REVIEWS

The Principles of Super-Resolution Fluorescence
Microscopy (Review)

DOI: 10.17691/stm2016.8.2.17
Received April 6, 2016

N.V.-Klementieva, Junior Researcher, Laboratory of High Resolution Microscopy and Genetic Technologies,
© Institute of Biomedical Technologies’;
E.V. Zagaynova, MD, DSc, Director, Institute of Biomedical Technologies';
K.A. Lukyanov, DSc, Head of Biophotonics Laboratory? Head of Fluorescent Bioimaging Laboratory,
Institute of Biomedical Technologies';
A.S. Mishin, PhD, Researcher, Biophotonics Laboratory? Head of the Laboratory of High Resolution Microscopy
and Genetic Technologies, Institute of Biomedical Technologies'

Nizhny-Novgorod State Medical Academy, 10/1 Minin and Pozharsky Square, Nizhny Novgorod, 603005,
Russian Federation;

2M.M. Shemyakin and Yu.A. Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
16/10 Miklukho-Maklaya St., Moscow, 117997, Russian Federation

Diffraction limit of optical microscopy impedes imaging of biological objects much smaller than the wavelength of light. Conventional
fluorescence microscopy does not enable to study fine structure and processes in a living cell at the macromolecular level. Super-resolution
fluorescence microscopy techniques that overcome the diffraction barrier have opened up new opportunities for biological and biomedical
research. These methods combine the resolution power comparable to electron microscopy with non-invasiveness and labeling specificity
of fluorescence imaging. This review describes the modern super-resolution microscopy approaches, their principles and applications. We
discuss the key achievements and the main recent trends in this area.
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Of all the methods of microscopic analysis
fluorescence microscopy is the most widespread due to
two main advantages. Firstly, the fluorophores used as
contrasting agents can specifically label cell structures.
Secondly, fluorescence microscopy is characterized by
low invasiveness and allows the observation of living
cells in real-time [1-3]. Once fluorescent proteins had
been discovered, it became possible to study gene
expression, localization and functional activity of proteins
in living cells [4, 5].

The combination of fluorescence and confocal
systems allows 3D-visualization of cells and tissues
[6]. Key discoveries, such as the development of laser
scanning confocal microscopy and spinning-disc
confocal microscopy, have made the optical microscope
one of the most versatile and powerful tools for solving
problems in modern cell biology [7, 8].

However, even with high-quality optics, the resolution
of a light microscope is limited due to the nature of the
light waves. An optical microscope can be regarded
as a system of lenses, which provides a magnified
image of a small object. When an object is placed in
the focal plane, the rays of light from any of its points
should converge at a single point on its projection.
Light diffraction within the system of microscope lenses
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leads to a deviation from the laws of geometrical optics
[9] and to blurring of the focus spot, preventing the
formation of clear images of objects commensurate with
the wavelength of the light [10].

To determine the resolution of the optical system
various criteria are used, the most well-known being
the diffraction limit or Abbe limit. Physically, this implies
that the minimum distinguishable size of a point image
is limited to the size of the light spot, which is directly
proportional to the light wavelength and inversely
proportional to twice the numerical aperture of the
objective [11, 12].

The theoretical resolution limit under excitation of
ultraviolet light (around 400 nm) is about 150 nm in
the XY plane and 400 nm on the Z axis, using an oil
immersion objective with a numerical aperture of 1.40.
Excitation by shorter wavelength light is almost never
used because of the photodamage effect of ultraviolet
irradiation [13, 14] and the need for more expensive
optical components [15]. From a practical point of view,
structures that are closer together than 200 nm cannot
be optically resolved [10].

Observation of objects smaller than 200 nm, such as
viruses, DNA, and mitochondria, has become possible
with the development of electron microscopy [16].
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A modern electron microscope is characterized by a
maximum resolution of up to 0.2 nm, and can provide
images of single molecules [17]. However, there are
technical features that restrict the widespread use
of electron microscopy in biological and biomedical
research. While the tedious and multi-step sample
preparation procedures can lead to artifacts, affecting
the interpretation of images [18, 19], the main drawback
of electron microscopy is the lacking opportunity to study
processes in living cells [20, 21].

