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Abstract The resolution of fluorescence microscopy had traditionally been lim-
ited to ~200-300 nm due to the diffraction of light. Recently, this resolution limit
has been broken using mainly two classes of methods, one of which utilizes
photoswitching of fluorophores to temporally separate the spatially overlapping
images of individual molecules such that the positions of these molecules can be
precisely determined. A sub-diffraction-limit image can then be reconstructed
from these molecular coordinates. With relatively simple optical instrumentation
and sample preparation, this class of methods has improved the spatial resolution
of far-field optical microscopy by more than an order of magnitude, achieving
resolutions down to sub-10 nm range for biological specimens. Three-dimen-
sional, multicolor, and live-cell super-resolution imaging has been demonstrated.
In this chapter, we provide an overview of this class of optical nanoscopy,
primarily in terms of the imaging principle, the spatial/temporal resolution, the
different imaging schemes, the photoswitchable probes, the applications, and
future directions.
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1 Background

1.1 Optical Microscopy and the Diffraction Limit

Optical microscopy is a widely used and indispensable imaging modality in
biological studies. When compared to other microscopy techniques, optical micros-
copy, in particular fluorescence microscopy, provides the distinct advantages of being
relatively noninvasive and molecularly specific. The former advantage permits the
observation of live cells, tissues, and organisms. The latter, accomplished through
fluorescent labels, allows for the specific observation of molecular targets with high
contrast.
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However, conventional optical microscopy has a resolution limit, typically on
the order of several hundred nanometers, below which the structural details of the
specimen can no longer be resolved. This limit is due to the wave-like nature of
light. The far-field optical image of even an idealized point object will be blurred
into a finite-sized spot due to diffraction, and the size of the spot is comparable to
the wavelength of the light. The intensity distribution of this spot is called the point
spread function (PSF). Under optimal imaging conditions with a high numerical
aperture objective, the full width at half maximum (FWHM) of PSF for visible light
is 200-300 nm in the lateral dimensions and 500-800 nm in the axial dimension.
Hence, objects separated by a distance smaller than the width of the PSF will have
overlapping images that cannot be resolved — in other words, the width of the PSF
defines the resolution limit of conventional optical microscopy.

In recent years, several methods have been developed to break this conventional
resolution limit imposed by diffraction. These methods are collectively called
super-resolution fluorescence microscopy. One class of methods overcomes the
diffraction limit by effectively reducing the size of the PSF using specially
engineered illumination patterns. Examples in this category include stimulated
emission depletion (STED) microscopy, microscopy taking advantage of reversible
saturable optically linear fluorescence transitions (RESOLFT), and [saturated/non-
linear] structured-illumination microscopy ([S/NL]SIM), which are covered in
other chapters of this book.

In this chapter, we will focus on a different approach to super-resolution
imaging, which resolves overlapping PSFs by the stochastic switching and locali-
zation of individual fluorophores.

1.2 Single, Isolated Fluorophores Can Be Localized
with Nanometer Precision

Although diffraction inevitably results in a PSF several hundred nanometers in size
for a point source of light, the position of the point source can nonetheless be
localized with nanometer precision by determining the centroid of the PSF.
The shape of the PSF can be determined either theoretically or experimentally.
Therefore, the centroid positions of the PSFs can be readily obtained by fitting to
known functions.

The theoretical PSF of a single point source of light is an Airy disk, but a simple
two-dimensional (2D) Gaussian function provides a good approximation for ease of
fitting [1, 2]. The fitting can be done with a precision that depends on the number of
photons collected [2]. Experimentally, localization precisions as high as ~1 nm
were first demonstrated for individual beads [3]. With the advent of single-molecule
imaging [4], similar localization precisions were also achieved for individual
fluorescent molecules [5, 6].
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However, the nanometer-scale precision achieved in the localization of individual
molecules does not directly translate into a high imaging resolution for densely
labeled samples. This is because when the separation between adjacent fluorescent
molecules is smaller than the diffraction limit, the PSFs of these molecules will
overlap substantially, preventing the precise localization of the individual molecules.
Early strategies to circumvent this problem include separation by orthogonal
properties [7], such as color [8-10], sequential photobleaching of individual
fluorophores [11, 12], and the blinking of individual quantum dots [13, 14]. These
methods were able to resolve a few fluorophores per diffraction-limited area. On the
other hand, for general super-resolution imaging with resolution substantially beyond
the diffraction limit, many more fluorophores (hundreds to thousands) have to be
resolved within a diffraction-limited area (see also Sect. 3.2), and new strategies are
required.

2 Super-Resolution Imaging Through Stochastic Switching
and Localization of Single Molecules

Recently, it was realized that the otherwise overlapping PSFs from densely labeled
fluorophores can be separated in the time domain by employing fluorophores that
can be switched between a non-emitting (dark) state and an emitting (fluorescent)
state [15—17]. In this approach, at any given instant during imaging, the majority of
the labeled fluorophores in the sample are maintained in the dark state, and only a
small, random subset of the fluorophores are switched to the fluorescent state,
typically using a weak activation laser (Fig. 1a). The number of simultaneously
emitting fluorophores is kept sufficiently low that the PSFs of individual emitting
fluorophores are isolated from each other; the location of each fluorophore can then
be determined with nanometer precision using centroid fitting. The emitting
fluorophores are then either optically switched back into the dark state or
photobleached. Subsequently, another small, random subset of the labeled
fluorophores is activated into the fluorescent state, and the locations of the newly
activated molecules are again recorded. Iterating this procedure over time will
eventually allow the locations of all (or a sufficiently large number of) the labeled
fluorophores to be mapped, from which a super-resolution image can be constructed
(Fig. 1).

