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Optical microscopy promises researchers to see most tiny substances directly. However, the
resolution of conventional microscopy is restricted by the diffraction limit. This makes it a
challenge to observe subcellular processes happened in nanoscale. The development of super-
resolution microscopy provides a solution to this challenge. Here, we briefly review several
commonly used super-resolution techniques, explicating their basic principles and applications in
biological science, especially in neuroscience. In addition, characteristics and limitations of each
technique are compared to provide a guidance for biologists to choose the most suitable tool.

Keywords: Super-resolution microscopy; total internal reflection fluorescence microscopy; stim-
ulated emission depletion microscopy; structure illumination microscopy; photoactivation lo-
calization microscopy; stochastic optical reconstruction microscopy.

1. Introduction optical microscopy facilitated the appearance and

Optical microscopy is one of the key, versatile and development of modern biology such as cell biology
powerful tool in scientific researches, especially in ~ and microbiology. Millstone was the development of
biology. Together with a series of techniques, fluorescence microscopy, which made it much easier
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to obtain multi-color information of the distribution
and morphology of cells.

Conventional fluorescence microscope collects
fluorescence emitted by fluorophores through an
objective lens. In fact, when light passes through an
objective lens, it will form a hazy spot in the image
plane, instead of an infinitesimal point, due to dif-
fraction. The resolution of a microscope is depen-
dent on the intensity profile of this spot, which is
called point spread function (PSF). The full width
half maximum (FWHM) of the PSF (called as the
‘diffraction limit’) representing the highest resolu-
tion is determined by the numerical aperture of the
objective lens and the wavelength of the light. Abbe
found the formula of the diffraction limit for the
first time in 1873 and calculated its value, which
was approximately 200-300nm in the lateral
direction (z,y) and 500-700 nm in the axial direction
(2) for visible incident light. This resolution is suffi-
cient to image in tissue or cellular level. However, it
is still not high enough to solve vast majorities of
questions in subcellular level. Thus, scientists have
devoted themselves to developing imaging techni-
ques which aim to break the diffraction limit. These
include near-field optical microscopes which shorten
the prolongation distance of emitted light, thus
obtaining a better axial resolution, since light only
propagates a distance less than its wavelength
without spatial divergence.'” Besides, standing wave
fluorescence microscopy (SWFM),® 4-Pi confocal
microscopy” and I5M microscopy” apply the inter-
ference of light to improve the axial resolution up
to 100nm. Nevertheless, the near-field imaging is
confined to surfaces because of its short working
distance. For the conventional far-field microscopies,
such as confocal microscopy and two-photon mi-
croscopy, the working distance can be extended to
millimeter. However, their resolution is restricted
by diffraction limit, which is not enough for subcel-
lular researches.

More recently, some novel far-field super-resolu-
tion fluorescence microscopies have been developed
to break through the diffraction limit. These
microscopies include stimulated emission depletion
microscopy (STED),% (saturated) structured
illumination microscopy ((S)SIM)"* based on pat-
terned illumination, and (fluorescence) photo-
activation localization microscopy ((F)PALM)%!
or stochastic optical reconstruction microscopy
(STORM)!! relying on single molecule localization.

The development of super-resolution microscopy
offers a promising tool to resolve many fundamental
problems in biological science. In the following sec-
tions, we will discuss the above commonly used
super-resolution microscopies, including TIRFM,
STED, SIM and (F)PALM/STORM. We will
briefly present the principles, summarize their fea-
tures and differences. Besides, their applications in
biological science, especially in neuroscience, will
also be discussed.

2. Total Internal Reflection
Fluorescence Microscopy (TIRFM)

TIRFM is the typical near-field super-resolution
microscopy by employing the evanescent field to
excite the fluorescence molecules close to the sample
surface, and then the features or events of interests
are captured.'” Therefore, TIRFM is also called
evanescent field microscopy.

