Chapter 2

Super-Resolution Microscopy: Principles,
Techniques, and Applications

Sinem K. Saka

Abstract

Diffraction sets a physical limit for the theoretically achievable resolution; however, it is possible to circumvent
this barrier. That’s what microscopists have been doing in recent years and in many ways at once, starting
the era of super-resolution in light microscopy. High-resolution approaches come in various flavors,
and each has specific advantages or disadvantages. For example, near-field techniques avoid the problems
associated with the propagation of light by getting very close to the specimen. In the far-field, the strategies
include increasing the light collecting capability, sharpening the point spread function or high-precision
localization of individual fluorescent molecules. In this chapter, the major super-resolution approaches are
introduced briefly, together with their pros and cons, and exemplar biological applications.

Key words Superresolution, NSOM, AFM, TIRF, STED, SIM, I°M, 4Di, Localization microscopy,
STORM, PALM, FPALM

1 Near-Field Techniques

Light microscopy can work in two different modes depending on
how far the light is allowed to propagate: far-field light propagates
through space in an unconfined manner and is the typical light in
conventional microscopy, while near-field light consists of a non-
propagating field that exists very close to the surface of an object,
at a distance smaller than the wavelength of light used for imaging.
Near-field microscopy, which is in general limited to imaging of
surfaces, has attained nanoscale resolution earlier than many far-
field techniques. However, it has not been able to provide an
increased resolution for most common biological applications,
since the biological specimen are often too thick for near-field
imaging. Still, some techniques like scanning near-field optical
microscopy, atomic force microscopy (AFM), and total internal
reflection microscopy (TIRF) have proven to be very useful for
particular questions. Hence they will be briefly discussed below.
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1.1 Near-Field
Scanning/Scanning
Near-Field Optical
Microscopy

Near-field in optics is a general term for configurations that involve
illumination or detection of the specimen through an element with
subwavelength (smaller than the wavelength of the light used for
imaging) size, located at a subwavelength distance from the speci-
men. This concept allows obtaining resolution substantially below
the wavelength of light, because light is not allowed to diffract
after leaving the aperture. The simplest way to design a setup for
near-field microscopy is to avoid using lenses. Instead, an aperture
smaller than the wavelength of light is positioned very close to the
surface (at a distance smaller than the wavelength itself). In such a
system, resolution depends on the aperture size and the distance
from the sample, but not on the wavelength.

The theory of near-field scanning optical microscopy (NSOM)
was proposed by Synge in 1928 [1]. The proposal involved placing
an opaque plate with a hole (aperture) of 10 nm diameter in front
of a strong light source. In this configuration, he envisioned local
illumination of a thin biological section, which should be closer to
the hole than the diameter of the hole itself. Transmitted light was
to be detected point by point by a detector. Unfortunately, as he
was also aware of the technology at the time was not advanced
enough to build four critical components of such a microscope [1].
First, the light sources of the time were not strong enough. Second,
it was very hard to move the section in very small regular incre-
ments. Third, getting a thin biological section with a flat surface
was quite difficult at the time. Finally, constructing an opaque plate
with a very small hole was also quite complicated. Therefore, it
took several decades to develop the technology necessary for this
design. Initially, the approach was demonstrated to achieve sub-
wavelength resolution (reaching 4,/60) in near-field at the micro-
wave spectrum [2]. Then with the development of techniques in
aperture fabrication, several groups independently applied it for
shorter wavelengths [hence the different abbreviations NSOM and
SNOM (scanning near-field optical microscopy)] using different
aperture constructions [3-6]. The “aperture” here is the nano-
sized opening at the end of a metal-coated optical fiber. Although
theoretically arbitrarily small apertures can be created to increase
the resolution, one limiting factor is the penetration depth of light
into the metal aperture, which restricts the achievable resolution to
30-50 nm [7]. Alternatively, apertureless microscopes have also
appeared. The apertureless NSOM (ANSOM) uses a sharp nano-
sized mechanical probe tip (similar to that of an atomic force
microscope as detailed below). The tip creates a local change, for
example in the effective fluorescence, when it comes close to a
point in the specimen surface, and this change is detected in the
far-field. Since the effect is limited to the area interacting with the
probe, objects much closer than the diffraction limit are discernible
[8]. With apertureless setups, it is possible to reach below 10 nm
resolution [7].



1.2 Atomic Force
Microscopy
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Using NSOM it is possible to obtain a resolution of at least
~80 nm and it also allows combining optical and topographical
(force-based) imaging simultaneously. To keep the distance
between the probe and the sample surface constant, NSOM uses a
shear-force feedback control mechanism. For that, the probe tip is
let to oscillate with an amplitude of less than 1 nm. When the tip is
too close to the sample, the shear forces cause a change in the oscil-
lation, which is detected through an electronic system. However,
the use of this system requires the surface to be dry. Although
there are protocols for structure-preserving drying processes, this
creates a problem for biological specimens and fluorophores that
might need an aqueous environment for desired fluorescence
effects and are subject to increased photobleaching due to direct
contact with oxygen [9]. These reasons, as well as the applicability
of the method only to surfaces, prevented its extensive use for biol-
ogy. However, in the last decade there have been successful
attempts to improve the tip-sample distance regulation in liquid
[10] and various cellular structures have been imaged in aqueous
medium. To name a few, fluorescently labeled plasma membranes
of fibroblasts or transmembrane proteins like HLA class 1 mole-
cules have been visualized with a resolution of ~40 nm [11].
Similarly, T-cell receptor domains and aggregates of various prop-
erties have been imaged with 50 nm resolution using quantum
dots for labeling [12].

Like NSOM, AFM [13] is a scanning probe microscopy technique,
in which the surface of the sample is scanned with a very fine tip.
While NSOM offers a direct observation of the nanostructures,
AFM can provide either direct or indirect topographical images
and measurements of atomic interactions. The AFM tip is posi-
tioned with high-precision in respect to the sample and is mounted
to a flexible cantilever that deflects as a result of the force on the tip
(Fig. la—). The deflection of the cantilever is a quantitative measure
of the force. To detect the deflection, a laser beam is reflected from
the end of the cantilever into a detector. Through scanning, the
interaction or the force between the tip and the surface is measured
in a continuous feedback loop. The feedback serves to keep some
of the parameters constant, allowing the measurement of the
desired interactions.