This general strategy of super-resolution microscopy by stochastic switching and
localization of single molecules has been originally introduced as stochastic optical
reconstruction microscopy (STORM) [15], photoactivated localization microscopy
(PALM) [16], and fluorescence photoactivation localization microscopy (FPALM)
[17]. Both photoswitchable fluorescent dyes and photoactivatable fluorescent
proteins can be used for sub-diffraction-limit imaging using this strategy.
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Fig. 1 The basic principles of STORM/(F)PALM. (a) Schematics illustrating the imaging
concept. During the imaging process, only a small, optically resolvable subset of fluorophores are
activated into the fluorescent state and subsequently localized with high precision at any given
instant. The localized fluorophores are then switched back into the dark state and a new subset is
activated. The cycle of switching and localizing repeats until a sufficient number of points are
accumulated to reconstruct a super-resolution image. (b) Comparison of the conventional fluores-
cence image (/eft) of microtubules immunolabeled with Alexa 647 in a BS-C-1 cell with the STORM
image (right) of the same area [18]. Scale bars: 500 nm. Figure adapted from reference [19]

More recently, the range of fluorescent probes that can be used for STORM/(F)
PALM imaging has been substantially expanded through the realization that many
conventional fluorescent dyes can in fact be photoswitched between fluorescent and
dark states (a phenomenon also known as “blinking”), as demonstrated in PALMIRA
(PALM with independently running acquisition) [20, 21], GSDIM (ground state
depletion followed by single molecule return) [22], dSTORM (direct STORM)
[23], single-molecule blinking microscopy [24], and fluorescence localization
nanoscopy [25], etc. Along the same line, it is worth noting that a commonly used
fluorescent protein, EYFP, can also be photoswitched between a fluorescent state and
a dark state [26] and used for super-resolution imaging [27].

Photoswitching is not the only way to temperately separate overlapping images
of single molecules to accomplish sub-diffraction-limit resolution. An elegant
method called PAINT (points accumulation for imaging in nanoscale topography)
[28] uses reversible binding of fluorescent molecules to target structures to accu-
mulate numerous localizations and reconstruct super-resolution images. More
recently, reversible binding of fluorescence quenchers has also been used to achieve
the same goal [29].
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Finally, due to the recent development on image analysis, the condition of well-
isolated images of single molecules does not need to be rigorously satisfied for high-
precision localization of individual molecules. Fluorophores with partially
overlapping images can be localized using simultaneous multi-emitter fitting
[30-32] and global optimization using compressed sensing [33]. Super-resolution
imaging can also be accomplished by taking conventional movies and subtracting
subsequent frames to reveal the transient blinking or bleaching of isolated single
fluorophores using approaches called BALM (bleaching/blinking assisted localization
microscopy) [34] and gSHRIMP (generalized single molecule high-resolution imag-
ing with photobleaching) [35]). A Bayesian analysis of blinking and bleaching
fluorophores (3B) [36] has been developed to model the entire fluorescence movie
with an ensemble of most likely fluorophore locations. Super-resolution images can
even be derived without localizing individual molecules but through correlation
analysis (super-resolution optical fluctuation imaging (SOFI) [37] or nonlinear
image deconvolution (decon-STORM) [38] of movie frames comprised of partially
overlapping emitters. Many of these methods increase the number of molecules that
can be imaged per camera frame and thereby substantially improve the imaging speed.

3 Image Resolution

3.1 Localization Precision and the Optical Resolution

The optical resolution of these molecular-localization-based super-resolution
methods is ultimately determined by the precision with which each fluorophore can
be localized. The theoretical limits of the localization precision are well established
[2]. For a single point source, each detected photon can be viewed as an independent
report of its location. As each photon is randomly distributed according to the PSF
(with width A), a localization precision of ~ A/N 12 can be expected when N photons
are collected from the same point source. More sophisticated models also include the
effects of background noise and the pixel size of the camera [2].

Experimentally, the localization precision can be determined by repeatedly mea-
suring the position of a single fluorophore and determining the standard deviation
(SD) of the localization distribution. For example, localization precisions of ~8 nm
(SD) per switching cycle have been demonstrated for bright, photoswitchable dyes
Cy5 and Alexa 647 [15, 18, 39]. Approximately 2x worse localization precision has
been achieved with some of the dimmer dyes (e.g., Atto 488 and DyLight 750) and
fluorescent proteins (e.g., tdEos and mEos2) [40, 41].

In the literature, both standard deviation (SD) and full width at half maximum
(FWHM) have been used to characterize the optical resolution for localization-
based super-resolution imaging methods, which potentially creates confusion in the
comparison of different measurements. For Gaussian distributions, FWHM = 2.35
SD. FWHM is a better representation of the imaging resolution as it corresponds to
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the smallest separation between two probes that can be resolved. In this chapter, we
will use the FWHM value when discussing resolution.

It is also worth noting that the experimentally determined localization precision
values are substantially worse (typically by twofold) than the theoretically predicted
values. This indicates that the theoretical values do not faithfully represent the actual
localization precision. Factors limiting the actual localization precision include
camera noise, background noise, nonuniformity of the camera pixels [6], mechanical
instability of the instrument, errors in data analysis, and any other imperfections of
the imaging and analysis systems.

Besides the localization precision of single fluorophores, the resolvability for
actual biological structures is also affected by how faithfully the labels represent the
structures of interest. Any sizable label, such as antibodies (~10 nm in size) and
fluorescent proteins (~4 nm in size), will substantially affect the image resolution
when the resolution becomes comparable to the label size.

3.2 Localization Density and the Nyquist Resolution Limit

Super-resolution methods provide an optical resolution that sometimes approaches
the distance between adjacent labels in a sample. At this level, not only does the
localization precision of each label but also the label density and efficiency affect
the final image resolution.

