that of wide-ﬁeld
microscopy, but the limitation of the spatial resolution
again arises from the wave nature. As shown in Fig. 2b,
ﬂuorescence molecules in a sample are excited by a laser
focus. Fluorescence from the molecules is detected by a
photodetector, and the laser focus is scanned over the
sample to measure the ﬂuorescence intensity at each position
in the sample. A ﬂuorescence image is then constructed as a
spatial distribution of ﬂuorescence signals detected at each
point in the scan. The spatial resolution is restricted by the
size of the excitation focus, and due to the wave nature of
light, the spot size is limited to the half of the excitation
wavelength. Therefore, multiple probes within the excitation spot cannot be separated by the laser scanning system.
In confocal microscopy, the size of ﬂuorescence spot at the
pinhole, which is determined by wavelength of the ﬂuorescence, also affects to the spatial resolution.
In both imaging systems, the spatial resolution is deﬁned
as the distance between two small ﬂuorescence emitters that
can be separately resolved. Since the image formation
mechanisms are different in wide-ﬁeld and laser scanning
microscopies, the approaches to achieve spatial resolution
beyond the diffraction limit are different for different
microscopy implementations, as we demonstrate in the following sections.

Localization microscopy
As shown in Fig. 2a, the main reason for the limitation of
spatial resolution in wide-ﬁeld microscopy is the overlap of
the ﬂuorescence spots on the camera. This is inevitable
when we try to record the ﬂuorescence from each probe at
the same time (Fig. 3a). However, what if we were to stop
doing this and instead try to image ﬂuorescent probes one
by one? This is actually the main approach to realize superresolution in wide-ﬁeld microscopy.
It is difﬁcult to separate ﬂuorescent probes once they are
imaged and overlapped since the overlap of many ﬂuorescence spots cannot be unmixed. However, if only one ﬂuorescent probe is imaged at a time, the position of the
ﬂuorescent probe can be isolated to a region much smaller
than the ﬂuorescence spot. Indeed, it can actually be determined with nanometer-scale accuracy [1]. As shown in
Fig. 3b, the ﬂuorescent molecules should be located at the
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microscopes primarily target ﬂuorescence-labeled samples.
However, since ﬂuorescence labeling is often a key element in
biological imaging, the requirement of labeling for superresolution is not a signiﬁcant disadvantage.
In the latter sections, we describe the concept and properties of the super-resolution microscopes. We start from
introducing the basics of image formation in optical microscopy to clarify the physics-based limitations on the spatial
resolution, which helps readers to understand the concept of
the super-resolution techniques. After this introduction, we
describe the principles of several types of super-resolution
microscopes and their imaging properties and applications.
At the end of the article, we also discuss perspectives about
the future development of super-resolution microscopes and
related techniques. Since most super-resolution microscopes
are developed for observation of ﬂuorescent samples, we
limit the description below to within the modality of ﬂuorescence imaging.
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Table 1. Super-resolution ﬂuorescence microscopy
Name

PALM/FPALM/STORM/GSDIM

Key element to achieve
super-resolution

Photoactivation, cis–trans
Structured
isomerization, triplet pumping, etc.
illumination + saturated
excitation
Wide-ﬁeld
Wide-ﬁeld
1–2
1

Microscope type
The number of required
excitation light wavelengths
Spatial resolution
Lateral
10–30 nm
Axial
10–75 nm
Using opposing lenses, optical
astigmatism, dual focus imaging
or double-helical PSF
Z-stack range
Few hundreds nm–few µm
Frame rate
s–min
Applicable ﬂuorescent probe
Photoswitchable ﬂuorescent
proteins/molecules
Photodamage
Low–moderate
Low

Required post-image processing Yes

SIM

STED

RESOLFT

SAX

Structured
illumination

Stimulated emission

Photoactivation, cis–trans
isomerization

Saturated
excitation

Wide-ﬁeld
1

Laser scanning
2

Laser scanning
2

Laser scanning
1

∼50 nm
Not reported

100–130 nm
∼300 nm

40–80 nm
Not reported

∼120 nm
∼300 nm

Not reported
s–min
Any if photostable
High

∼Few µm
ms–s
Any if
photostable
Moderate

20–70 nm
40–150 nm
Using two opposing
lenses or z-phase
mask
∼20 µm
ms–s
Any if photostable
Moderate–high