AFM can be operated in four different primary modes that are
distinguished by the way the tip is moved over the specimen. In the
contact (static) mode [15], deflection is used as a feedback parame-
ter by keeping the force constant. This mode is preferred especially
tor hard surfaces and single molecules, as the risk of damage is high
for biological samples. In the non-contact mode [16], the cantile-
ver oscillates at a small distance (1-10 nm) above the surface dur-
ing the scan, without touching it. By keeping a constant distance,
the changes in the amplitude, the frequency or the phase of the
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Fig. 1 Atomic force microscopy, for structural and functional imaging. (@) Use of AFM to probe the surface of a
cell, in combination with modern optical microscopy techniques. (b) In the imaging mode, AFM scans the cell
surface with nanometer resolution. (¢) In force spectroscopy, the small interaction force acting between the
AFM tip and the cell surface is measured while the tip approaches the cell and is retracted from the cell.
(d) Various modalities may be used depending on whether the tip is functionalized with biomolecules or
viruses or by a full cell. Reprinted with permission from [14]

cantilever are detected and used for feedback control. Attractive
forces acting between the tip and the sample are sensed and
topographic images are constructed. Another mode is the tapping
mode [17] in which the tip briefly contacts the surface and then
lifts off alternately. In this mode, the cantilever oscillates at higher
amplitudes than the non-contact mode, which is advantageous to
prevent trapping of the tip in thin liquid layer on the surfaces. It is
especially used to image larger areas, which might have greater
topographical variations. For biological samples, the last two
modes are preferred, as the damage to the sample is greatly reduced.
The fourth primary mode is the torsional resonance mode, where
the cantilever oscillates in a twisting motion around its long axis.
The twisting motion is changed upon the lateral forces the tip
encounters and these changes are sensed by the detector [18].
There are also secondary imaging modes that are derived from the
primary modes for detection of a specific type of interaction, such
as friction forces between the probe tip and sample surface, con-
ductivity or elasticity of the surface, electrostatic surface potential,
temperature, magnetic force, or electric field gradients.

The biggest advantage of AFM is the possibility to attain single
protein resolution in aqueous solutions. The resolution is in theory
limited only by the apical probe geometry and the sample geometry
(tip-sample dilation), but is also affected by the thermal noise and
the softness of the sample. For example, for soft and dynamic cell
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1.3 Total Internal
Reflection Microscopy

surfaces, such as those of mammalian cells, the typical resolution is
50-100 nm [14]. Although AFM ofters high resolution and the
possibility to probe various interactions, it has its own limitations.
Since it is a surface scanning technique, only the top surface of the
sample can be imaged at high resolution and the sample has to be
immobilized on a support. For accurate results, effective vibration
isolation is necessary. For biological samples, there is also the
inherent risk of sample deformation by the tip. Live imaging is
possible, but is typically rather slow (1 image/min). There are
attempts to tackle this challenge by advancing the instrumentation,
like incorporating high-speed scanners. Despite these disadvan-
tages, AFM is a valuable tool for nanoscale resolution especially for
in vitro characterization of biomolecules and has been employed
for several biological questions. It has recently been used to observe
the motion of single Kinesin-1 dimers along microtubules with
enough resolution to observe both kinesin heads binding 8 nm
apart to the same protofilament [ 19]. In another in vitro study, the
mechanism of actin remodeling by a neuronal actin binding pro-
tein, drebrin A, has been investigated with subnanometer resolu-
tion [20]. Performing contact mode AFM imaging, nuclear pore
complexes have been visualized together with ribonucleoprotein
particles traversing the nuclear envelope [21]. AFM has also been
used to study the conformation of various amyloid molecules in
reconstituted membranes. The tested amyloid peptides (including
a-synuclein, AB(1-40), amylin, and more) were found to form
morphologically compatible ion-channel-like structures and elicit
single ion-channel currents in reconstituted membranes [22].

The AFM-tip can be biologically modified to image-specific
molecules in an approach called molecular recognition mapping
(MRM [23]). For this purpose, various chemical groups can be
adsorbed or immobilized on the tip (Fig. 1d). Molecules of inter-
est, such as receptors, antibodies, ligands, tags, or even whole cells,
can be conjugated to the chemically modified tip, usually through
a linker molecule. By using modified tips, specific interactions can
be probed [24] and interaction maps can be produced. This
approach, for example, has been used to study the organization
and rigidity of protein domains containing GPI-anchored proteins
on neuronal membranes [25].

Apart from its use for imaging, AFM is also an important tool
for force spectroscopic measurements and nano-manipulations. For
example, the AFM tip could be employed to seize a single protein.
By retracting the cantilever, the protein could be forced to unfold
bond by bond and the amount of retraction could be measured to
calculate the relative strengths of the chemical bonds [26, 27].

When light encounters the interface between two media of differ-
ent refractive indices, it bends (refraction). The refraction angle is
determined by the refractive indices of the two media and the



18

Sinem K. Saka

Laser
beam

n,: High
refractive index

Fluorophores

—— } Evanescent
d=100 nm —Cjy—

wave

n,: Low
refractive index

N

Fig. 2 The principle of TIRF microscopy. When a light beam arrives at an interface
between media of different refractive indices (such as from glass into water), at
an angle higher than the critical angle, it goes under total internal reflection. This
generates an evanescent electromagnetic field at the other side of the interface
at an intensity that decreases exponentially with the distance in z. TIRF makes
use of this principle for excitation of only a subset of molecules that are very
close (typically <100 nm) to the interface

incidence angle of the light. Refraction is usually accompanied by
a small amount of reflection from the interface between the two
media. If the light reaches the interface at an angle high enough,
termed the critical angle, it refracts parallel to the interface. As the
incidence angle increases toward the critical angle, the proportion
of the refraction decreases and more light is reflected. When the
angle is higher than the critical angle, the light coming through the
first medium (of higher refractive index, such as glass) does not
propagate in the second medium (of lower refractive index, such as
an aqueous solution) and is instead completely reflected back from
the interface (total internal reflection). In such a case, although the
light itself stays in the first medium, an electromagnetic field, called
“evanescent field,” is created in the second medium at close prox-
imity of the interface. The evanescent field can only extend a few
hundred nanometers in the z-direction, since the intensity decreases
exponentially with the distance from the interface. TIRF micros-
copy (also called evanescent wave microscopy) exploits this princi-
ple to excite fluorophores that are in close vicinity of the
specimen-glass interface [28]. The excitable region is typically
restricted to a depth of less than 100 nm. To use the total internal
reflection effect, TIRF setups provide laser excitation at an angle
greater than the critical angle (Fig. 2).