For continuous structures, the effects of labeling density can be quantified using
the Nyquist-Shannon sampling criterion, which states that structural details smaller
than twice that of the average label-to-label distance cannot be reliably resolved
[42]. Formally, this Nyquist resolution limit can be expressed as 2/N"/?, where N is
the number density of labels and D is the dimensionality of the image. To achieve
Nyquist resolutions that are comparable to the optical resolution (i.e., the localiza-
tion precision) of ~20 nm, a labeling density of ~10%/pm? is required for 2D
imaging. It should be noted, however, that due to the spatial inhomogeneity of
biological structures, the same Nyquist resolution can often be achieved at lower
overall localization densities, as long as the local localization density of the
structure of interest is sufficiently high. The final image quality is affected by
both the optical resolution based on localization precision and the Nyquist resolu-
tion limit determined by the label or localization density: Whichever is worse
(larger in value) dominates the effective image resolution. When the two
resolutions are comparable, the convolution of the two may be employed to
represent the final resolution [41]. It is also worth noting that the localization
density is not only limited by the label density but also by the on-off duty cycle
of the photoswitchable probes, namely, the fraction of time each probe spends in the
on state [40]. Because multiple probes emitting at the same time within a diffrac-
tion-limited area generate overlapping images that reduce the localization preci-
sion, fluorophores with a duty cycle of 1/N typically allow less than N molecules to
be localized within a diffraction-limited area.
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For super-resolution studies on the distributions of sparsely distributed molecules,
the Nyquist resolution is less relevant, because the molecular structure itself does not
allow a high labeling density. Nonetheless, high labeling efficiency (fraction of
molecules being labeled) is still required for faithfully mapping out the underlying
distribution.

4 Three-Dimensional Imaging

Most biological samples are three-dimensional (3D), and thus defining their structural
details requires 3D super-resolution imaging. STORM, (F)PALM, and related
methods achieve super-resolution through the localization of individual molecules;
hence, to acquire 3D imaging capability entails the determination of the 3D locations
of single emitting molecules. While the lateral position (x- and y-coordinates) of a
fluorophore can be readily determined from the centroid of the PSF, the determina-
tion of the axial position (z-coordinate) requires additional manipulation and analysis
of the PSF. Nonetheless, it can be done with a variety of methods, many of which
were first developed in earlier studies for single-particle tracking and spectrally
selective imaging, including fitting the shape of the PSF [43-49], interferometry
[50, 51], and tilted mirrors [52].

4.1 PSF Shape-Based Methods: Astigmatism and Multifocal
Plane Detection

An obvious difference between the PSFs of fluorophores with different axial positions
is their apparent width. When projected onto the image plane (the camera),
fluorophores right at the focal plane of the microscope produce the smallest images,
whereas defocused fluorophores produce larger PSF. One could thus derive the
z-information of individual molecules from the measured PSF width. The problem
with directly applying this defocusing approach is that molecules above and below the
focal plane have similarly broadened PSF.

To break this symmetry, 3D super-resolution imaging was first realized by the
introduction of astigmatism into the imaging system [39]. Specifically, a cylindrical
lens is introduced into the imaging path (Fig. 2a). As a result, the images of individual
molecules become elliptical, and elongated in two orthogonal directions for
molecules above and below the focal plane (Fig. 2a). The axial position of
each molecule can thus be obtained from the ellipticity of the observed PSF, which
in combination with the lateral positions obtained from the centroids of the PSF,
leads to the 3D reconstruction of super-resolution images (Fig. 2b). The astigmatism
method provides a resolution ~25 nm in xy and ~50 nm in z when imaging a bright
photoswitchable fluorophore Cy5 (or its structural analog Alexa 647). Here, we
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Fig. 2 Astigmatism-based three-dimensional STORM imaging. (a, b) 3D STORM imaging
using a single objective. Figure adapted from reference [39]. (a) Schematics of the setup (leff) and
the experimentally observed images of a single fluorophore as its z-position was varied (right). A
cylindrical lens is used to introduce astigmatism into the imaging system, such that elliptical
images with long axes along two orthogonal directions are observed for fluorophores above and
below the average focal plane. The z-position of each fluorophore can thus be obtained from the
ellipticity of the observed image. (b) Conventional image (fop) of immunolabeled clathrin-coated
pits in a mammalian cell, in comparison with the corresponding 3D STORM image (middle)
showing an xy cross section near the plasma membrane. Bottom panel: Magnified STORM images
of a single clathrin-coated pit with an xy projection (left), an xy cross section near the plasma
membrane (center), and an xz cross section cutting through the middle of the pit (right) (c, d) Dual-
objective 3D STORM further improves image quality. Figure adapted from reference [53]. (c) Left
panel: Schematic of the dual-objective setup. Two microscope objectives are placed facing each
other and focused on the same spot of the sample. Astigmatism is introduced into the images
collected by both objectives using a cylindrical lens. M mirror, Obj. objective, LP long-pass filter,
CL cylindrical lens, BP band-pass filter. Right panel: Images of single molecules obtained
from two objectives in a single frame. A molecule that appears elongated in x through one
objective should appear elongated in y through the opposing objective, and vice versa
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again use the FWHM values for 3D resolution as we did for 2D resolution because it
is a better representation of the closest resolvable separation between objects. Using
the astigmatism-based approach, a range of ~600—800 nm in z can be imaged without
scanning [39]. This method remains the simplest approach to 3D super-resolution
imaging.

The resolution of astigmatism-based 3D imaging can be further improved by the
introduction of a second objective lens facing the first objective (Fig. 2c, d) [53].
This modification doubles the number of collected photons, provides a noise-
canceling mechanism due to the anticorrelated ellipticity detected from the two
objectives (Fig. 2c), and improves the mechanical stability of the setup. The
combination of these effects led to a substantially improved resolution of 10 nm
in xy and 20 nm in z when imaging Alexa 647 [53].