Not reported
s–min
Photoswitchable
ﬂuorescent proteins
Low

High

Moderate–high

Moderate–high

Moderate

Yes

Yes

No

No

30–50 µm
s–min
Any if
photostable
Moderate–
high
Moderate–
high
No
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Fig. 3. (a) Fluorescence image obtained by conventional wide-ﬁeld microscopy. All probes are imaged at a time and overlapped. (b)
Distribution of ﬂuorescent probes in a sample. (c) Image recording and construction in localization microscopy.

center of the ﬂuorescence spot, and the position is determined by ﬁtting a 2D Gaussian proﬁle to the image or by
centroid calculation [2]. Performing this single molecule
localization for all ﬂuorescent molecules in a sample provides a highly accurate map of the positions of ﬂuorescent
molecules in the sample, which is actually the ﬂuorescence
image with high resolution that we aim to obtain.
The issue in performing this localization approach is
how to separate the emission of each molecule in a sample.
In the proposed techniques, photoswitchable ﬂuorescent
probes are used to realize the concept. Photoswitchable

ﬂuorescent probes change their emission wavelength or
alternatively change the properties of light absorption or
emission by light irradiation of a particular wavelength.
Those probes can be turned ‘off’ so that they cannot be
detected by the camera and can also be turned ‘on’ when we
need to image them. To perform super-resolution imaging,
a sample is stained with photoswitchable probes and they
are turned ‘off’ initially. With weak irradiation of
turning-‘on’ light to the sample, only a limited number of
ﬂuorescent probes are turned ‘on’ to be imaged by a conventional wide-ﬁeld microscope, and then turned ‘off’ again for
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Fig. 2. Image formation in (a) wide-ﬁeld and (b) laser scanning ﬂuorescence
microscopy.
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Fig. 4. Fluorescence images of mitochondria (magenta) and microtubules
(green) observed by (a) conventional wide-ﬁeld microscopy and (b)
STORM. Scale bar = 3 µm. Reprinted by permission from Macmillan
Publishers Ltd: Nat. Methods (doi:10.1038/nmeth.1274).

does not require switching light sources for control of the
probe state, so a simple wide-ﬁeld ﬂuorescence microscope
equipped with a high power excitation source can realize
super-resolution imaging. This switching-free approach has
also been demonstrated by using ﬂuorophores where the lifetime of the non-ﬂuorescent state was lengthened by reduction
in the triplet state to a radical anion [11]. The shift of the emission spectrum of quantum dots has also been utilized to
control the ‘off’ time, allowing the use of bright emission from
quantum dots for improving the localization accuracy [12].
The spatial resolution of localization microscopy is determined by the precision of the localization. In 2D Gaussian
ﬁtting, the precision is given as σ/√N, where σ is the standard deviation of the single probe measurement, which corresponds to the point spread function of the optics (PSF), and
N is the number of photons. Assuming a Gaussian distribution, the spatial resolution is given as 2.35 × the localization
precision (FWHM of the Gaussian). The spatial resolution
can be improved by increasing the number of photons
detected from each probe and is no longer limited by the diffraction. A spatial resolution of 6 nm was demonstrated by
using bright photoactivatable dyes created by reductive
caging in STORM [13]. However, some research groups
reported that the precision of the localization is affected by
the molecular orientation and the rotation motility of ﬂuorescent probes [14, 15]. The position-dependent aberration
also can cause artifacts in the image [16]. These issues
would be the next barrier to achieve the ultimate spatial
resolution using the localization approach.
The localization can also be performed in three dimensions (3D). For 3D localization imaging, the imaging optics
has to be modiﬁed to obtain the information of axial displacement of ﬂuorescent probes. 3D-STORM inserts a
cylindrical lens between the objective and tube lens to introduce astigmatism in the imaging system. The z position of