As the physical principle suggests, the main characteristic of
TIRF is restricting the fluorescence emission only to a very shallow
region (<100 nm) close to the coverslip. This greatly reduces the
background and provides a high signal-to-noise ratio. Although
the lateral resolution is not altered, it is possible to achieve high
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axial resolution (typically <100 nm, but can be decreased down to
10 nm) on large fields of view without scanning. Thanks to the
immense reduction in the background, high sensitivity, and mini-
mized photobleaching, it is also a popular technique for single particle
tracking approaches in the near-field [29]. TIRF is easily applied to
live cell imaging and has been commonly employed for studies of
dynamics near the surface. For instance, the inward movement of
single clathrin-coated pits accompanied by dynamin recruitment
and actin assembly has been visualized using TIRF [30].

Improvements in the TIRF methodology have also been
important for advancement of other super-resolution techniques
that rely on single molecule detection. By making use of the TIRF
technique, it is possible to collect photons from single emitters, as
the detection area is highly restricted. Provided that a sufficient
number of photons are collected from single molecules, it is pos-
sible to find the localization of each molecule with very high preci-
sion by determining the centers of their PSFs. Thus, sub-diffraction
localization information can be obtained from a diffraction-limited
imaging process. The first of these TIRF-based single-molecule
localization methods is “fluorescence imaging with one-nanometer
accuracy” (FIONA [31]). Among its applications is the achieve-
ment of 10 nm axial resolution in living cells using TIRF and
single-molecule localization for visualization of clathrin and its
adaptor AP-2 in clathrin-coated pits [ 32]. The motion of secretory
granules and the variations in their plasma membrane attachment
have been visualized by TIRF as well, with detection of very small
(<20 nm) axial displacements [33].

Although FIONA and its derivatives provide localization infor-
mation with very high accuracy, they can only be used when the
fluorophores are distant enough from each other. This is an impor-
tant limitation for the wide-range biological applicability of these
techniques. In this regard, one step forward was taken by incorpo-
ration of photoswitching or photoconversion of fluorophores, so
that it is possible to detect individual fluorophores even when mul-
tiple emitters overlap. Super-resolution techniques that use this
principle are explained below in more detail.

2 Far-Field Techniques

Despite the impressive resolution attainable by near-field tech-
niques, the imaging power is limited to only a very thin section at
(or close to) the specimen surface. Unfortunately, most cellular
processes take place deeper in the cells. Far-field microscopy
techniques enable detection at much larger distances than the
wavelength of light, making them more easily applicable to bio-
logical questions.
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2.1 Confocal Laser
Scanning Microscopy

2.2 Super-Resolution
Microscopy
Techniques

The confocal microscope has been invented and patented by
Marvin Minsky in 1957 [34]. Although the main principles of his
original design are still valid, several technological advancements
have been incorporated into it over the decades. A modern confo-
cal system consists of lasers for point-like and strong illumination
of specimen, an illumination pinhole and an objective lens for
obtaining a point-like focused scanning laser beam (point-like focal
spot) and a detection pinhole for formation of a point-like image
on a sensitive electronic photon detector. In this system, the point
of focus on the object and the image are optically aligned to each
other (conjugated together) along the path of light, hence the ori-
gin of the name “confocal” (having the same focus).

The main achievement of confocal microscopy is the elimination
of the stray light and out-of-focus blur as the pinhole blocks the light
emitted from the areas outside the focus. This gives clearer images and
higher contrast, as well as the possibility to create optical sections. In a
confocal microscope the contrast cut-off distance (the distance at
which the contrast becomes zero and the intensity peaks cannot be
distinguished) is smaller than for wide-field [35]. At the level of PSE,
the higher contrast of the confocal microscope originates from a
decrease in the height of the first diffraction ring in comparison to the
central disk. It is especially useful for better separation of dim objects
that are further away than the diffraction limit [36].

Theoretically, it is possible to achieve resolution beyond the
diffraction limit in fluorescence imaging, by decreasing the pinhole
size significantly lower than the Airy disk size. The attainable lat-
eral and axial resolution improvement lies in the range of V2 fold
[36, 37]. However, this is not very practical for the imaging of
most biological specimens, as it causes a substantial decrease in
signal-to-noise ratio due to the massive rejection of the emission
signal by the small pinhole. Therefore, the lateral resolution
improvement obtained with a confocal laser scanning microscopy
(CLSM) is usually little or none, although the gain in contrast
gives rise to crisper images. Nevertheless, the concept of the scan-
ning confocal microscope has been used as a starting point for
many high-resolution techniques.

The techniques employed to attain high-resolution in the far-field
differ in principle of operation, instrumental design, sample
requirement and imaging capabilities. It is possible to classify them
based on different aspects. Here, a basic classification is made
according the main resolution-improvement strategies.

One general method to attain sub-diffraction resolution is to
engineer/modulate the PSE. Techniques such as stimulated emission
depletion (STED) microscopy [38] and structured illumination
microscopy (SIM [39, 40]) modulate the geometry of the excitation
beam by using non-linear optical effects and high-intensity lasers.
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4Pi Microscopy

Another general method exploits the photoswitching/
photoconversion properties of the fluorescent probes and spot
localization at high-precision in the absence of nearby diffracting
spots. This method led to a set of super-resolution techniques
known as single-molecule localization methods, including stochas-
tic optical reconstruction microscopy (STORM), photoactivation
localization microscopy (PALM), fluorescence photoactivation
localization microscopy (FPALM) [41-43].

A third strategy is to reconfigure the conventional objective
geometry and light collection. The resolution improvement is
achieved by increasing the fraction of the wavefront collected by
the objective. 4Pi microscopy [44] and I°M [45] are the tech-
niques that successfully apply this method to reach impressive lev-
els of resolution especially in the axial dimension. In many cases,
newer techniques arise by a modification or combination of these
three concepts.