In a different defocusing approach, biplane imaging was carried out to achieve
sub-diffraction-limit resolution in three dimensions by splitting the emitted fluores-
cence into two optical paths with different path lengths [54]. The z-positions of
individual fluorophores were obtained by comparing the defocused PSF shapes at
the two different image planes with the expected 3D PSF. An axial resolution of
75 nm was demonstrated when using caged fluorescein as the probe, with a
~800 nm z-imaging range without moving the sample [54].

While the use of PSF shape alone to determine the z-position can be more readily
implemented with conventional optics, the z-resolution of these methods is limited to
~2x the lateral resolution due to the fact that the 3D PSF itself is wider in the axial
direction than in the lateral directions. To achieve higher resolution in z, the phase
information of the emitted photons can be used. Although the phase information
provides a means to achieve higher z-resolution, the experimental implementation is
often more complicated (Fig. 3a, c) and poses difficulties for emission-based multi-
color imaging (see Sect. 5.2). We describe these phase-based approaches below.

4.2 PSF Engineering Through Fourier Optics

Phase information can be encoded into the PSF shape by the use of a predesigned
phase mask (typically created using a spatial light modulator) placed at the Fourier
plane of a 4-f imaging system (Fig. 3a). It has been shown that the PSF of individual
fluorophores can be engineered to have two lobes that rotate as a function of the axial

Fig. 2 (continued) (e.g., green and blue arrows). In contrast, if two nearby molecules were
mistaken for a single molecule, the images obtained through both objectives would appear
elongated in the same direction along the line that connects the two molecules (e.g., magenta
arrows). (d) Dual-objective 3D STORM resolves individual actin filaments in cells. Top panel:
Dual-objective STORM image of actin (labeled with Alexa 647-phalloidin) in a COS-7 cell.
Bottom panel: Close-up of the boxed region in the top panel. z-positions are color coded according
to the color bar in the top panel
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H

Fig. 3 Three-dimensional super-resolution imaging using double-helix PSF and single-mol-
ecule interferometry. (a, b) Double-helix PSF-based 3D imaging. (a) Schematics of the setup and
z-calibration. Figure adapted from reference [55]. A spatial light modulator (SLM) loaded with a
predesigned phase mask is placed at the Fourier plane of a 4-f imaging system, leading to two-
lobe-shaped PSFs for individual fluorophores. The two lobes rotate as a function of the axial
position of the fluorophore, thus providing z-information for each fluorophore. (b) Double-helix
PSF 3D super-resolution imaging of CreS-eYFP (red-orange) and cell membrane (gray) in
Caulobacter crescentus. Top panel: Super-resolution and diffraction-limited perspective images.
Bottom panel: Two-dimensional isometric xy and yz projections. Figure adapted from reference
[60]. (¢, d) An example of the interferometry-based approach. Figure adapted from reference [57].
(¢) Schematic of the setup. The fluorescence of individual fluorophores is collected by two
objectives from opposing sides of the sample. The fluorescence photons interfere with themselves
at the beam splitter, generating intensity interference patterns that are determined by the z-position
of the fluorophore (inset). (d) Interferometry-based 3D super-resolution image of a COS-7 cell
expressing the membrane protein VSVG that is fused to the photoconvertible FP, tdEos. Bottom
panel: The x-z cross section of the boxed region in the top panel

position of the fluorophore (Fig. 3a) [55]. The resultant double-helix PSF (DH-PSF)
therefore provides the z-information of each fluorophore by the orientation of the two
lobes, allowing for 3D super-resolution imaging (Fig. 3b). A z-resolution of ~50 nm
(FWHM) was demonstrated for the DCDHF dye. More recently, a PSF with a single-
helix (SH-PSF) shape has also been created for 3D super-resolution imaging [56].
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Compared to the defocusing approaches described above, an advantage of these
helical PSF approaches is the longer z-range (~2 pm) that can be imaged without
scanning the focal plane (Fig. 3a, b) [55]. A potential disadvantage of these
approaches is that the PSF in these cases takes up a larger imaging area, which
could limit the number of fluorophores that can be simultaneously imaged in each
frame and thus lead to slower data acquisition. The use of a polarization-dependent
spatial light modulator can also lead to a reduction in the number of photons
collected at the camera.

4.3 Single-Molecule Interferometry

Interferometry-based single-molecule localization provides a direct way to
extract phase information [57-59]. A single photon is coherent with itself;
therefore, self-interference of individual photons will lead to intensity modulation
of the signal from a single fluorophore. In this approach, photons emitted from
individual fluorophores are collected by two objectives from opposing sides of the
sample and self-interfered at a beam splitter, generating intensity modulations due
to path-length differences determined by the axial position of the fluorophore
(Fig. 3c). Using this approach, z-resolutions as high as ~10 nm have been
demonstrated when using fluorescent proteins (Fig. 3d) [57] and organic dyes
[59].

A major drawback of the interferometry-based method is the complexity in
instrumentation, partly due to the short coherence length of fluorophores (a few
micrometers). In its first implementation, the interferometry-based method was
limited to samples thinner than ~200 nm because the interference pattern repeats
itself every one-half of the emission wavelength [57]. In a subsequent work, this
limitation was overcome by considering the spherical shape of the wavefront and
examining the higher moments of the PSF, extending the working z-range to
~600 nm [59].