the probe can then be measured as elliptical deformation of
the ﬂuorescence spot on a camera [17]. The dual-focus
imaging technique with a single objective lens and a camera
has also been used for 3D localization imaging [18]. It is
also possible to use a double helical point spread function to
encode the z position, which grants a wider axial range of
localization than the astigmatism and dual-focus methods
[19, 20]. The use of two opposing objective lenses for more
accurate z-position measurement has also been introduced
in different implementations [21–23].
Since localization microscopy requires multiple single
molecule images for constructing a super-resolution image,
its temporal resolution is typically low. The number of
frames required to image construction increases with an
increase in the number of probes in a ﬁeld of view. A
straightforward way to improve the temporal resolution is
the increase in the frame rate of image acquisition. By using
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the measurement of other probes. After recording the multiple images, each containing emission from only a fraction
of the ﬂuorescent probes, the data are processed and combined to construct a super-resolution image.
These localization-based super-resolution techniques
were introduced by three different groups in 2006. These
microscopes are termed photoactivation localization
microscopy (PALM) [3], ﬂuorescence photoactivation localization microscopy (FPALM) [4] and stochastic optical
reconstruction microscopy (STORM) [5]. PALM and
FPALM demonstrated the concept by using a photoactivatable ﬂuorescent protein, PA-FP. STORM was demonstrated
using a pair of synthetic dyes, such as Cy3–Cy5, that exhibits a switching property when the ﬂuorophores are closely
located [6]. In the three named implementations mentioned
above, although the ﬂuorescent probes and the technical
details are different, the principle for constructing a superresolution image is the same. Therefore, these techniques
can be categorized as ‘localization microscopy’ from the
concept of image construction. Figure 4 shows a comparison of ﬂuorescence images of mitochondria (magenta) and
microtubules (green) observed by (Fig. 4a) conventional
wide-ﬁeld microscopy and (Fig. 4b) STORM. The spatial
resolution is notably improved in the STORM image.
The key of the localization approach is switching ﬂuorescent probes between ‘on’ and ‘off’ states. After the introduction of PALM/FPALM/STORM, several different approaches
for switching the state of ﬂuorescent probes are proposed. It
has been reported that even a single ﬂuorophore can exhibit
the switching capability [7]. This approach is called dSTORM
(direct STORM) and has reduced the limitation on the available ﬂuorescent probes that can be used for localization
microscopy [8, 9]. An imaging technique called GSDIM
(ground state depletion followed by individual molecule
return) turns off ﬂuorescent probes by forcing the probe transition to a long-lived ‘off’ state, which is the triplet or
unknown dark state, by repeated light excitation [10]. The
technique exploits the spontaneous recovery to the excitable
ground state for turning the probes on. Therefore, GSDIM
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cell, and for example, observations of cell adhesion and bacterial actin protein in live cells were demonstrated [37, 38].
PALM also has been applied to image and count molecules
in single organelles in yeasts, which can be an important
approach to quantitatively understand biological functions
in the molecular scale. PALM is especially advantageous in
observation of structures in specimens where synthetic
probes are difﬁcult to use, such as tissues, and time-lapse
observation of cell functions and developments.
Localization microscopy has typically been applied to
the observations of thin samples or for a sample surface
since it is difﬁcult to achieve a high localization accuracy in
imaging a deep path of a sample. So far, the use of twophoton excitation and selective plane illumination has been
examined to realize super-resolution imaging of thick
samples [39, 40].