Classical optics explicates that when light
spreads from medium A to medium B, it will both
reflect and refract on the interface at the same time.
However, there is a special case called total internal
reflection, when light transmits from an optically
denser medium A to thinner medium B, it will to-
tally reflect back to medium when its incidence
angle is bigger than the critical angle, as illustrated
in Fig. 1(a). Under this situation, although no light
refracts into medium B, a small portion of the light
energy will still propagate into medium B and form
an ‘evanescent field.” The intensity of the evanes-
cent field decays exponentially with the increasing
of spread distance (Fig. 1(b)). Typically, TIRFM is
merely able to stimulate the fluorescent probes and
proteins within the range of 200nm close to the
interface, which avoids the excitation of fluor-
ophores farther in the cells. As a result, TIRFM can
dramatically increase the signal-to-noise ratio and
the spatial resolution in the axial direction. In
practice, researchers use TIRFM to observe cells
growing on glass slides. In this case, light trans-
mitting from glass to water will totally internally
reflect in the glass—water interface, forming the
evanescent field in the thin layer close to the glass
slides and ultimately achieving high resolution images.

TIRFM becomes a powerful and popular ap-
proach, for addressing the tiny structures and
dynamic processes at or near the plasma membrane
of cells that are immediately adjacent to the cover
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Fig. 1. Schematic diagram of principles of TIRFM, STED, SIM and (F)PALM/STORM. (a) As light spread from medium A to
medium B (n, > ng), it reflects and refracts at the same time. But it will totally reflect when its incident angle is larger than the
critical angle; (b) Under the case of total internal reflection, fluorescence is emitted by evanescent field and collected by the objective
lens; (c) Normally, fluorophores jump from the ground state (S2) to the excitation state (S1) after illumination, then return to the
ground state and release fluorescence at the same time. However, the depletion beam interrupts this process and depletes the
spontaneous fluorescence; (d) The doughnut-like depletion beam quench the spontaneous fluorescence around the central point,
forming a smaller effective PSF; €Images are reconstructed by extracting the high frequency information, shifting it to low
frequency, and then taking images at different grating angles and phases; (f) Schematic diagram of (F)PALM/STORM. A small
number of discrete fluorophores are detected stochastically at one moment. After a lot of cycles, the whole image is recovered with
precise algorithms based on the location of each fluorophore.
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glass. Indeed, the decipherment of vesicle transport
certainly benefit from the use of TIRFM as the
vesicles and involved molecules could be detected
actively and spatially precisely.'? It is worth men-
tioning that TIRFM employs lower intensity of
power, resulting in less damage to live cell samples.
So TIRFM is suitable to monitor the dynamic
processes of signaling pathway, endocytosis, and
exocytosis for a long time.'*"'® However, it was
difficult to distinguish multi-color information,
which limited its applications in researches of dy-
namic interactions between proteins. Recently,
Yuan et al. successfully visualized elementary exo-
cytosis-coupled clathrin-mediated endocytosis in
insulin-secreting INS-1 cells by TIRFM combing
dual-color with image processing techniques.'”
Moreover, a method using multi-angle TIRFM to
reconstruct 3D image sequences was reported with
an axial resolution up to 50—100 nm on average in
cellular context.'®

Besides, TIRFM could combine with other fluo-
rescence microscopes easily, such as EPI fluorescent
microscope, because both of them are wide-field
microscopes. The trafficking of glutamate transpor-
ters by VAMP3 vesicles in astrocytes was described
with EPI-TIRF directly.'” The illumination of EPI
could come from either an independent light source®’
or the incidence light of TIRFM. Besides EPI-TIRF,
other imaging system, such as the fast scanning
confocal microscopy using a resonance scanner or
spiking disk, can also be combined with TIRFM,
resulting in an improvement in axial resolution.?!

Nevertheless, there are still some limitations
existing in the TIRFM application. Note that the
evanescent field is restricted to ~ 200 nm above the
glass slide, meaning that specimens are required to
tightly adhere to the glass. Besides, how to maintain
the activity of live samples and the stability of focus
spot during long-time imaging in practice needs to
be considered.