4.4 Tilted Mirrors

By projecting the axial dimension onto a lateral dimension using a tilted mirror,
virtual volume super-resolution microscopy (VVSRM) determines the 3D position
of single fluorescent emitters through observing the side-view mirror reflection
(virtual image) alongside with the front-view real image [61]. VVSRM is capable
of providing near-isotropic 3D resolution, but the requirement of sample being
positioned close to (or attached to) a specialized, tilted micro-mirror potentially
limits broader application of the method.
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4.5 Thick Sample Imaging

Due to the relatively small depth of focus for high NA objectives (~600 nm,
which essentially defines the axial resolution of conventional optical micros-
copy), most 3D localization techniques have a similar, limited working z-range
of ~600-800 nm (except for the helical PSF methods). A natural way to extend
the z-range is to scan the focal plane in steps smaller than ~600 nm and stack up
the 3D super-resolution images acquired at each step [54, 62]. For example, by
combining astigmatism-based imaging and z-scanning, whole-cell 3D super-
resolution images were demonstrated with z-ranges of ~3 pm [62]

Although relatively easy to implement, a drawback to the direct application of
z-scanning is that during imaging, illumination is not restricted to the volume being
imaged. This leads to undesired activation and excitation of fluorophores outside
the focal volume, causing increased fluorescence background and unnecessary
photobleaching.

The illumination problem can be alleviated by the use of two-photon absorption,
which, through nonlinear optical processes, is capable of confining the activation of
fluorophores to a thin layer near the focal plane. This technique was first combined
with 2D super-resolution imaging to generate 3D image stacks that only achieve
super-resolution in the lateral directions [63, 64]. More recently, optical sectioning
with two-photon activation was combined with astigmatism-based 3D super-reso-
lution imaging, allowing a total imaging depth of up to ~7 pm [65].

Another way to confine the illumination axially is to use thin light sheets. In
selective plane illumination microscopy (SPIM), the excitation light is shaped into
a thin sheet that illuminates the sample through a separate objective placed perpen-
dicular to the detection objective. Sheet illumination allows optical sectioning and
prevents photobleaching and photoactivation outside the focal region [66]. Individ-
ual molecule localization-SPIM (IML-SPIM) was demonstrated by shaping the
activation and excitation beams into collinear light sheets [67]. In combination
with astigmatism for 3D localization, IML-SPIM achieved 63-nm lateral resolution
and 140-nm axial resolution for thick specimens at a depth of 50-100 pm.

S Multicolor Imaging

Multicolor imaging is one of the key advantages of fluorescence microscopy. With
proper labeling, multicolor imaging allows for the visualization of different target
molecules in a sample, from which the spatial relations and interactions between
different molecules can be inferred. Multicolor super-resolution imaging has been
accomplished using STORM, (F)PALM, and related methods by using fluorescent
probes with different wavelengths of activation or emission.
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Microtubule

Fig. 4 Multicolor super-resolution imaging: activation-based approach. Antibodies labeled
with Cy2 and Alexa 647 (green) and antibodies labeled with Cy3 and Alexa 647 (red) were used to
stain the microtubules (green) and clathrin (red) in a BS-C-1 cell, respectively. Two-color imaging
was achieved by alternating between two activation lasers (457 and 532 nm) and an excitation
laser (657 nm). Figure adapted from reference [18]. (a) Conventional fluorescence image.
(b) Corresponding STORM image. (c¢) Close-up of the boxed region in b

5.1 Activation-Based Multicolor Imaging

While photoswitchable dyes are typically activated to fluorescent states by illu-
mination with ultraviolet (UV) light, the activation wavelength can be shifted into
the visible range for some photoswitchable dyes by pairing them with another dye
molecule that absorbs visible light. Upon absorbing light, the latter dye molecule
(called an activator) can facilitate the activation of the photoswitchable dye
(called a reporter). For example, by pairing the same reporter dye, Cy5, with
three different activator dyes, Alexa Fluor 405, Cy2, and Cy3, the Cy5 dye can be
activated into the fluorescent state when illuminated by violet, blue, or green light,
respectively [18]. Multicolor imaging can thus be performed using these
photoswitchable dye pairs, in which case the same reporter dye is imaged and
localized in all color channels, but the different dye pairs are distinguished by the
different wavelengths of light used for activation (Fig. 4) [18]. As a result, the
images in different color channels are always perfectly aligned since the same
optical path was used to collect the fluorescence emitted by the reporter in
different dye pairs. In addition, the activation-based multicolor approach allows
one to pick the best reporter dye to achieve the highest image resolution in all
different color channels.

It should be noted that the light used to image the reporter dye can also directly
activate the dye, albeit with a low activation rate. On the plus side, this property
allows a very simple-imaging scheme for single-color super-resolution imaging with
a single-color laser source and single photoswitchable reporter [68]. On the flip side,
for multicolor imaging, this property leads to a drawback of relatively high color
crosstalk. During imaging, activation by the imaging light results in nonspecific
localizations independent of the activation light. This effect can lead to substantial



Super-Resolution Imaging Through Stochastic Switching and Localization of. . . 41

A0 AttoS32-clathei B8 0 Cyi-tubulin 1.8 HA sActin TR -

Fig. 5 Multicolor super-resolution imaging: emission-based approaches. (a, b) Examples in
which emitters with well-separated emission spectra were used. (a) Dual-emission channel super-
resolution imaging of microtubules (cyan) and mitochondria (yellow) in BS-C-1 cells immuno-
stained with the Cy3-Alexa 750 dye pair and the Cy3-Alexa 647 dye pair, respectively.
Figure adapted from reference [69]. (b) Four-color super-resolution image of a fixed BS-C-1
cell stained for the endoplasmic reticulum (ER), mitochondria, microtubules, and acetylated
tubulin [40]. Left panel: Two of the four color channels, showing Alexa 647-labeled ER (cyan)
and Cy3B-labeled mitochondria (magenta). Right panel: The other two color channels of the same
image, showing Atto 488-labeled microtubules (green) and DyLight 750-labeled acetylated
tubulin (white). Figure adapted from reference [40]. (¢, d) Examples in which emitters with
overlapping emission spectra were used and color identification was achieved through a
ratiometric method. (¢) Three-color super-resolution image of Alexa 488-phalloidin-labeled F-
actin (blue), Atto 532-labeled clathrin (green), and Cy3-labeled tubulin (red) in a fixed PtK2 cell.
Figure adapted from reference [77]. A conventional wide-field image of the upper right corner of
the field of view is shown for comparison. (d) Three-color super-resolution image of Dendra2-
hemagglutinin (cyan), PAmCherryl-f-actin (yellow), and PAmKate-transferrin receptor
(magenta) expressed in a fixed HAb2 cell. Figure adapted from reference [74]

crosstalk (1020 %) between different color channels [69]. Although crosstalk
subtraction [70] can reduce the crosstalk to below 10 %, when imaging molecules
with very different abundance, crosstalk from the high-abundance species could
overwhelm the signal from the low-abundance species.