Structured illumination microscopy
Structured illumination microscopy (SIM) is also one of the
super-resolution techniques using the wide-ﬁeld conﬁguration. SIM does not require a special ﬂuorescent probe
for the resolution improvement, but takes a more optical
approach to bring out the full potential of wide-ﬁled ﬂuorescence microscopy.
The difference between SIM and the conventional ﬂuorescence microscope is the illumination pattern on a sample
[41]. SIM illuminates a sample with a light distribution like
a grid as shown in Fig. 5b, resulting in moiré fringes in the
emission distribution. This moiré keeps the information of
the small structure in the sample even after the blurring
effect during image formation in the optics. Since the position and the period of the illumination grid is already
known, we can recover information of the ﬁne structure

Fig. 5. A comparison of image formation between (a) conventional wide-ﬁeld and (b) structured illumination
microscopy.
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high-quantum-efﬁciency and high-speed sCMOS cameras,
2–32 frames/s frame rate has been achieved [24, 25].
Another approach for fast image acquisition is increasing
the number of ﬂuorescent probes that can be imaged in the
same camera frame. For this approach, algorithms that
localize individual molecules even from overlaps of several
ﬂuorescence spots have been proposed [26, 27]. The use of
compressed sensing has also been introduced and allowed
the localization of molecules at the concentration of 8
molecules/µm2 in an image, which is about eight times
higher than that in typical localization microscopy [28].
Bayesian statistics has also been applied to localized individual molecules in a series of ﬂuorescence images with highly
overlapped ﬂuorescence spots by considering the characteristics of blinking and photobleaching of the molecules [29].
SOFI (super-resolution optical ﬂuctuation imaging) also
utilizes the temporal ﬂuctuation to improve the spatial resolution [30, 31]; however, it does not construct a ﬂuorescence
image by localization of molecules.
Localization microscopy is especially useful to observe
ultra-ﬁne structures in a cell. For high accuracy localization,
STORM using synthetic probes has an advantage in the
number of choices of ﬂuorescent probes for the technique
[32]. A combination with Halo/SNAP tags and equivalent
techniques allow us to apply the synthetic dyes for live cell
STORM imaging [33]. STORM has been used to reveal
intracellular structures, such as actin and spectrin architecture in axons [34]. Dynamics of plasma membrane, mitochondria, endoplasmic recticulum or lysosomes were also
observed by photoswitchable membrane probes [35]. The
technique has also been applied to image protein distributions in a body or bioﬁlm assembly of microbes [36]. PALM
is inherently suited to observe living samples since it utilizes
the photoswitchable ﬂuorescent proteins synthesized in a
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obtained as the moiré. Whereas, in conventional ﬂuorescence microscopy, the ﬁne structures cannot be recovered
because they are fundamentally missing from the imaging
process (Fig. 5a). Figure 6 shows images of actin cytoskeleton observed by (Fig. 6a) conventional wide-ﬁeld and
(Fig. 6b) SIM. The clear improvement of the spatial resolution is conﬁrmed in the SIM image. The concept of
super-resolution imaging with structured illumination was
ﬁrst introduced by Lukosz [42] for bright-ﬁeld microscopy
and later successfully implemented in ﬂuorescence microscopy [41]. A similar approach was also taken for achieving
z-resolution in wide-ﬁeld imaging [43].
The improvement of the spatial resolution in SIM can be
understood more clearly using simple mathematics. Figure 7
shows the mathematical view of image formation in conventional ﬂuorescence microscopy and SIM. In ﬂuorescence
microscopy, a ﬂuorescence image of a sample is given as the
convolution of the emission pattern from the sample, which
is the distribution of ﬂuorescent probes, and the point
spread function of the imaging optics. This process

Fig. 7. Image formation in (a) conventional wide-ﬁeld and (b) structured illumination microscopy.
In structured illumination microscopy, high-frequency components in the sample can be imaged
due to the frequency shift by the structured illumination; however, they are overlapped with
lower frequency image components. Three overlapped components are extracted and
reconstructed in the frequency domain. The inverse Fourier transform allows reconstruction of a
ﬂuorescence image with high spatial-frequency information.
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Fig. 6. Actin cytoskeleton observed by (a) conventional wide-ﬁeld and
(b) structured illumination microscopy. Reprinted from Ref. [41] by
permission from John Wiley and Sons.
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if compared strictly by limiting frequencies in the frequency
domain [44]. However, SIM exhibits the greater image contrast of small structures than confocal microscopy. This is
because contrast is not simply a function of maximum frequency, and the illumination in confocal microscopy has
more low-frequency components than SIM, resulting in the
low-frequency-enhanced contrast. Since the dynamic range
of ﬂuorescence detection is severely limited by the number
of ﬂuorescence photons from a sample and also by the
detection noise, this low-frequency enhancement property
of confocal microscopy is disadvantageous in imaging
sample structures with spatial frequencies close to the
cut-off. On the other hand, the illumination in SIM has
much less low-frequency components in the illumination,