3. Stimulated Emission Depletion
(STED) Microscopy

STED is a far-field microscopy, based on the con-
focal microscopy, by using the stimulated excitation
phenomenon. Its principle is illustrated in Figs. 1(c)
and 1(d). For the exclusive contributions on super-
resolution microscopy, Hell got the Nobel Prize in
2014. He proposed the concept of STED microscopy

for the first time in 1994, and experimentally
proved its operability in 1999.?> Usually, when a
fluorophore is excited by the excitation beam, it
jumps from the ground state to the excited state.
After that, it turns back to the ground state, ac-
companying with spontaneous fluorescence. Con-
ventional fluorescence microscopes collect all these
spontaneous fluorescence to form a diffraction-lim-
ited image, yet a different strategy has been adop-
ted in STED microscopy. The key technique is that
STED microscopy uses a second laser beam, called
depletion beam, to interrupt the transition pro-
cesses and manipulate the sample’s fluorescence
emission. The depletion beam is powerful enough to
bring a fluorophore from the excited state to the
ground state before it emits spontaneous fluores-
cence, leaving a center focal spot active to emit
spontaneous fluorescence. Thus, it minimizes the
area of illumination at the focal point. In another
word, STED microscopy employs two coaxial lasers
at the same time: one is used as the excitation beam
to excite the spontaneous fluorescence of samples;
the other one is a doughnut-pattern depletion beam
that suppresses spontaneous fluorescence emission
surrounding the center focal spot of the excitation
beam. Therefore, the region of the spontaneous
fluorescence is smaller than the airy disk, which
represents smaller PSF, leading to an enhanced
resolution. A point-by-point or parallelized scan-
ning scheme is used to generate a super-resolved
image with STED microscopy. A more general
STED-like approach RESOLFT, named after ‘re-
versible saturable optical fluorescence transition’,
utilizes the transitions of reversible photoswitchable
fluorescent proteins or fluorophores between an
activated and a nonactivated state. Hence, lower
intensity of light is used to image, resulting in less
photodamages.”?

STED microscopy wipes out the fluorescence
interference from off-target fluorophores with a
donut-shaped depletion beam whose intensity is
above the fluorophore saturation level. It is note-
worthy that unlimited resolution improvement is
allowed with this approach in principle. But in
practice, the resolution is restricted by many fac-
tors, such as the power of the depletion laser, pho-
tobleaching, and aberrations in the optics. Two
main aspects which may limit the applications of
STED microscopy have drawn the attention of
scientists: one is to produce the doughnut-shaped
depletion beam and align it coaxially with the
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excitation beam using a complex control system; the
other is its limited penetration depth. Marsh et al.
simplified the system by integrating the excitation
beam and the depletion beam to an inverted con-
focal fluorescence lifetime imaging microscopes
(FLIM) and using the time difference to achieve
super-resolution up to 100nm.?* Besides, Kuang
et al. proposed a STED-like system, called fluores-
cence emission difference microscopy (FED), by
subtracting two images scanning with two different
point spread functions.?” Notably, FED is different
from STED because it bases on the difference of
intensity between two different images. In order to
increase imaging depth, deep tissue STED micros-
copy was reported by using a Gaussian beam for
excitation and a hollow Bessel beam for depletion.?°
Consistent super-resolution imaging was achieved
up to 155 um deep in a solid agarose sample and
100 pm deep in a phantom of gray matter in brain
tissue. Recently, Xi et al. narrowed the axially PSF
of STED by employing the interference between the
PSF and its reflection from a mirror placed behind
the specimen.?”

Despite its short time from the invention, STED
microscopy has made many contributions to the
observation of subcellular structures such as endo-
plasmic reticulum,’® mitochondria®’*" and cytos-
keletons.?!*> Because of complicated components
involved in signal transduction between cells, dual-
color STED?**% and even multi-color STED?%37
have been established to study several active com-
plexes at the same time. Besides, 3D STED is also
available for biologists which provides 3D imaging
with the resolution of 45 x 45 x 108 nm in a cell
originally.?®

Admittedly, although STED has wide applica-
tion, the intensity of depletion beam is too high that
photobleaching of fluorophores and photodamage to
specimens could be induced within short time.?’
This property mainly limits the long-time use of
STED in live samples.

4. Structure Illumination Microscopy
(SIM)

Another commonly used far-field super-resolution
microscopy is called structure illumination micros-
copy (SIM). It breaks the diffraction limit by
illuminating a sample with patterned light based
on a standard wide-field fluorescence microscope.