5.2 Emission-Based Multicolor Imaging

Multicolor imaging can also be achieved by employing photoswitchable
probes (emitters) with different emission colors (Fig. 5). Emission-based multicolor
super-resolution imaging has been achieved using different-colored fluorescent
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proteins [71-74], different-colored organic dyes [40, 41, 75-77], or a combination of
fluorescent proteins and dyes [21]. A recent comprehensive dye screen led to
the identification of high-quality photoswitchable dyes in four separate spectral
regions and thus four-color super-resolution imaging (Fig. 5b) [40]. Three-color
super-resolution imaging has also been accomplished with fluorescent proteins
(Fig. 5d) [74].

Compared to the activation-based approach, the emission-based approach
provides substantially lower color crosstalk (as low as a few percent) when the
probes used have well-separated emission spectra (Fig. 5a, b). In the event that the
emission spectra of the different probes overlap considerably, they can still be
separately identified using ratiometric methods (Fig. 5c, d), though the crosstalk in
this case tends to be higher (5-20 %) [74, 75, 77].

A drawback of the emission-based multicolor approach is that multiple filter sets
and/or optical paths have to be employed. Aligning the images obtained from
different color channels with nanometer-scale accuracy is nontrivial, especially
since chromatic aberrations (and other imperfections) are hard to eliminate
completely in the imaging system. Alignment of different color channels is typically
performed using fiducial markers such as fluorescent beads with a broad emission
spectrum [41]. In addition, not all photoswtichable probes have the same brightness
(number of photons detected per switching event). The brightest photoswitchable
probes (i.e., Cy5, Alexa 647) all tend to have the same (far-red) emission wavelength
[40]. As a result, one or more channels will have compromised image resolution
using emission-based multicolor imaging as compared to activation-based multicolor
imaging. The use of probes with different emission spectra also creates problems for
interferometry-based 3D imaging, though it is possible to solve these problems with
probes of overlapping spectra using a ratiometric method [59].

Finally, when activator-reporter dye pairs are used, combination of the activa-
tion-based and emission-based approaches allows imaging with a large number of
colors. For example, when three reporter dyes and three activator dyes are com-
bined, as many as nine distinct dye pairs can be constructed. Six- and seven-color
super-resolution imaging has recently been demonstrated using this combinatorial
approach [69, 78].

6 Live-Cell Imaging

Live-cell imaging capability is another key advantage of optical microscopy, which
allows direct visualization of molecular processes in cells in real time. The substan-
tially improved spatial resolution of optical nanoscopy opens a new window for
capturing ultrastructural dynamics in vivo. A number of important factors should be
considered for live-cell imaging, including labeling living cells with photoswitchable
probes, the trade-off between spatial and temporal resolutions, motion blurring effect,
and potential phototoxicity to live samples. We discuss these points below.
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Fig. 6 Live-cell super-resolution imaging. (a) tdEos-tagged focal adhesion molecules imaged in
2D at 55-s time resolution in a live CHO cell. Figure adapted from reference [42]. (b) Alexa 647-
SNAP-labeled clathrin-coated pits resolved in 3D at 1-s resolution in a live BS-C-1 cell. Left panel:
An x-y cross section of clathrin-coated pits near the plasma membrane. Right panel: An x-z cross
section through the middle of the coated pit indicated by the arrow. Figure adapted from reference
[41]. (c¢) Two-color image of an Alexa 647-SNAP-labeled clathrin-coated pit (magenta) enclosing
an Alexa 568-conjugated transferrin cluster (green) in a live BS-C-1 cell. Left panel: An x-y cross
section near the plasma membrane. Right panel: An x-z cross section cutting through the middle of
the pit. Figure adapted from reference [41]. (d) MitoTrackerRed-labeled mitochondria imaged at
2-s time resolution in a live BS-C-1 cell. Mitochondrial fusion (red arrows) and fission
(green arrows) intermediates with tubular structures are observed with high resolution in real
time. Figure adapted from reference [90]. Scale bars: (a) 5 pm, (b, ¢) 100 nm, (d) 500 nm

6.1 Labeling Live Cells with Photoswitchable Probes

The most straightforward method for labeling proteins in live cells with fluorescent
probes is to use fluorescent proteins, which can be genetically fused to the target
proteins of interest. Indeed, live-cell sub-diffraction-limit imaging using the sto-
chastic switching was initially demonstrated with photoactivatable fluorescent
proteins: PA-GFP, tdEos, or mEos2 in mammalian cells [42, 79] (Fig. 6a) and
EYFP in bacteria [27]. To achieve relatively high resolution and avoid potential
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artifacts due to the oligomerization tendency of fluorescent proteins, bright, mono-
meric proteins such as Dendra, mEos2, mEos3, PAmCherry, and PAtagRFP
[73, 80-83] are preferred. On the other hand, these proteins can switch on only
one to two times before photobleaching. For applications where many snapshots are
required to follow the entire time course of a process, proteins with many switching
cycles are required. The newly developed rsEGFP and Dreiklang, which can switch
hundreds to thousands of cycles [84, 85], may be promising candidates.