allowing us to use the full spatial-frequency bandwidth of
the microscope to image small structures.
The above discussion describes how the spatial resolution of SIM is still determined within the regime of diffraction. For improving the resolution further, exploiting
ﬂuorescence emission driven non-linearly by the excitation
intensity has been examined. Saturated structured illumination microscopy (SSIM) expands the resolving power of
SIM to the regime beyond the diffraction limit [45, 46]. In
SSIM, the sample is excited by the same illumination
pattern to that in SIM; however, the ﬂuorescence excitation
is saturated by high excitation intensity. With SAX, the
pattern of ﬂuorescence emission on the sample is distorted
from that of the illumination and then possesses additional
harmonic frequency components. The harmonic frequencies
appear at a higher frequency region that is actually outside
of the illumination band frequencies. The harmonic frequency components in the emission pattern shift the higher
frequency components of the sample structure into the
detectable frequency that can be imaged, and can then be
extracted by image processing similar to SIM.
SSIM was demonstrated in the observation of ﬂuorescent
beads and clearly resolved the 40 nm diameter beads with
excitation by a nanosecond pulsed laser. Since the SAX in
wide-ﬁeld microscopy requires high laser power, this technique was believed to be not applicable to biological
samples. However, recently, this problem was overcome
by using photoswitchable ﬂuorescent probes. By applying
a structured illumination for switching, a ‘structured’
emission capability, which corresponds to the patterned
emission in SIM, can be formed in a sample. Since photoswitchable probes retain their on/off state for a relatively
long period, long exposure to the switching light cause a distortion in the ‘structured’ emission capability, allowing us
to exploit the high harmonic frequency which appears in
the emission pattern to resolve the smaller structures. By
using this technique, 50 nm lateral resolution has been
achieved in imaging of actin cytoskeleton and nuclear pores
in a ﬁxed cell [47].
The concept of SIM is also applied in 3D. One of the
major approaches is a method using three-beam interference
to extend the 2D illumination pattern to 3D [48]. By obtaining a z-stack of x–y images and computational processing,
the 3D SIM achieves a single 3D image with ∼100 nm
lateral and ∼300 nm axial resolution. Another well-known
approach is based on a side illumination scheme utilizing
light sheet or Bessel beam illumination [49]. In the light
sheet illumination scheme, the structured illumination
pattern is created by the combination of laser scanning and
temporal modulation of the laser intensity. On the other
hand, in the Bessel beam illumination approach, the laser
beam irradiates the sample at discrete and periodic points at
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corresponds to applying a low spatial-frequency pass ﬁlter
to the emission distribution as seen in Fig. 7a (frequency
domain). In conventional ﬂuorescence microscopy, the high
spatial-frequency components, which represent small structures in the sample, are cutoff by the low-pass ﬁltering and
cannot be recovered even by post-processing of the image.
On the other hand, in SIM, the high spatial-frequency components still remain in the resultant images because the grid
illumination shifts the high spatial-frequency components
near to the DC frequency, allowing them to pass through
the low-pass ﬁlter inherent in the image formation. This frequency shift is seen as the moiré, in which the high- and lowfrequency components are overlapped as seen in Fig. 7b
(frequency domain). These overlapped frequency components have to be extracted to make the ﬁne structure recognizable in the ﬂuorescence image (Fig. 7b bottom-right). To
extract the overlapped components, three ﬂuorescence
images are obtained with the structured illuminations with
three different phases.
The spatial resolution in SIM is improved by a factor of 2
from conventional microscopy. As shown in Fig. 7b, the
convolution of the frequencies from the illumination pattern
and the sample is responsible for the shift of high-frequency
components to lower frequencies that can be imaged
through the low-pass ﬁlter. A ﬁner illumination grid creates
higher resolution. However, since the illumination pattern
itself is produced by the objective lens, the periodicity of the
grid pattern is also limited by diffraction. Therefore, the
ﬁnest grid corresponds to the smallest structure resolvable
by conventional microscopy, and the maximum frequency
shift is located at the edge of the low-pass ﬁlter. Under these
conditions, the amount of the frequency shift corresponds
to the bandwidth of the imaging system in conventional
microscopy, and the improvement of the resolution is hence
a factor of 2.
Confocal ﬂuorescence microscopy also has twice higher
spatial resolution compared with conventional microscopy,
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STED/RESOLFT/GSD microscopy
As shown in Fig. 2b, the spatial resolution of laser scanning
microscopy is limited by the spot size of laser illumination.
The spot size is strictly limited by the wave nature of light,
and the light cannot be focused into an area smaller than
the half of the wavelength. Using laser light with a shorter
wavelength helps us to make the illumination spot smaller;
however, for observation of biological samples, it is nearly

always preferable to use visible or near-infrared (NIR) light
to avoid sample damage.
Since it is difﬁcult to reduce the physical size of the
focused laser spot, most super-resolution techniques in laser
scanning microscopy try to limit the region of ﬂuorescence
detection to an area smaller than the diffraction-limited
spot; this is governed by different physics and can be
changed independently of the spot size.
The technique of stimulated emission depletion (STED)
microscopy utilizes stimulated emission to restrict the ﬂuorescence emission to within a small area inside the larger
excitation laser spot. As shown in Fig. 8a, STED microscopy
excites the ﬂuorescent probes in the sample with focused
laser light. The sample is also illuminated by an STED beam
(i.e. depletion beam) that suppresses the spontaneous emission by inducing stimulated emission from the excited molecules. The STED beam is formed in a donut-like focus shape
that has zero light intensity at the center of the excitation
spot so that only the center of the excitation focus is allowed
to emit ﬂuorescence spontaneously. By ﬁltering out the stimulated emission and the STED beam using a wavelength
ﬁlter, we can detect only the spontaneous emission that is
localized within the center area of the excitation spot. By
scanning the excitation and STED beam together in the
sample and measuring the intensity of spontaneous emission, the distribution of ﬂuorescent probes in the sample can
be recorded with a spatial resolution higher than when scanning without using the STED beam. Figure 9 shows ﬂuorescence images of neuroﬁlaments in human neuroblastoma
observed by (Fig. 9a) confocal and (Fig. 9b) STED microscopy. By the incidence of the STED beam, the spatial resolution was improved, and small structures, that were not

Fig. 8. (a) Principle of the resolution improvement in STED microscopy.
(b) Saturation effect in stimulated emission reduces the region for spontaneous
emission.