Super-resolution microscopy and its applications in neuroscience

The excitation beam exhibits a periodically spatial
pattern,® which is originally a sinusoidal grid that
can be generated by a digital micromirror device,*’
replacing the conventional uniform illumination.
The spatial frequency of the excitation light mixes
with the specimen, shifting high frequency infor-
mation of the sample into lower frequency which
then could be detected by the microscope. Finally,
super-resolution images can be reconstructed by
capturing the low frequency information and re-
cording images with different orientations and
phases. The schematic figure for SIM is demon-
strated in Fig. 1(e). Since SIM is based on a stan-
dard wide-field microscope, it could achieve a
broader field of view in less time, compared with
the scanning microscopy such as STED. However,
the structure illumination pattern itself is restricted
by the diffraction limit, resulting in only 2-fold
improvements in resolution, approximately 100 nm
in the lateral direction and 300nm in the axial
direction.

In 2005, Gustafsson modified SIM with nonlinear
structure illumination, which is named as saturated
structure illumination microscopy (SSIM).® The
resolution with SSIM in the lateral direction can be
achieved up to approximately 50 nm. Instead of the
traditional sinusoidal grid, SSIM employs a very
high intensity of excitation light to saturate the
fluorophores. Therefore, in the linear region, the
emitted fluorescence intensity is proportional to the
power of the incident light; while in the saturation
region, the fluorescence emission remains in a stable
saturation level even when the intensity of illumi-
nation increases persistently. If the strong illumi-
nation light has a sinusoidal pattern, fluorescence
saturation would clip the peaks of the excitation
pattern, making it flat. Thus, the resolution of SSIM
is limited by the level of fluorescence saturation,
instead of diffraction limit.

Nowadays, SIM is widely used to image the living
samples as it employs illumination light with low
intensity. Reqo and Gustafsson successfully reduced
the excitation intensity six times lower than that
needed for saturation, ultimately imaging the puri-
fied microtubule with a resolution up to 50 nm.*! The
extended resolution has also been achieved with
the help of high NA lens, reaching approximately 45—
62nm.*> Besides, good compatibility with many
kinds of fluorescence probes made it possible to catch
dual-color information or multi-color images of three
dimensions. Currently, a high-throughput dual-color
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precision imaging technique, based on SIM, was
reported to achieve the imaging data of multiple
types of neurons and projections in a whole mouse
brain at single cell resolution.*® One point which may
contribute to better images is to increase the pho-
tostability and brightness of the fluorophore since
the clear detection and modulation of fluorescence is
based on a stable and vigorous fluorescence signal.

5. Photoactivation Localization
Microscopy (PALM)/Stochastic
Optical Reconstruction Microscopy
(STORM) /Fluorescence
Photoactivation Localization
Microscopy (FPALM)

Most super-resolution microscopy achieves super
resolution by decreasing the size of the effective
PSF. However, Betzig, Hess, and Zhuang recon-
structed super-resolution images depending on the
localization of single molecule and named them as
PALM,” FPALM,'Y and STORM,'! respectively.
Samples which are marked with fluorophores usu-
ally contain millions of fluorescence molecules. Each
molecule presents as a point light source and exhi-
bits as an airy disk pattern after passing through
the imaging system. However, those fluorophores
are usually densely packaged, thus their images
overlap and are unable to be distinguished from
each other. (F)PALM and STORM were developed
to distinguish the fluorophores by exciting them at
a different time and then calculate their spatial
localization accurately using a Gaussian Afilter.
Figure 1(f) displays a general diagram of the image
caption.

Fluorescent proteins or dyes used in (F)PALM/
STORM are regulated by an excitation light. The
fluorescent proteins or dyes can switch between the
excitation state and the dark state. At any moment,
the majority of fluorophores in samples are in the
dark state and only a few of them are in the exci-
tation state stochastically, which are sparsely dis-
tributed in the sample and thus can be localized
accurately. Then the excited fluorophores are
deactivated permanently and another subset of
fluorophores are excited and localized. After nu-
merous repeats of this process, the super-resolution
image of the specimen is reconstructed with the
exact localization of each fluorophore. The key
point of (F)PALM/STORM is the employment of

photoswitched fluorescence probes which are able to
switch between the excitation state and the dark
state. Generally, there are two groups of fluorescent
probes: fluorescent proteins (FPs) and non-
genetically encoded probes. Most FPs used in (F)
PALM/STORM are derived from common FPs,
such as green fluorescent protein (GFP). Genetic
tools are used to change specific properties of com-
mon FPs to give them the ability to switch. PAm-
cherry, EYFP, and PA-GFP, frequently used in
experiments, always have a better compatibility
with biological samples in wvivo. Compared with
FPs, nongenetically encoded probes, such as Alexa
647 and Cy7, usually have much more fluorescent
intensity than FPs but are more toxic to biological
specimens. Several strategies have been described to
develop better fluorescent probes for live-cell imag-
ing.*»* As each of the fluorescent probes has
advantages and disadvantages, scientists should
apply suitable fluorescent probe according to the
experiments and samples.