The development of super-resolution light microscopy
techniques made it possible to explore living cells at the
level of macromolecular complexes [22, 23]. Overcoming
the diffraction barrier of traditional light microscope,
these methods combine the advantages of electron
microscopy and non-invasive fluorescence imaging [20].
In 2014 Eric Betzig, Stefan Hell and William E. Moerner
were awarded the Nobel Prize in chemistry for their
pioneering work [24, 25].

Near-field microscopy

Imaging of biological sample beyond the diffraction
limit was first demonstrated in 1992 using near-field
scanning optical microscopy — NSOM (or scanning
near-field optical microscopy — SNOM) [26]. Near field
is meant the gap close to the surface of the object with
the size less than the wavelength of the incident light.
NSOM microscopes do not have lenses, the image
being obtained by illuminating the object through the
small aperture of a submicron optical probe positioned at
a distance much shorter than the irradiation wavelength
[27]. Super-resolution (up to 20 nm in the lateral plane)
[28, 29] is achievable as the near-field illumination is
not affected by diffraction or interference effects [30].
Nevertheless, the NSOM method is not widely used in
biological studies [31], as it is limited to the visualization
of only the surface cell structures, and is technically
demanding [32, 33].

The more appropriate method is total internal
reflection fluorescence (TIRF) microscopy, based on the
effects of evanescent wave in the close proximity to the
sample [34]. Excitation of the fluorophores in a region
less than 200 nm in thickness provides a high signal-
to-noise ratio, while decreasing the photobleaching
effect on the fluorophores located in the focal plane.
The sum of several sequential TIRF-images obtained
using different angles of incidence of the excitation
light allows to reconstruct a 3D model of cell structures
with axial resolution of up to 20 nm [35]. It is possible
to detect signals from individual molecules by TIRF-
microscopy [36, 37], however, this method does have its
limitations. As NSOM, TIRF-microscopy is effective for
the investigation of the cytoskeleton in spread cells, and
for processes occurring on the plasma membrane [38,
39], but is not capable for the visualization of intracellular
structures [8]. Moreover, TIRF only provides better
resolution along the Z axis [40].
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Far-field microscopy

The most significant successes in super-resolution
imaging have been achieved owing to far-field
microscopy, based on the lenses that are relatively
remote from the sample [41, 42]. It is worth to mention
I5M and 4Pi microscopy, combining two high-aperture
lenses for illumination the object from two sides,
enabling resolution of up to 100 nm to be obtained along
the Z axis [43, 44], even though the lateral resolution is
still subject to Abbe’s law.

At the end of the 20" and the beginning of the 21¢
centuries completely new and revolutionary fluorescence
microscopy techniques appeared, able to provide truly
sub-diffraction images of biological objects. These
techniques can be divided into three major groups:
structured illumination microscopy — SIM; stimulated
emission depletion microscopy — STED; and single-
molecule localization microscopy — SMLM [30]. In these
approaches, super-resolution is achieved due to spatial
and/or temporal modulation of the fluorophore transition
from one molecular state to another, or by reducing the
physical size of the point spread function [45].

Structured illumination microscopy (SIM). SIM-
microscopy is based on a movable optical grating
located in the path of the laser beam [46]. Combining
the illumination pattern with the fluorescence pattern of
the unknown sample structure, a so-called moiré fringes
appear as an interference image with a spatial frequency
lower than that of the two initially interacting structures
[47]. In the SIM-microscope the striped pattern is shifted
or rotated step-by-step before capturing each sequential
image. A super-resolution image is then reconstructed
by mathematical algorithms [48].

A multicolor 3D-SIM microscope configuration
has enabled visualization of eukaryotic cell nucleus
demonstrating the structural features of the individual
nuclear pore complexes, which previously could be
seen only by electron microscopy [49]. 3D-SIM has
also provided images of plant cells showing the detailed
structure of individual plasmodesmata [50].