Most of the current super-resolution techniques (as explained
below) give a higher priority to enhancing the lateral resolution. In
contrast, 4Pi microscopy aims to increase the axial resolution,
which is conventionally much lower than the lateral counterpart.
For a single lens, the angle at which the spherical wavefront is col-
lected is theoretically limited to 2z (where a full sphere encom-
passes an angle of 4x). However, in reality this requires a 90°
semi-aperture angle, which is not attainable. By using two opposing
lenses, this angle approaches the limit of 4z (hence the name 4Pi).
If a spherical focal plane can be employed to collect the spherical
wavefront, the image would not be as stretched as obtained with a
planar focus plane [44]. 4Pi microscopy increases the aperture
angle by placing two objectives opposite to each other, so that they
have a common focus and the spherical segments of the wavefront
can be collected from both sides, and interfered constructively.
This gives rise to a 3—7-fold narrower main peak in the axial direc-
tion of the PSF. Thus axial resolution can be increased to
80-160 nm [46]. The lateral resolution however, stays the same
(although crisper image details could be obtained, as the optical
sections are thinner than in a conventional confocal microscope).
Lateral imaging is performed through scanning. The specimen is
generally placed in between two coverslips to maintain optical
accessibility from both sides.

4Pi setups can differ in design depending on which beams are
interfered [44]. Type A microscopes exploits only the interference
of the excitation light and the emerging fluorescence is collected
by a single lens; whereas Type B use only the interference of the
emission light for coherent detection of the fluorescence. A third
variant, Type C (Fig. 3a, b) combines A and B using two lenses
both for excitation and emission [49].
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Fig. 3 4Pi microscopy. (a) Sketch of a 4Pi microscope (type C). Excitation light coming from the microscope
stand is divided into two by the beam splitter (BS) and both beams are focused onto the same sample spot by
the opposing objective lenses 01 and 02. The intermediate optical system consisting of the lenses (L1, L2, and
L3) and the mirrors (M1, M2, and M3) maintain the beam paths for point scanning with two objective lenses.
Fluorescence collected by both lenses meet at BS, and led back to the microscope stand. The movable glass
wedges and the glass window are used to adapt the system for dispersion of light at a range of wavelengths.
A standard confocal microscope unit is used for scanning. Reprinted with permission from [46]. (b) Confocal
(/eft) and restored 4Pi-confocal (right) XZ-images of microtubules in a cell. The 4Pi image has an axial resolu-
tion in the 100-nm range. Scale bar is 400 nm. Reprinted with permission from [47]. (c) XZ-image of a 100 nm
fluorescent bead taken by a type A 4Pi-confocal microscope. The line profile along the dashed white line dis-
plays side lobes of 35 %, which can be removed through deconvolution. The measured FWHM is very close to
the theoretical value. Reprinted with permission from [48]

Interference of the two equal wavefronts of opposite directions
generates a standing wave that does not propagate and stays in a
constant position. This kind of wave results in the formation of two
smaller secondary maxima next to the main PSF peak (more explic-
itly below and above according to the specimen plane). These sec-
ondary interference maxima are called “side lobes” and can cause
ghost images if not removed properly (Fig. 3c). To remove the side
lobes, a deconvolution procedure has to be applied (deconvolution
is the mathematical reversion of the optical distortion that takes
place in a microscope, in order to improve the image quality). The
higher these side lobes are, the harder it gets to remove them by
deconvolution. As a general rule, if they are higher than 50 % of
the main PSF peak, it is not possible to get unambiguous data
[48]. The height of the side lobes decreases with increasing semi-
aperture angle. With most available immersion lenses the semi-
aperture angle would be below 68°, giving primary side lobes
higher than 60 % of the main peak [50]. Therefore, in order to
suppress the side lobes, other optical modifications are generally
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used, including addition of a confocal pinhole to decrease the
fluorescence detection from the side lobes or using two-photon
excitation [51], which decreases the height of side lobes relative to
the main peak. Two-photon excitation also enhances the effect of
the confocal pinhole, as longer excitation wavelengths move the
side lobes away from the focal plane [44]. In general Type C setups
are better at lowering the side lobes. The best results are therefore
obtained by using a confocal Type C 4Pi microscope with two-
photon excitation [46, 49].

4Pi microscopy has been used for mammalian cells to visualize
in dual-color the Golgi stacks [48] and nuclear pore complex
components [52] with 110-130 nm axial resolution. For live
imaging, there are a few compromises. First, the specimen needs to
be mounted in aqueous medium, which creates a refractive index
mismatch between the mounting and the immersion medium used
for high numerical aperture oil-immersion lenses. This mismatch
deforms the spherical detection of the wavefronts and causes higher
side lobes. Water-immersion lenses need to be used to prevent the
mismatch. However, these lenses have smaller aperture angles
compared to oil-immersion lenses, consequently enhancing the
side lobes [53]. To account for that, it is necessary to apply multi-
photon excitation. Second, as in some other super-resolution tech-
niques, the focal volume is reduced to improve the resolution. This
gives rise to a reduction in total fluorescence and a decrease in
signal-to-noise ratio. Therefore, the recording time should typi-
cally be increased to reduce the noise, in order to compensate for
the decreased volume. To counterweigh this problem 4Pi setups
with parallelized recording from multiple foci have been designed.
This design is called “multifocal multi-photon microscope”
(MMM-4Pi [54, 55]). This modification, together with confocal
pinholes and image restoration, has been useful to obtain 3D
images of the mitochondrial network in living yeast at an equilat-
eral resolution of ~100 nm [56]. Live mammalian cells have also
been imaged with a similar 3D resolution, using a GFP-labeled
Golgi marker [57].

In addition to imaging at high resolution, the shape of the 4Pi
PSF has offered a new tool to quantify the thickness of cellular
structures (varying between 75 and 500 nm) with high precision.
For this quantification the ratio of the average value of the two
primary minima to the average value of the two side maxima is
calculated. The smaller the ratio (the higher the side lobes relative
to the primary minima), the thinner is the object [53]. This mea-
surement was used to quantify the average diameter of the tubules
of the mitochondrial network [56].

In order to reach super-resolution in 3D, 4Pi has also been
employed in combination with super-resolution techniques of
high lateral performance such as STED microscopy [58], as will
be detailed below.
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2.2.3 Stimulated
Emission Depletion
Microscopy

I°M is technically related to 4Pi. It is a combination of two kinds
of interference-based approaches, image interference microscopy
(I*’M) and incoherent interference illumination (I3) [59]. I? and
I*M can be said to be wide-field counterparts of type B and type A
confocal 4Pi microscopy, respectively. In the I?’M mode, emission
beams are collected from two opposing objective lenses and after
traveling over different paths with equal distances they are super-
imposed on one CCD camera. The image is formed through inter-
ference of the two fluorescent beams. In the I* mode, the sample is
illuminated from both sides using an incoherent light source such
as a standard arc lamp, in contrast to a laser as in 4Pi. The illumina-
tion light is polarized perpendicular to the axial direction, so light
beams coming from opposite directions interfere at the focal plane
creating standing waves [53] that excite a narrower area. Emitted
fluorescence is detected by a CCD camera. By combining I?M and
I3, I°M attains high axial resolution through interference in both
excitation and emission detection, in a similar fashion to type C
confocal 4Pi microscopy, but operating in the wide-field context
with single-photon illumination [60].