So far, (F)PALM/STORM has been used in the
study of microtubules,*® microfilaments,” adhesion
complexes and other subcellular structures. 3D
STORM also plays an important role in analyzing
the organization of chromatin in transcriptional
active state.?” When it comes to living cells, it
is shown that the spatial resolution could achieve
20-40nm while keeping the temporal resolution at
0.5-10s.”® As (F)PALM/STORM greatly depends
on fluorophores, by combing biomolecular fluores-
cence complementation and PALM, Liu et al.
successfully imaged the location and dynamics of
MreB and Ef-Tu in Escherichia coli cell.*” Li et al.
reported a trident perylenemonoimide dye modified
by triple dithienylethenes which has high sensitivity
of on/off switching and with its help, images of
vesicles within sub-100nm resolution can be
achieved.** Pan et al. developed organic fluorescent
probes, which are not only cell permeable but also
targeting endogenous proteins specifically. They
successfully dissected the dynamics of F-actin whose
diameter is approximately 80 nm with 10 s temporal
resolution in live cells.*”

For (F)PALM/STORM, fluorescent molecules
and staining methods should be chosen with cau-
tion, as the techniques are inefficient when there are
too many molecules in samples.’’°! In addition,
limited imaging speed hinders its applications in
living cell researches, though a time resolution of 3 s
has been achieved.’” Besides, complicated procedures
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and post-imaging processing may be a problem for
biologists who are not familiar with the optical setup
and algorithm.

6. Applications in Neuroscience

For neurosciences, the dynamic process of vesicles
forming, transferring and involved proteins have
been discussed for a long time because it is always
recognized as the fundamental unit of neural net-
work communication. What’s more, neuronal basic
structure and morphology, which plays an essential
role in synaptic plasticity and disease of nervous
system, are also concerned by scientists. Currently,
most of the above understanding came from con-
ventional optical microscopy, such as the localiza-
tion of key molecular and the rough morphological
changes, but the precise process and small protein
complex component (length scales are usually below
200 nm) are still unclear. Thanks to the invention of
super-resolution microscopy, it opens up the giant
dream for monitoring these mysteries.

Neural signals are passed from one neuron to
another by synapse. This process named synaptic
transmission has drawn attention of the scientists
for ages.”® Early studies only recognized correlated
proteins’ distributions, but have no idea of its dy-
namics. More recently, with the help of STED mi-
croscopy, vesicle movements and protein trafficking
have been investigated. Willig et al. investigated the
vesicles after fusion and found that synaptotagmin-1,
one of the vesicle membrane proteins residents,
remained clustered in cell membrane following ves-
icle endocytosis. They suggested that during vesicle
recycling, some vesicle components still remained
clustered.’® Subsequently, other prominent presyn-
aptic protein clustering such as syntaxin were also
found.”®> With the development of high imaging
speed STED in 2008, the single vesical moving
speed was detected, which revealed that vesicles
move more rapidly outside of boutons than within
boutons.’® Meanwhile, Nofal et al. devised a new
method to analyze the mobility of vesicles and dis-
tinguished them when vesicles were docked to the
cell membrane using TIRFM.>”

Another line is investigating post-synaptic phe-
nomena, in particular, the receptors and spines.
Using TIRFM, Gu et al. directly visualized indi-
vidual exocytic events of NMDA receptors in rat
hippocampal neurons and found that the constitu-
tive exocytosis of NMDA receptors was mediated by

Super-resolution microscopy and its applications in neuroscience

SNAP25-VAMP1-syntaxin4 complex.’® Néagerl et al.
demonstrated that the dendritic spines can be track-
ing long time for the first time in living cell using
STED.” What’s more, Schouten et al. also identified
dendritic spines of rat primary hippocampal neurons
using SIM and analyzed the spines morphology
quantitatively.®”

Because of the characteristics of PALM/STORM
algorithm, this super-resolution microscopy is con-
venient for monitoring the structure of axons.
Zhuang et al. used STORM to observe the devel-
opment of axons and revealed the mechanism of
actin, spectrin, and associated molecules forming a
periodic sub-membrane lattice structure in axons.®!
Meanwhile, they also noticed the distribution of
sodium channels in axons is in a periodic pattern,
which means that this distribution may also be re-
lated to the periodic cytoskeletal structure in axons."