Downloaded from http://jmicro.oxfordjournals.org/ at Universitetsbiblioteket i Bergen on August 8, 2014

a given period along the beam scanning direction to
produce a structured illumination pattern. These side illumination methods offer fast 3D imaging capability with
high spatial resolution and image contrast.
The image acquisition speed in SIM has been improved
recently by implementing a liquid crystal spatial light modulator to allow quick switching of the illumination orientation and phase. This technique pushes the image acquisition
speed up to ∼11 Hz [50]. Time-lapse SIM observations of
cellular organelles and cytoskeletons, such as microtubles,
mitochondria and actin ﬁlaments, were used to demonstrate
the technique [51, 52].
SIM has been already applied in some biological studies.
Using multicolor 3D SIM, the structures of chromatin and
colocalization of single nuclear pore complexes and nuclear
lamins in a mammalian cell were observed [53]. Investigations of immune synapses in natural killer cell [54], intermediate states of abscission in human cells [55] and
pericentriolar material in the centrosome [56, 57] were also
performed. Recently, time-lapse studies of 3D dynamics in
living specimens with Bessel beam structured illumination
was also reported [58].
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recognizable in the confocal image, can be clearly observed
in the STED image.
The spatial resolution of STED microscopy is determined
by the size of the area where the spontaneous emission is
allowed, which is primarily determined by the size of the
donut hole of the STED beam. The donut hole is produced
by interference of light waves; therefore, similar to limitations described above, its size cannot be smaller than the
half the STED beam wavelength, and the corresponding
spatial resolution is equivalent to that of confocal microscopy. However, in STED microscopy, there is another trick
to break the diffraction barrier.
STED microscopy utilizes the saturation of stimulated
emission to reduce the area of spontaneous emission
further. The size of the donut hole in the focused STED
beam cannot be smaller than half of the light wavelength,
but the size of the hole in the region of stimulated emission
can be smaller. As shown in Fig. 8b, the area that shows
spontaneous emission can be reduced by increasing the
intensity of the STED beam, because the efﬁciency of stimulated emission cannot exceed 100%. With the increase in
the intensity of the STED beam, the area showing stimulated
emission increases, and spontaneous emission is restricted
to a smaller and smaller area. This is because, for the relevant intensities used here, the center of the donut retains
zero stimulated emission, regardless of the intensity of the
STED beam. The spatial resolution is then determined by
the intensity of the STED beam, and it is practically limited
by photobleaching of the ﬂuorescent probes, which can
occur after repeated excitation and stimulated emission.
Typically, 20–70 nm spatial resolutions can be

demonstrated in imaging biological samples stained with
synthetic dyes and ﬂuorescent proteins. A much higher
spatial resolution of 6 nm has also been demonstrated in
observation of nitrogen-vacancy color centers in diamond
that show extremely high photostability [60]. The spatial
resolution can also be improved in the z-direction by controlling the STED beam shape. By introducing two STED
beams, each for improving xy and z resolutions, at the same
time, an isotropic 3D resolution can be realized [61].
The image acquisition time of STED microscopy
depends on the number of scanning points. Video-rate
imaging of synaptic vesicles in a neuronal axon was performed with a 62 nm spatial resolution [62]. Using multiple
foci for scanning has also a potential to improve the spatial
resolution further [63]. Compared with wide-ﬁeld superresolution microscopy, the characteristics of the motion artifacts appear different in STED microscopy. Artifacts in a
local area in an STED image can be smaller since the time
difference of ﬂuorescence measurement across the image is
constant and smaller in STED microscopy compared with
wide-ﬁeld counterparts that stochastically image ﬂuorescent
probes in a view area.
In live cell or tissue imaging, the high intensity of the
STED beam may cause photodamage to the sample, which
makes it difﬁcult to perform time-lapse observation of biological activities. STED microscopy requires a high-intensity
STED beam because the lifetime of the excitation state of
the ﬂuorescent probe can be several nanoseconds, and the
depletion by stimulated emission has to be performed
within this lifetime, which requires irradiation of a high
density of photons. Therefore, the early demonstrations of
STED microscopy were performed with a pulsed laser [59].
Later, a CW laser was also applied for STED, with the possibility of reducing photodamage which arises non-linearly
with the beam intensity [64]. Using a CW laser also has
reduced the requirements of the components in STED
microscopy; however, the efﬁciency of stimulated emission
is lower compared with pulsed STED microscopy. This disadvantage was overcome by using gated detection of the
spontaneous emission [65].
For reducing the STED beam intensity further, a technique called RESOLFT (reversible saturable optical ﬂuorescence transitions) is effective. RESOLFT utilizes switchable
ﬂuorescent probes to conﬁne the detectable ﬂuorescent
probes within the focal volume by turning off the probes by
the donut beam. Since the on/off state of switchable probes
have much longer lifetime compare with that of the excitation state, the light intensity required to turn off the probes
is much smaller than that in STED microscopy [66, 67].
GSD (ground state depletion) microscopy takes a similar
approach to RESOLFT, but it exploits the triplet or dark
state of ﬂuorescent molecules [68, 69] that was also used
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Fig. 9. Neuroﬁlaments in human neuroblastoma observed by
(a) confocal and (b) STED microscopy. Reprinted from Ref. [59].
Copyright (2006) National Academy of Sciences, USA.
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SAX microscopy
Another approach to achieve super-resolution in laser scanning microscopy is a method using SAX. SAX is induced
due to non-zero ﬂuorescence lifetime and the depletion of