The FWHM of the I'M PSF is typically comparable to that
obtained by 4Pi, ~7 times narrower than conventional wide-field
microscopy. However, compared to 4Pi, the side lobes are more
pronounced in I°'M. On the other hand, I°'M is faster and has a lower-
cost, and can obtain more photons as single-photon excitation is used.
Still, the difficulty of removing comparatively higher side lobes has
been limiting widespread biological applications of T°M.

The compromises for live 4Pi imaging are also valid for I°M;
however, the generally elevated side lobes in I°M cannot be as
easily compensated. Therefore, so far significant resolution improve-
ment by I°’M has only been demonstrated with oil immersion lenses,
limiting its use to fixed samples [53]. Under favorable conditions,
better than 100 nm axial resolution has been experimentally verified
imaging filamentous actin in fixed mammalian cells [45].

Like 4Pi, for 3D resolution improvement, I°M has also been
combined with other super-resolution techniques, for example, SIM
(I’S [61]), giving rise to ~100 nm resolution in all dimensions.

STED microscopy exploits the physical phenomenon known as
“stimulated emission” to modulate the effective PSF. If an electron
in excited state encounters a photon at an energy level similar to
the difference between the electron’s energy and the ground
energy, the photon will stimulate the electron to fall into the
ground energy state. This is realized through emission of a photon
with the same wavelength as the incoming one. The excited
molecule is therefore not allowed to undergo spontaneous emis-
sion of a fluorescence photon, but is subject to STED and will emit
a photon at the wavelength of the light used for the STED effect.
These more red-shifted photons can be separated from the
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Fig. 4 STED microscopy. (a) Principle of operation. The excitation beam (blue) is superimposed with a
doughnut-shaped depletion beam (orange), resulting in the de-excitation of all fluorophores except those
located in the center of the depletion beam. This yields an effective fluorescent spot of sub-diffraction size
(green, below). Reprinted with permission from [63]. (b) Synaptotagmin 1 (red) and synaptophysin (green)
colocalize well on the plasma membrane of neurons, after vesicular fusion, as visualized by STED microscopy.
Note the precision of the full or partial colocalizations in the two-color STED image over the confocal counter-
part. Scale bar is 1 pm. Reprinted with permission from [64]

fluorescence emission by use of filters. Fluorescent dyes can thus be
“de-excited” by additional irradiation with a red-shifted depletion
beam: STED. The STED microscope functions like an improved
confocal laser-scanning microscope, in which a conventional exci-
tation beam is used to turn on the fluorophores in a diffraction-
limited spot. The additional feature is the introduction of a second
(STED) beam that is modulated by a phase plate into a doughnut-
like shape. By alignment of the two beams, the emission of fluores-
cence is only allowed from the center of the excited spot where the
depletion beam has zero intensity, so a much smaller focal spot can
be obtained [38, 62], resulting in images with substantially higher
resolution (Fig. 4). The image is generated through scanning of
the chosen area. The obtained improvement in resolution is
theoretically not limited by a physical barrier. In principle if the
intensity of the de-excitation beam is high enough, the focal spot
can be decreased to molecular size [65].
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Since STED was the first of the many following diffraction-limit
breaking strategies, and has been used to address biological
questions for over a decade, it is worthwhile to go briefly through
the key studies that contributed to the development of the tech-
nique. The development timeline of STED microscopy, as detailed
below, is a good example of the typical steps by which a super-
resolution technique emerges in biology. New techniques are put
forward first by demonstration of the use of an optical /physical
phenomenon to obtain high-resolution with a proof-of-principle
study, followed by application to a simple, fixed biological speci-
men such as bacteria. Then, the advantages of the technique are
demonstrated on more complex samples, to answer previously
unresolvable biological questions. Next, the technique is adapted
to the needs of biology by making implementations enabling mul-
ticolor imaging, reduced sample damage, live imaging, high tem-
poral resolution, broader fluorophore selection, further-improved
or 3D super-resolution, as well as easier operation and lower costs.
In the course of development, the commercialization of the spe-
cialized equipment is also important for the new technique to
become widely used.

The theoretical principles of STED microscopy were first
introduced in 1994 by Hell and Wichmann [38]. Later in a proof-
of-principle study the proposed setup, which featured an axially
modulated PSF, was used on living yeast and E. coli cells [62].
A fluorescent spot of 18-times smaller focal volume was obtained.
This was followed by implementation of STED in a 4Pi fashion,
giving rise to an axial resolution of 33 nm. The focal spot size of
/23 was the lowest obtained in far-field microscopy by 2002
[66]. Until this point, solely membrane dyes were used for label-
ing. Since the resolution is highly dependent on the high excita-
tion intensity it was questionable if similar sub-diffraction
resolution could be obtained with other types of labeling.
Therefore the next important study applied STED to a conven-
tional immunofluorescence preparation and microtubules of
mammalian cells were imaged at an axial resolution of ~50 nm,
with a 4Pi-STED setup. The resolution improvement obtained
with STED was until this time point largely axial (along the opti-
cal axis) due to radial polarization of the STED beam and was also
accompanied with higher side lobes, which required extra image
processing. In a 2005 study, the phase plate that modulates the
STED beam was modified into a doughnut-shaped composite to
obtain sub-diffraction resolution in the focal plane, yielding a lat-
eral resolution of 16 nm [67]. With this version of the setup it was
experimentally proven that the resolving power increases with the
square root of the saturation level of STED. Therefore, for
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calculation of resolution in such microscopes the Abbe equation
[68] is replaced with the following:

M (1)

2sina /1 +L
Ifﬂf

where 4 and a denote the wavelength and aperture angle of the
lens, respectively. Iis the maximal focal intensity applied for STED
and I, is a characteristic value at which the fluorescence excitation
is reduced to half [63, 67]. Here it could be seen that when I/,
is increased toward infinity, resolution (A7) approximates to zero;
hence resolution is now independent of diffraction.