The advantages of SIM are its potential to analyze
large fields of view, and the compatibility with almost all
currently used photostable fluorophores [51]. However,
complicated software is required to analyze the various
moiré patterns, and there may be artefacts in the super-
resolution image. It should be noted that the spatial
resolution of the SIM-microscope represents only a two-
fold improvement compared to a wide-field microscope,
being about 100 and 300 nm in the lateral and axial
planes, respectively [10].

Later, saturated structured illumination microscopy
(SSIM) has been developed, based on the property of
fluorophores for nonlinear increase of emission rate
depending on the dose of radiation, besides the moiré
effect. This method gives a resolution of up to 50 nm
in the XY plane, but it requires a high-power laser, and
hence, the use of very photostable fluorophores [52].
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Because of the phototoxic effect on cells, SSIM is not
suitable for the live-cell imaging [53].

Stimulated emission depletion microscopy
(STED). In 1994 a new type of scanning fluorescence
microscopy using the effect of stimulated emission
depletion (STED) was proposed [54]. This approach
is based on reducing the effective diameter of the
illuminated spot by an additional STED-laser that
suppresses spontaneous emission in the outer rim of the
fluorescent spot (Figure 1) due to stimulated emission.
The beams of the excitation illumination and the STED-
laser are accurately aligned, and the distribution of
STED-laser intensities in a focal plane has a “doughnut”
shape, with zero intensity in the center. The spontaneous
emission of an excited fluorophore (fluorescence) and
stimulated emission caused by the STED-laser compete.
As a result, at the high power of the STED-laser, only
molecules within the zero intensity area fluoresce
[55], while in the areas of high intensity there is mainly
stimulated emission filtering out due to the coincidence
with the STED-laser wavelength. Sequential scanning of
the sample provides a complete super-resolution image.
In other words, the STED-microscope is a laser scanning
confocal microscope equipped with an additional STED-
laser, where the sub-diffraction resolution is achieved
through selective quenching of the fluorophores [56].

The higher the STED-laser power, the better
resolution can be obtained. Theoretically, unlimited

resolution might be achieved [57], but in practice
photodamage of the biological sample limits the power
of the STED-beam, so the resolution is usually about
30-80 nm in the XY plane [8].

The use of time-resolved detectors synchronized with
the pulse of the excitation laser (gated STED) allows
a considerable reduction of the STED-laser power. In
these systems, in addition to fluorescence intensity, the
lifetime of fluorescent state is taken into account, leading
to filtering out of photons whose fluorescence lifetime
differs greatly from the expected one. This provides
super-resolution and a high signal-to-noise ratio in the
image, while lowering the intensity of the STED-laser
and hence reducing the risk of photodamage of living
objects [58].

STED-based systems appeared to be more popular
than near-field microscopy ones, and widely applied
to physical [59] and biological issues, especially in the
neurobiology field. For examples, STED-microscopy
has enabled the visualization of the ultra-thin
structures of the dendritic spines of pyramidal neurons
in mouse hippocampal slices [60]. The movements
of neurotransmitter-containing vesicles in primary
cultures of rat neurons has also been described in
detail [61]. Subsequently, the successful application
of STED-microscopy to study the dynamics of
neurons in the cerebral cortex of a mouse in vivo was
demonstrated [62].
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Figure 1. Principles of STED-microscopy. The diagram shows the difference between traditional (fop) and STED (bottom) laser
scanning confocal microscopy. In traditional microscopy the focus of the excitation laser (blue spot) and the corresponding
(green) emission spot are limited by light diffraction, that results in a blurred image (smiley) and the loss of fine details. In STED-
microscopy the use of an additional powerful laser irradiating the doughnut-shaped area around the excitation spot (marked
with red) causes stimulated emission and, as a result, the reduction of spontaneous emission in this area. Thus, an emission
spot, considerably smaller than a diffraction-limited spot, is only observed from the center of the “doughnut” that provides a more

detailed image
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The major advantage of STED-microscopy is that the
resolution can be improved in real-time and does not
require any long-term data processing.