Fig. 10. Principle of the resolution enhancement in SAX microscopy.
Extraction of ﬂuorescence signals responding non-linearly to either the
excitation or the exposure time allows the detection of ﬂuorescent
probes in an area smaller than the focal volume.

the population of the ground state mainly through a transition to the triplet state. Under the SAX condition, the ﬂuorescence intensity becomes non-linearly proportional to the
excitation intensity.
For the improvement of the spatial resolution, the nonlinear ﬂuorescence response induced by SAX is utilized to
reduce the size of the ﬂuorescence detection volume below
the diffraction limit. When a laser light is focused into a
sample, SAX predominantly occurs in the center of the laser
focus spot where the excitation intensity is high (Fig. 10).
Therefore, the detection of the SAX-induced non-linear
signals allows us to detect ﬂuorescence emission from only a
small fraction within the focal spot, resulting in the spatial
resolution enhancement, and this resolution improvement is
inherently 3D.
The extraction of the non-linear signal is, however, not
straightforward, because the linear signal still exists under
the SAX condition. Several techniques for the extraction
were reported so far. The time dependence of the ﬂuorescence response was ﬁrst utilized because the evolution of
the saturation requires a certain time determined by the
photophysical parameters of ﬂuorescent molecules, such
as ﬂuorescence lifetime and triplet lifetime [84]. Temporal
modulation of the excitation followed by harmonic
demodulation of the ﬂuorescence signal was also used for
the extraction (referred as SAX microscopy) [85, 86].
Recently, the technique based on the measurement of ﬂuorescence intensity dependence on the excitation at each
observed position and subsequent curve ﬁtting was demonstrated [87]. Among the proposed techniques, SAX microscopy is an approach that more easily turns conventional
laser scanning confocal microscopy into super-resolution
microscopy.
The improvement of the spatial resolution using SAX is
theoretically unlimited. However, practically, the requirement of the high excitation intensity does limit the achievable spatial resolution because of photobleaching effects
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in GSDIM. Although RESOLFT/GSD reduce the beam
intensity for controlling the ﬂuorescence emission, the slow
switching speed is actually disadvantageous in live cell
imaging. To tackle this issue, a photoswitchable ﬂuorescent
protein, rsEGFP2, has been developed to increase the
switching speed and applied to imaging the dynamics of
endoplasmic reticulum with the temporal resolution of 0.5 s
and the 9 µm2 ﬁeld of view [70]. The use of multiple donut
beams was also proposed in RESOLFT microscopy, and an
image acquisition time of 3 s for imaging a whole cell (120
µm × 100 µm ﬁeld of view) with a spatial resolution <77 nm
was demonstrated [71].
A wide range of biological studies using STED microscopy have already emerged. So far, a variety of intracellular
architectures [i.e. endoplasmic reticulum (ER) and microtubules] have been visualized [72]. On the top of that, the
details in such cellular organelles were also investigated. For
examples, the distribution of protein Tom20 in mitochondria [61, 73], membrane microdomain formation and cytoskeleton structuring induced by interleukin-7 [74], and the
colocalization of the subunits in nuclear pore complexes
[75] were revealed. STED microscopy is also applied in
neuronal biological investigations [76]. The observation of
synaptic vesicles in a bouton of neurons revealed the behavior of synaptotagmin after exocytosis of synaptic vesicles
[77]. Furthermore, the video-rate imaging capability of
STED microscopy allows us to visualize the synapse vesicle
movement [62]. Dendric structures in neuron were also
visualized [78] and time-lapse STED imaging of dendric
spines revealed that the morphological plasticity of dendritic
spines is determined by the synaptic activity [79]. Recently,
super-resolution imaging deep inside living brain slices was
performed, and the dynamic organization of actin bundles
inside synapses were investigated [80]. By applying STED
microscopy concept to ﬂuorescence correlation spectroscopy
(STED-FCS), it is also feasible to study molecular dynamics
in nanoscale regions. The nanoscale dynamics of diffusing
lipid molecules, such as phosphoglycerolipids and phosphoglycerolipids, in a living cell plasma membrane was revealed
with STED-FCS [81]. By using ﬂuorescence recovery after
photobleaching analysis with STED microscopy, the behaviors of membrane protein clusters were also clearly observed
[82]. Furthermore, the combination of STED microscopy and
optical tweezers techniques was recently demonstrated and
has enabled studies of protein binding and dynamics on
DNA under high concentration of proteins [83].
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and the resultant decrease in signal-to-noise ratio in ﬂuorescence detection. In SAX microscopy, 1.4- to 2-fold higher
spatial resolution in 3D than confocal microscopy was
achieved in the observation of ﬂuorescent nanodiamonds
and also with biological samples stained with conventional
organic dyes or ﬂuorescent proteins [88–90]. The method
based on curve ﬁtting technique shows ∼1.4-fold improvement of the spatial resolution in the x–y plane compared
with confocal microscopy [87].
The non-linear nature of the ﬂuorescence emission also
allows us to improve the depth discrimination properties, in
addition to the improvement of the spatial resolution. Since
SAX is induced by high excitation intensity, the non-linear
ﬂuorescence signals are strongly localized in the laser focus.
Therefore, the use of the non-linear signals enables the
effective suppression of the detection of ﬂuorescence signals
from out-of-focus planes. The high background elimination
property of SAX allows us to observe ﬁner structures in a
thick sample with high spatial resolution and imaging contrast [91, 92]. Figure 11 shows the result of volumetric
imaging of α-tubulin in a cell cluster obtained with SAX
microscopy. The magniﬁcation of the boxed area in Fig. 11a
is shown in Fig. 11b. For comparison, the same area was
observed with confocal mode (Fig. 11c). The comparison
clearly shows signiﬁcant improvement of the image contrast
by the SAX mode, and the improvement allows us to
observe more detailed structures in the sample.