After this point, STED was applied to biological questions.
One of the best-known applications was performed to answer a
neuroscience question: do the components of synaptic vesicles dif-
fuse on the plasma membrane or do they remain together after
exocytosis? Synaptic vesicles are ~40 nm in diameter and are densely
packed with proteins making them or their constituents very hard
to resolve. Using STED, it was possible to show that the vesicle
membrane protein Synaptotagmin 1 is found in patches of 70 nm
on the plasma membrane after fusion of the vesicle [63]. In another
study STED was used to visualize the active zone protein Bruchpilot
in Drosophila synapses and neuromuscular junctions. Surprisingly,
the protein was found to form ring-shaped structures, which could
not be resolved with confocal microscopy [69].

In 2006, fluorescent proteins (following membrane dyes and
organic-dye conjugated antibodies) were shown to be compatible
with STED [70]. These studies continued with introduction of
two-color STED, which enabled simultaneous super-resolution
imaging in multiple colors. For that it was necessary to use two
pulsed laser diodes for excitation at different wavelengths and two
amplifiers for two STED beams of different wavelengths. A lateral
resolution of 30 and 65 nm was obtained for fluorescent beads
imaged in the green and the red color channels, respectively [71].
3D imaging with the STED technique was also made possible by
introduction of isoSTED [58]. This setup used two different
STED beams of the same wavelength orthogonal to each other so
that the STED effect is obtained both laterally and axially. It also
had a 4Pi-like organization, using two opposing lenses to collect
more of the wavefront. As a result, a spherical focal spot was
obtained with ~40 nm resolution in each dimension. By making
optical stacks, high-resolution 3D images of mitochondria (immu-
nolabeled against Tom20) were obtained. The method was also
used with the addition of a second color, displaying a homoge-
neously distributed mitochondrial matrix protein together with
the outer membrane protein Tom20, which was found to form
distinct clusters at the organelle’s boundary. In parallel, a more
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2.2.4 Structured
Illumination Microscopy

economical and easy-to-use laser source, continuous wavelength
(CW) laser, was used instead of the more expensive and complicated
pulsed-laser [72]. This development increased the accessibility of
the technique for more laboratories, as well as the speed of image
acquisition.

STED was also applied to live, deep tissue imaging. Neurons
were filled with YFP and the morphological changes of dendritic
spines (with structures <40 nm) were imaged in time-lapse after
stimulation [73]. The fact that the technique requires scanning
makes it relatively slow. However, when small fields of view are
taken, it is possible to make video-rate (28 frames per second)
movies with a fast scanner and a fluorescent label with high photon
yield. This was demonstrated by imaging synaptic vesicles in living
neuronal preparations. It was possible to track these small organelles
and identify different pools based on their speed [74, 75]. Another
biologically useful effort was combining advantages of STED and
electron microscopy in a correlative fashion to obtain specific pro-
tein localization information in the morphological context of the
cell [76]. Of course, this kind of correlation microscopy requires
the fixation and embedding conditions to be optimized to get the
best of both techniques. Finally, STED was shown to be applicable
to multicellular living organisms. Fluorescent proteins were
expressed in neuronal cells of C. elggans and in the brain of an adult
mouse [77, 78]. In both cases, axonal or dendritic structures in
neurons were imaged with 110 and 67 nm resolution, respectively,
for C. elegans and mouse brain.

As could be seen from all these applications, STED microscopy
has undergone various modifications to satisty the needs of biol-
ogy. Every adaptation though, as one would expect, has the risk of
complicating the instrumentation. Also economically, a STED
setup is rather costly. Still, its key advantage is the fact that it does
not require image processing and the super-resolution image is
obtained right during acquisition. Fifty to 70 nm resolution is
commonly reached, while it is possible to reach much higher reso-
lution under optimized conditions. The fluorophore choice
depends on the capabilities of the setup used, and is still limited to
bright and rather photostable fluorophores whose spectral proper-
ties match that of the available lasers for a particular setup.

SIM is a wide-field (non-scanning) technique. It is sometimes also
called “poor man’s confocal microscope,” referring to its immense
optical sectioning ability without the use of an expensive confocal
system [79]. In a conventional SIM configuration, a periodic dif-
fraction grating of known pattern is inserted in the illumination
beam path and is projected onto the sample [39]. This causes the
formation of interference patterns (referred to as “moiré fringes”)
in the emission (Fig. 5a). Moiré patterns are generated by multipli-
cation of the initial pattern (of known periodicity) with the
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Fig. 5 Structured illumination microscopy. (a) Resolution extension through the moiré effect. When a known
regular illumination pattern is applied to a sample, moiré fringes are generated at a significantly lower spatial
frequency than that of the sample and imaged by the microscope. Multiple images that resulted from scanning
and rotating the excitation pattern are then used to reconstruct the sample structure. Reprinted with permis-
sion from [40]. (b) The principle of SIM and SSIM. A diffractive grating placed in the excitation path causes the
single light beam to split. The interference of these after passing the objective creates a pattern with alternat-
ing peaks and zero points. For SSIM, the strong excitation light creates sharper transitions, as it saturates the
fluorescence emission at the peaks, while not changing the zero points. Reprinted with permission from [80].
(c) Live two-color 3D SIM imaging of cultured hippocampal neurons. To reveal the actin structure in the growth
cone, actin was labeled with tdTomato-LifeAct (pseudocolored in green) and cytosol was labeled with GFP
(shown in red). Live images were collected for 20 time points, with each time point acquired within 17 s. Top
panel shows the maximum intensity projections (along the z-axis through the entire 3 pm volume thickness)
for the conventional and SIM images for the first time point. Magnified images of the boxed region at different
time points are shown in the botfom panels. Reprinted with permission from [81]
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unknown sample periodicity. The resulting interference pattern
can be used to back-calculate the spatial information from the sam-
ple. For that, it is necessary to collect a number of images by apply-
ing the illumination pattern in different orientations (a minimum
of 3 per position). Because the moiré fringes are much coarser than
both the original illumination pattern and the sample information,
they are easily detected and can be used to gain spatial information
that is normally unresolvable. In the case of patterned illumination,
Abbe’s limit for detection is extended by addition of the spatial
frequencies in the pattern. Therefore, the resolution improvement
is proportional to the spatial frequency of the illumination pattern.
Here, the maximum spatial frequency is obtained by summing the
highest spatial frequency in the patterned illumination and highest
frequency detected [82]. Since the pattern itself is also diffraction
limited, the lateral resolution increase by this summation is maxi-
mum twofold [83].