Compared to fluorescent proteins, organic dyes tend to have superior brightness
and faster switching rates, and thus offer higher spatial and temporal resolutions.
Live-cell labeling of proteins with organic dyes, however, requires more steps than
with fluorescent proteins: (1) the target protein needs to be genetically encoded with
specific peptide or protein tags that can bind to or react with dyes; (2) dyes have to
be delivered into live cells such that they can be attached to the specific tag. Live-
cell super-resolution imaging has been demonstrated with various tags including
SNAP, Halo, and trimethoprim [41, 77, 86-88]. For live-cell delivery,
cell-permeable dyes are most convenient and these dyes, such as Atto 655, TMR,
and OregonGreen, have been used for super-resolution imaging of living cells
[77, 86, 88]. However, these dyes are not brighter (i.e., does not give more photons
per switching cycle) than the above-mentioned fluorescent proteins and, hence, do
not provide higher image resolution. The bright and fast switching dyes, such as
Cy5 and Alexa 647, which yield ~4 times more photons than the cell-permeable
dyes and fluorescent proteins in living cells, cannot spontaneously penetrate cell
membrane. Nonetheless, they can be delivered into live cells by methods that
temporally disrupt the cell membrane, such as electroporation, bead loading, and
microinjection, providing substantially higher spatial and temporal resolution than
affordable by fluorescent proteins [41] (Fig. 6b). One thing to note, however, is that
switching characteristics of these cyanine dyes tend to be sensitive to their environ-
ment and the best performance often requires chemical additives such as thiols and
oxygen scavengers; at low concentrations, these additives do not affect cell
viability.

Small-molecule probes that directly bind to DNA or membrane can also be
used for live-cell super-resolution imaging. These probes are often commercially
available and easy to use. Also, the high labeling density, stemming from the
small size and high affinity of these probes, improves the resolution and extends
the length of time-lapse imaging. Nuclear and mitochondrial DNA were imaged
in live cells with Picogreen [89]. Eight conventional membrane probes enabled
live-cell imaging of the plasma membrane, mitochondria, ER, and lysosomes
(Fig. 6d) [90].

Multicolor live-cell imaging has also been achieved using spectrally distinct
fluorophores, either with fluorescent proteins [73] or fluorescent dyes (Fig. 6¢) [41].
For fluorophores with partially overlapping spectra, ratiometric methods can be
used for live-cell super-resolution imaging, again either using dyes, fluorescent
proteins, or a combination between the two [74, 77, 90].
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6.2 Spatial and Temporal Resolutions

In time-resolved super-resolution imaging, spatial and temporal resolutions intrin-
sically trade off with each other. For example, in the point scanning approaches,
such as STED [91], the higher the resolution, the smaller the pixel size used on
scanning and hence the slower the imaging speed. In the wide-field single-mole-
cule-based approach, such as STORM and (F)PALM, the trade-off between spatial
and temporal resolutions arises from the fact that a sufficiently large number of
localizations need to be accumulated to resolve a structure at a desired Nyquist
resolution (see Sect. 3.2 for definition of Nyquist resolution) [42]. Increasing the
time window will result in more localizations, thereby improving the spatial
resolution defined by the Nyquist criterion. Conversely, decreasing the time win-
dow for each STORM snapshot will improve the time resolution at the expense of
the spatial resolution.

In live-cell studies using photoswitchable/photoactivatable fluorescent proteins,
spatial resolutions of 40—-70 nm have been achieved with 30-60 s time resolutions
[27, 42] (Fig. 6a). Improving the time resolution may be difficult with the currently
available fluorescent proteins as the number of photons detected per switching
cycle tends to decrease when the excitation laser intensity was increased to accel-
erate the switching rate [41]. Hence, the camera frame rate used for imaging
photoswitchable/photoactivatable fluorescent proteins is typically not higher than
100 Hz, beyond which the image quality deteriorates rapidly. This difficulty can be
overcome with bright, fast switching fluorescent dyes, such as Alexa 647, which
give a constant number of photons per switching cycle even when the off-switching
rate is as fast as ~1 ms. Hence, STORM images using Alexa 647 could be recorded
at the camera frame rate of 500—1,000 Hz, and cellular structures have been imaged
in two dimensions with a Nyquist resolution of ~20 nm at time resolutions as high
as 0.5 s [41].

For 3D imaging, substantially more localizations are required to define a struc-
ture with the same Nyquist resolution than in 2D given that the localizations are now
spread across a 3D volume instead of a 2D projected area. For instance, a sphere
with a 100-nm diameter would require only 80 localizations in 2D but 520
localizations in 3D to achieve a 20-nm Nyquist resolution. Hence, the temporal
resolution of 3D super-resolution is typically lower than the 2D counterpart. Using
Alexa 647 and astigmatism imaging, 3D super-resolution imaging has been
achieved with a Nyquist resolution of 25-30 nm at 1-2-s temporal resolution
(Fig. 6b) [41]. Another factor that reduces the 3D imaging speed is that the modified
PSF for axial localization will cover a larger area, reducing the number of molecules
that can be localized per frame, and hence the overall imaging speed. For example,
the elliptically shaped PSF in astigmatism imaging [39], the isotropically expanded
PSF in biplane imaging [54], and the rotating dumbbell PSF in DH-PSF imaging
[55], all cover substantially larger area than the focused, circularly symmetric PSF
used in 2D imaging. While the interferometry-based method [57] does not increase
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the PSF size, the need to sandwich the sample between two objectives in this case
considerably limits the applicability of such methods to live-cell imaging.