Despite super-resolution microscopies receiving
great attention, these advanced techniques have not
been chosen by many neuroscience groups up to
now. But with the development, there will be more
and more probabilities for super-resolution micro-
scopies applied in the neuroscience field in future.

7. Conclusion and Outlook

Over the past two decades, super-resolution mi-
croscopy has developed quickly from an original
concept to a series of sophisticated imaging techni-
ques surpassing the diffraction limit of light in
various aspects. These innovative technologies have
enabled scientists to investigate biological struc-
tures and physiological functions with better reso-
lution in live samples than ever before.

In order to choose appropriate tools in different
biological experiments, it is important to recognize
the advantages and disadvantages of each ap-
proach. As a typical near-field microscope, TIRFM
makes an improvement in the resolution of axial
direction instead of lateral direction but have a
relatively shorter working distance. On the other
hand, far-field microscopes such as STED, (S)SIM
and (F)PALM/STORM, which have been reviewed
above, improve the resolution in the lateral direc-
tion and sometimes in the axial direction. STED
microscopy is able to achieve satisfactory images
but samples are at the risk of being damaged by the
high power lasers. Compared with STED micros-
copy, SIM and SSIM make fewer improvements in
the lateral resolution. However, SIM and SSIM are
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Table 1. Comparison of super-resolution microscopy.
Approach Confocal microscopy TIRFM STED (S)SIM (F)PALM/STORM
x—y resolution (nm) 200-250 100-200 20-70 80-100 ~ 50 (SSIM) 10-40
z resolution (nm) 500-700 20-50 30-100 250-300 10-50
Imaging speed ms-S ms-s ms-s ms-s s-min
Phototoxicity + + +++ + +++
Live cell imaging +++ +++ + +++ +
Multi-color imaging ++ + ++ +++ +++
3D imaging +++ + ++ ++ ++
Sample requirement Broad Tightly adhere  Photostable Strong and stable Sparse photoswitchable

to glass slide  fluorophores fluorophores fluorophores

Note: Values are taken from the following Refs. 37, 42 and 67-70.

excellent tools for live cell imaging because of low
illumination intensities required, great compatibili-
ty with various fluorescent probes and fast imaging
speed with large a field of view. (F)PALM/STORM
may perform better in making a balance between
spatial and temporal resolution, as well as multi-
color imaging. But an efficient fluorescent labeling
method is urgently required. Besides, since (F)
PALM/STORM locates the fluorophore statisti-
cally, it is most suitable to the fibrous structure
such as axons. More detailed information of each
microscopy is summarized in Table 1.

Further improvements of super-resolution mi-
croscopy may focus on the following three aspects:
spatial resolution, temporal resolution, and imaging
depth. First, the spatial resolution of these novel
imaging methods, which in principle could approach
to infinitely high, could be further improved by
enhancing system signal-to-noise ratio, and fluor-
ophores quantum efficiency. Alternatively, the di-
pole orientation information extracted from
fluorescent polarization could also contribute to the
enhancement of image resolution.’® Second, the
imaging speed should be accelerated to catch in-
stantaneous molecular biological activities. Third,
the depth of super-resolution microscopy calls for an
innovative improvement. Currently, super-resolu-
tion techniques are only suitable for observing the
superficial surface of the sample. As the depth
of sample increases, scattering and accumulated
optical aberration cannot be neglected, which will
dramatically degraded the imaging resolution. To
overcome this problem, adaptive optics may be one
of the potential solutions.’* % In addition, the de-
sign of fluorescent probes with higher quantum ef-
ficiency, less photobleaching, and smaller sizes will
notably improve the resolution. We expect that

further development of super-resolution microscopy
will yield efficient and critical insights into biologi-
cal science.
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