The main drawbacks of the method are its high cost
and the need for high-intensity laser irradiation that limits
the number of suitable fluorophores [63]. From a practical
point of view, STED-microscopy is effective mainly for
fixed samples labeled with photostable fluorescent dyes
[64]. Multicolor STED-imaging is extremely difficult as it
requires a careful design of the detection channels and
the combination of certain dyes [65].

The principle of STED-microscopy can be
generalized and represented as a approach using
the reversible ftransition between two states of a
molecule — the fluorescent state and the dark one
[66]. This concept is manifested in RESOLFT technique
(reversible saturable optical linear fluorescence
transitions). RESOLFT can be realized through the
long-lived dark and fluorescence states of the reversibly
photoswitchable fluorophores, using lasers with a
special intensity distribution at the focus, as well as
in STED microscopy [67]. To initiate such optical
transitions within a fluorophore, lower laser power is
needed suitable for study of living cells and tissues at
a resolution of 50-100 nm [68]. The RESOLFT method
has enabled the tracking the dynamic reconstruction
of actin in the dendritic spines of living hippocampal
neurons over several hours without any signs of tissue
destruction, and with a three times greater resolution
than that of a confocal microscope [69].

Single-molecule localization microscopy (SMLM).
In 2006 three laboratories independently demonstrated
a new principle of super-resolution microscopy.
The following methods were presented: STORM
(stochastic optical reconstruction microscopy) [70],
PALM (photoactivated localization microscopy) [71],
and FPLAM (fluorescence photoactivation localization
microscopy) [72], which, together, laid the foundations
for SMLM. The main requirement for SMLM is the
detection of single-molecule fluorescence that allows
the calculation of the position of an individual molecule
with extremely high accuracy (Figure 2 (a)). To obtain
data for a multitude of such molecules, fluorophore
photoswitching is needed, i.e. the transition between
dark and fluorescent states [73]. Unlike STED and
RESOLFT, determining the position of fluorescent
molecules, on- and off-switching of the molecules is
random in SMLM [74, 75]. The microscope detector
accumulates the signals from the “on” fluorophore,
with the uncertainty of its localization being inversely
proportional to the number of detected photons [76].

The physical concept of SMLM is the consecutive
visualization of subsets of fluorophores scattered
across thousands of images in order to map their real
distribution density (Figure 2 (b)) [77]. The quality of
this reconstruction strongly depends on the algorithm
used for data processing. Different software has
been developed to recover and localize the centres of
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point sources of emission [78]. Analysis of the initial
data usually involves the identification of individual
fluorophores, determination of the coordinates of each
fluorophore molecule, and the reconstruction of a super-
resolution image, where the positions of all the localized
molecules are mapped by overlaying the initial acquired
images [79]. The resolving power is commonly defined
by multiple measurements of the localization of a single
molecule and calculation of the standard deviation from
the normal distribution of the data. As an alternative,
Fourier ring correlation analysis may be applied to
take into account the density and character of the
fluorophore distribution by evaluating the similarity of two
independent reconstructions from a single initial data
source [80, 81].

The localization precision in the lateral plane is
usually 20-50 nm, while the resolution on the Z axis
varies depending on the microscope configuration [8].
With methods based on two objectives, located on either
side of the sample, such as dual-objective-STORM [82]
and iPALM (interferometric-PALM) [83], a 20 nm axial
resolution power can be achieved; while the standard
TIRF-mode only provides a Z axis resolution of 100 nm.
To obtain information of the position of a molecule on the
Z axis an additional cylindrical lens can be used in front
of the detector, so that the image of the point spread
function is predictably distorted the greater the distance
from the focus [84].

Beyond PALM and STORM, new methods are now
being implemented to increase the potential of single-
molecule localization microscopy. They include BaLM
(bleaching/blinking assisted localization microscopy)
[85] and gSHRIMP (generalized single-molecule high-
resolution imaging with photobleaching) [86], providing
resolving powers of 30 and 50 nm, respectively. Their
principle is based on the extraction of information of the
position of each fluorophore not only from its blinking,
but also from its photobleaching, which is random
as well. This approach widens the range of suitable
fluorescent dyes and allows for generating a pattern of
the distribution of single molecules at high density [87].