Nevertheless, by using optical nonlinearity near saturation the
resolution could be further improved [84]. This is achieved by
saturated structured illumination microscopy (SSIM [40]). When
illumination is strong enough to excite most of the fluorophore
molecules, additional increases in the illumination intensity will
not give a linear increase in emission intensity (Fig. 5b). The non-
linearity is achieved near or above the saturation threshold for exci-
tation. Using saturated illumination, a non-linear relationship
between excitation and emission is obtained. This allows genera-
tion of moiré fringes with higher spatial frequencies than the ini-
tially applied illumination pattern and in turn results in a higher
resolution [40].

SSIM theoretically offers unlimited resolution, as the resolu-
tion depends on the level of saturation [40]. However, in practice
photobleaching of the dyes and decreasing signal-to-noise ratios
are the limiting factors. For beads, resolution below 50 nm has
been achieved [40]. An alternative to saturation (that employs
high-laser power) s to use photoswitchable probes. Photoswitchable
molecules can be reversibly switched between two different emis-
sion states by exposure to light of low intensities. Exploiting the
photoswitching phenomenon, a non-linearity is created by satura-
tion of the population of fluorophores in one or the other state. In
an exemplar study, a photoswitchable protein, Dronpa, was used to
get ~55 nm resolution in mammalian cells applying non-linear
SIM with modest levels of excitation [85].

It is also possible to obtain high-resolution both in the lateral
and axial direction using 3D SIM [86]. For example, multi-color
3D SIM has been applied to study the mammalian nucleus at
100 nm resolution in 3D and it was possible to resolve the chro-
matin, nuclear lamina and single nuclear pore complexes along the
nuclear periphery [87]. Multicolor 3D SIM was also applied for
live imaging of neurons (Fig. 5¢) to visualize the complex actin
structure in the neuronal growth cone [81]. Another 3D
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2.2.5 Pointillistic
Techniques: Super-
Resolution Imaging Using
Single-Molecule
Localization

implementation, I°S [61], combines SIM with I°M to obtain
~100 nm resolution in three dimensions.

The most important advantage of SIM or SSIM is the ease of
performing multi-color imaging (three or more) with any bright
and photostable fluorophore. 3D high-resolution imaging is pos-
sible (although for SSIM this increases the photobleaching prob-
lem). Live imaging is generally restricted to slow-moving structures,
because ideally the specimen should not move during the rotation
of the grating. However, with the development of faster cameras or
use of multifocal setups, it is possible to perform faster image
acquisition for live imaging [81, 88]. In general, it is necessary to
take ~10 raw images for SIM and ~100 for SSIM to computation-
ally reconstruct a super-resolution image and heavy post-processing
is required [82].

To obtain high resolution, it is not always necessary to use sub-
diffraction images. If a sufficient number of photons are collected,
the position of a single fluorophore can be calculated with nano-
meter precision [89]. The issue is to evade the crowding that pre-
vents getting signal from single emitters. In 2006, three different
studies reported a new type of super-resolution microscopy strat-
egy. Although the techniques were named differently as photoacti-
vated localization microscopy (PALM [42]), STORM [41] and
fluorescence photoactivation localization microscopy (FPALM
[43]), they used essentially the same strategy: single-molecule
switching to find the localization of single molecules with high
precision. The strategy is based on photoactivation/photoswitch-
ing of fluorophores such that at one time point there would be
only one fluorophore emitting per diffraction limited area, enabling
calculation of the localization for each fluorophore. By repeating
such imaging cycles many times to collect photons from all the
fluorophores, an overall image can be reconstructed. Before imag-
ing, the fluorophores are either in the default off-state (photoacti-
vatable—PALM, FPALM) or a strong pulse is applied to switch
them all off (photoswitchable—STORM). Then they are switched
on/activated stochastically and imaged until they switch oft or
bleach. This is repeated until all the fluorophores are captured
(Fig. 6a, b). The techniques based on this approach are collectively
referred to as single-molecule localization microscopy or pointil-
listic microscopy [92].

The resolution, in this case, is independent of the wavelength
and is dependent on the density and accuracy of the localization.
In principle, the more photons detected from the molecule, the
better is the localization precision. Essentially, the uncertainty in
localization is inversely proportional to the square root of the
number of photons detected [89, 93]. Approximately:
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Fig. 6 Pointillistic imaging. (@) STORM with photo-switchable fluorophores. The scheme shows the imaging
sequence for a hexameric object labeled with red fluorophores. The fluorophore can be switched between a
fluorescent and a dark state by application of red and green laser, respectively. Initially, all fluorophores are
switched off (the dark state) by a strong red laser pulse. Then, in each imaging cycle, a green laser pulse is
applied to switch on just a fraction of the fluorophores so that an optically resolvable set of active fluorophores
can be imaged. After being switched on, the emission is collected from the active fluorophores under red
illumination. This allows their positions (white crosses) to be determined with high precision. The final image
is generated by reconstruction of all the fluorophore positions collected through several imaging cycles.
Reprinted with permission from [41]. (b) The principle of PALM. The sample is imaged by repeated cycles of
activation, localization, and bleaching individual emitters to reconstruct a high-resolution picture. Reprinted
with permission from [90]. (c) Live two-color 3D STORM with astigmatism-imaging of transferrin and clathrin-
coated pits. SNAP-tagged clathrin was labeled with Alexa647 (magenta) and transferrin was directly labeled
with Alexa568 (green). Top panel shows the conventional live image, and below is the x—y projection of the 3D
STORM image (taken in 30 s). For the structures indicated by arrows (j) and (ii), X~y cross-sections near the
plasma membrane (/eff), x-z cross-sections cut through the middle of the invaginating coated pit (middle) and
corresponding x—z cross-section of the clathrin channel (right) are displayed at higher magnification in the
bottom panels. Reprinted with permission from [91]
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where  FWHM,qiizaion 18 the localization precision, FWHM is
obtained from Gaussian fitting of the PSF of the emitter and Nis the
number of photons captured from a single fluorescent molecule and
varies from fluorophore to fluorophore. If, for example, 10,000
photons could be gathered in the active state of the fluorophore, it
would be possible to reach 1-2 nm accuracy. One problem is the
background and the residual emission of the photoactivatable/
switchable fluorophores. Therefore, an important criterion for the
fluorophore choice is the contrast ratio, which is the ratio of the
emission after photoswitching /activation to the emission in the dark
state. For this reason, in parallel to the technical developments in the
pointillism imaging, many fluorescent probes are actively being
characterized for their applicability for pointillism.