Outlooks
As introduced above, several types of super-resolution
microscopy have been proposed and developed. Localization microscopy, STED-type microscopy and SIM are

available in the market and have already been utilized in
practical research ﬁelds. However, these super-resolution
microscopes are still not applicable to many biological or
medical applications. In practical usage, one has to understand the mechanism of the imaging property and the limitation of the technique. Thus, it is extremely important to
analyze and interpret the obtained experimental data. This
review cannot cover all aspects of the super-resolution techniques; however, there are many review articles and guidelines that introduce the techniques and applications from
different points of view [93–96].
Although many types of super-resolution technique have
been developed, there are still many issues in observation of
living samples. The improved spatial resolution can show
more details of the sample structure; however, the image is
easily affected from the motion of the sample. To avoid
deriving a wrong conclusion from such an image, the
experimental conditions, such as the temporal and spatial
resolutions, have to be carefully chosen. For instance, given
the spatial resolution, the required temporal resolution can
be estimated from the speed of the target structure in the
sample. The labeling condition, especially the choice of
probe and probe concentration, is also an important factor
to image the sample structure properly [97]. In addition,
photodamage presents a signiﬁcant problem for many
super-resolution techniques, since a great number of
photons are often required to resolve structural details in the
sample. In the case of localization-based techniques, to
achieve ∼6 nm spatial resolution, ∼105 photons are required
per ‘localization’, which does not alone give a superresolved image, but is combined with a large number of
images, each containing localization information from a
fraction of the probes in the ﬁeld of view to produce the
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Fig. 11. 3D projection image of tubulin in HeLa cells cultured in 3D. (a) Whole cell cluster observed by confocal SAX.
(b and c) Confocal SAX and confocal images of the dotted area in (a). Reprinted from Ref. [92].
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vibrations are utilized to visualize sample structures without
labeling. These techniques would compensate ﬂuorescence
techniques and make the role of optical microscopy more
important in biological and medical research ﬁelds.
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