Besides, SOFI method (super-resolution optical
fluctuation imaging) has been proposed, based on
the statistical analysis of the temporal fluctuations
of fluorophore fluorescence. SOFI-reconstruction is
possible through the analysis of fewer images than
needed for PALM and STORM, but it requires the
absence of any intervals between frames and, as a
rule, a high speed of acquisition [88]. The advantages of
SOFI are both its ability to analyze high-densely labeled
samples and to achieve a considerable reduction of the
background signal in the reconstructed image [89].

Among all the super-resolution fluorescence
microscopy techniques, SMLM has the best quality/
cost ratio. A wide-field microscope equipped with a
set of continuous lasers, power of around 100 mW, a
high-aperture objective and a sensitive CCD-camera
supposed to be enough for implementation. To process
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Figure 2. Principles of single-molecule localization microscopy (SMLM): (a) the emission from single molecule is like a large
diffraction-limited spot, but it allows to precisely calculate the position of the molecule; (b) SMLM is based on multiple cycles of
the activation and detection of a random set of fluorophores molecules, allowing to gather information of the localizations of many

molecules and reconstruct a super-resolution image

the data there is a great variety of free available software
such as rapidSTORM [90] or quickPALM [91]. Moreover,
some leading manufacturers of optical equipment from
Nikon, Zeiss and Leica offer to researchers complete,
integrated systems for SMLM [92].

Conclusion

By now, super-resolution microscopy methods
remain innovative and have a wide potential in
different areas of biology and biomedicine. There is a
continuous progress towards development of superior
fluorophores, data processing algorithms, and optical
setups [93]. For example, an original principle of
live-cell 3D imaging has been developed [94], new
approaches to labeling protein molecules [95] and data
processing [96] have been tested. In recent years, the
technologies that combine super-resolution fluorescence
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microscopy with other methods of visualization have
been in active development. Thus, correlated light and
electron microscopy — CLEM, becomes very efficient
in combination with PALM-based methods allowing
the correlation analysis of electron micrographs with
fluorescence images at a nanometer scale [97].
The combination of super-resolution and light sheet
microscopy (light sheet fluorescence microscopy —
LSFM) successfully works as it allows visualization
of thick living biological specimens over long periods
of time. 3D imaging of living samples with thickness
of up to 150 um at sub-diffraction resolution has been
demonstrated by individual molecule localization
with selective plane illumination microscopy — IML-
SPIM [98]. A technology based on lattice light sheet
microscopy — LLSM, aimed at the visualization of
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rapid dynamic processes within the entire organism,
has been developed [99]. The LLSM method has also
been successfully combined with PAINT technology,
resulting in multicolor 3D images of thick, high-densely
labeled samples of dividing cells and embryos of model
organisms [100].

A major trend is the development of techniques
less damaging living cells and being suitable for the
study of dynamic processes. Modified variants of
SIM-microscopy with better resolution at high-speed
acquisition and lower power of laser irradiation (high-
numerical aperture TIRF-SIM and patterned activation
nonlinear-SIM) have been demonstrated [101]. There
is potential in the complementarity of super-resolution
microscopy and microfluidics technology as it allows
studying the subcellular processes in living objects
within a controlled 3D-microenvironment resembling the
physiological conditions [102].

It is important to emphasize that the development
of such technologies is only possible through the
close collaboration of researchers with different
expertises: engineers, physicists, software engineers,
mathematicians, biophysicists, chemists, and molecular
biologists [103]. On the one hand, the interdisciplinary
nature of super-resolution microscopy should facilitate
fast progress and breakthrough achievements, but on the
other hand, it can restrict its practical implementation. In
the near future, super-resolution microscopy techniques
are expected to be widely used to solve fundamental
and applied issues and become a routine procedure for
researchers.
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