Initially, STORM has been demonstrated using a cyanine
switch, which consists of a Cy3-Cy5 dye pair. Cy5, a commonly
used cyanine dye, can be switched to a stable dark state by the same
red laser light that is used for excitation of the dye. Green laser
light is then used to convert Cy5 back to its fluorescent state. To
increase the recovery rate, a Cy3 dye is placed in close proximity to
Cy5 [41]. The fluorescent probes designed this way consist of a
reporter that can be photo-switched on and off, and an activator
that is required for the efficient photoactivation of the reporter.
Using this pair it was possible to gather ~3,000 photons per switch-
ing cycle, predicting a theoretical localization accuracy of 4 nm.
The primary cyanine switch has also been generalized to enable
multi-color imaging. Variously paired switches can be combined
for multi-color imaging. For example, three different activator
molecules were paired with the same reporter, to visualize immo-
bilized DNA molecules, microtubules and clathrin-coated pits in
fixed mammalian cells with 25 nm resolution [94].

For PALM, photoswitchable /activatable variants of the fluo-
rescent proteins, such as photoactivatable GFP (PAGFP [95]),
have been the most commonly employed fluorophores. PALM has
been used in probing protein clusters in the plasma membrane, by
expressing PAGFP. For example, the nanoscale distribution and
kinetics of influenza hemagglutinin clusters on fibroblast cell mem-
branes were imaged at 40 nm resolution in living cells, using
PAGEFP [96]. In another study pointillism has been employed to
uncover the clustered distribution of the chemotaxis receptors
tagged with a different photoactivatable fluorescent protein,
tandem-dimer Eos (tdEos), on the cell membrane of E. colz [97].
Using localization microscopy techniques, it is also possible to per-
form single-particle tracking with high spatial precision in living
cells. For example, a highly spatially resolved maps of single-
molecule motions have been created by imaging the membrane
proteins Gag and VSVG, through labeling with EosFP [98].

Localization microscopy has also been modified for 3D high-
resolution imaging. For instance, by insertion of a cylindrical lens
in the imaging path, the information obtained from each
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fluorophore image can be increased. The centroid still gives the
lateral positioning, whereas the shape or the ellipticity becomes a
measure of the distance from the focal plane [99]. As a result, using
the astigmatism of the image, the axial position can be determined.
By this additional functionality, clathrin-coated pits in fixed cells
have been imaged with ~25 nm lateral and ~55 nm axial resolution
[100]. 3D STORM with astigmatism was also applied in live, two-
color fashion yielding <25 nm lateral and ~60 nm axial resolution
[91]. This way it was possible to resolve the morphology of the
clathrin coat enclosing the transferrin cargo (Fig. 6¢). Recently,
dual-objective astigmatism-based 3D STORM has revealed the
surprising actin ultrastructure in fixed neurons [101].

3D PALM has also been demonstrated through interferomet-
ric photoactivated localization microscopy (iPALM), which uses a
dual lens system as in I°M and collects the phase information
through interference of photons coming from single fluorescent
molecules and traveling different light paths. Employing iPALM,
microtubules have been imaged with 25 nm 3D resolution [102].

Pointillistic approaches make the instrumentation relatively simple
and can yield 10-40 nm resolution. Instead of scanning the
sample, 100-100,000 frames are collected by a camera for one image.
This means, on the other hand, that imaging is slower and post-
processing is required as single emitters should be extracted from
many frames and their localizations should be obtained computation-
ally to reconstruct the final super-resolution image. Development of
camera systems with single-photon sensitivity (electron multiplying
charge-coupled devices, EMCCD) has been of great use for pointil-
listic methods, especially in terms of improving the time resolution.

The other requirement for pointillism is the necessity to use
photoswitchable /activatable fluorophores. Theoretically, it is also
possible to exploit the spontaneous blinking behavior of many flu-
orophores, including many of the Alexa and cyanine dyes. However,
most of the time it is necessary to use oxygen-free redox buffers
including reagents such as mercaptoethanol, glutathione or other
oxygen scavengers to enhance blinking. Nevertheless, the reposi-
tory for such fluorescent proteins and organic dyes is growing.
Recently developed caged fluorophores (bearing a photocleavable
cage moiety that can turn the fluorophore non-fluorescent) enable
photoswitching without use of high concentrations of oxygen
scavengers [103, 104].

3 A Comparison of the Super-Resolution Techniques

The super-resolution techniques presented above all come with
specific advantages and disadvantages. It is hard to point out the
best technique for super-resolution imaging, as the answer would
be very much dependent on the particular application and the
experimental requirements. Table 1 summarizes and compares the
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capabilities of the most commonly used far-field techniques.
However, it should also be kept in mind that this table can change
significantly over time, as these techniques are continuously being
improved with new studies coming forward almost at a weekly
basis. New results at the nanoscale also come with new challenges.
The higher imaging precision gained by super-resolution is show-
ing us not just prettier pictures, but also higher-complexity images
that require a perspective change in terms of interpretation of new
observations and re-thinking of the pre-existing ones [105, 106].
For example, “colocalization” experiments in super-resolution
studies are presenting an improved precision and higher detail.
Information obtained with some of the conventional imaging
studies is becoming inadequate at the nanoscale, creating the
necessity for more descriptive research at high-resolution.
Previously unexpected observations, such as nanoscale domains of
various kinds, are becoming apparent and new functional hypoth-
eses have been pushed forward [106]. On the other hand, new
schemes of data analysis and processing are being established to
obtain more information from the newly arising and increasingly
more complex data.

The improvements in imaging techniques also require meth-
odological changes in sample preparation and labeling. As we reach
higher resolution, the sizes of the fluorescent probes start to mat-
ter as much as their optical properties [107, 108]. Antibodies or
fluorescent proteins are slowly becoming too big, and smaller
probes and tags with minor target modifications are being
developed.

Overall, with the new array of super-resolution microscopes and
the methodologies developed in parallel, we are coming a bit closer to
seeing and understanding the important cellular processes that have
been waiting to be explored, just beneath our resolving power.
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