One way of improving the time resolution of live-cell imaging is to develop
analysis methods that can fit multiple, partially overlapping PSFs simultaneously.
Several analysis methods have been developed for these purposes, such as
DAOSTORM [30, 32], multiple emitter fitting [31], 3B analysis [36], decon-
STORM [38], and compressed sensing [33]. Such analysis methods allow for the
activation of more molecules per frame, so the desired number of localizations can
be collected in a smaller number of camera frames (and shorter time). SOFI [37], a
super-resolution imaging method based on single-molecule fluctuation, also allows
for fast live-cell super-resolution and will be described in detail in another chapter
of this book.

6.3 Single-Molecule Tracking

The use of photoactivation also offers a unique opportunity to capture the dynamics
of individual molecules in living cells. For example, single-particle tracking has
been widely used to probe the motion (diffusion) of lipids and proteins on
membranes in live cells [92]. However, to track individual molecules, the density
of molecular images must be kept low enough that the images do not overlap. The
low-density molecular traces make it difficult to provide both spatially and tempo-
rally resolved information about membrane diffusivity. Photoactivatable probes
allow high-density single-molecule tracking in live cells by switching on an
optically resolvable subset of photoactivatable probes at any time, tracking individ-
ual probes until photobleaching, and then repeating cycles of switching and tracking
to accumulate a large number of trajectories [93]. Besides using photoactivation,
binding/unbinding events can also be used to collect a high density of molecular
trajectories on the cell surface as shown in PAINT [28, 94]. The time resolution of
tracing individual molecules is limited by the camera frame rate, typically in the
range of 30—1,000 Hz. The high-density map of molecular trajectories can be used
to probe distinct subsets of molecules and can provide insight into spatial and
temporal heterogeneities in the membrane [82, 93, 95], as well as in other systems.

6.4 Motion Blur

Unlike in fixed specimens, molecules and subcellular structures move in live
cells. Their motion can effectively deteriorate spatial resolution and distort the
observed structures. Two types of motions are important to consider for live-cell
super-resolution imaging. The first type is the motion of probe molecules within
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a camera frame (e.g., diffusion). A general rule of thumb is that, to maintain the
localization precision, the probe molecule should not move by a distance larger
than the localization error during a camera frame. For example, a molecule
diffusing at 0.1 ym? s™' on a membrane moves by 200 nm on average within
0.1 s and by 30 nm in 2 ms. Thus, a fast camera is essential for localizing fast-
diffusing molecules with high precision. Additionally, the image shape of the
molecule is blurred by diffusion within a camera frame, and therefore 3D imaging
methods that rely on PSF shapes to obtain the axial position potentially require
even faster frame rate. The plus side of molecular diffusion is that as the
molecules diffuse within and map out the underlying structure, each probe
molecule could contribute more than one independent localizations, which in
turn improves the Nyquist resolution.

The second type of motion to consider is the motion/change of the structure itself
during each super-resolution snapshot. To avoid artifacts due to this motion, the
displacement/deformation of the structure during the time acquiring each snapshot
should be less than the spatial resolution. Given that super-resolution methods
provide higher image resolution than conventional fluorescence microscopy, and
in the meantime acquires each snapshot more slowly, this paradox puts a more
stringent constraint on the motion of the cellular structure.

6.5 Photo- and Chemical Toxicity

Live-cell super-resolution imaging typically requires stronger excitation light inten-
sity than conventional microscopy. In some cases, chemical additives are also added
in the imaging buffer to facilitate photoswitching of fluorophores. These conditions
can affect cell viability. Red or near-infrared light is less phototoxic than blue or UV
light and is thus preferred for live-cell imaging. Some photoswitchable organic
dyes, including Cy5, Alexa 647, Cy7, and Alexa 750 can be imaged at far-red and
near-infrared wavelengths [18, 40]. Recently, an orange-to-far-red photoswitchable
fluorescent protein was also developed [96]. In addition to the imaging laser, UV or
violet light is often used for activating photoswitchable dyes and fluorescent
proteins. Coupling activator dyes with photoswitchable reporter dyes can help to
reduce the activation intensity or to change the activation color to a less phototoxic
wavelength. To prolong the lifetime of fluorophores, the imaging medium is often
supplemented with oxygen and/or radical scavengers, which are also widely used
for conventional live-cell imaging [97]. In addition, some organic dyes perform
better in the presence of thiols or reducing/oxidizing agents. Although when added
at low concentrations, these additives do not affect cell health, they have the
potential to perturb the dynamics of interest and the viability of live cells at high
concentrations. Hence, control experiments to test whether the imaging conditions
perturb the cell viability and the dynamics under investigation are necessary.
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7 Choice of Fluorescent Probes

As discussed above, the implementation of STORM, (F)PALM, and related methods
depends on the stochastic switching of the fluorescent probes between the dark and
emitting states. In an effort to provide general guidelines for the characterization of
super-resolution probes, a recent study systematically investigated the properties of
26 organic dyes and identified several parameters as being crucial in determining the
quality of the final super-resolution images: (1) photons per switching event, (2) on-
off contrast ratio, (3) on-off duty cycle, and (4) number of switching cycles [40]. An
ideal probe should emit a large number of photons per switching cycle and should
provide high contrast between the on and off states, i.e., give bright emission in the
emitting state (to maximize signal) and negligible emission in the dark state
(to minimize background), so as to maximize the localization precision. It should
also have a low on-off duty cycle, defined as the fraction of time that the probe spends
in the on state, to maximize the number of probe molecules that can be localized per
diffraction-limited volume. Together, these factors ensure a high overall image
resolution when both localization precision and localization densities are considered.
In addition, probes with a large number of switching cycles allow many super-
resolution snapshots to be taken, which greatly benefit imaging of dynamic processes.
Finally, other factors, including physical size of the probe and how the sample will be
labeled with the probe, should also be taken into consideration when designing
experiments.

Several subsequent chapters in this book are dedicated to probe development for
nanoscopy. Here we only provide a general overview and briefly discuss the
advantages and disadvantages of different types of probes for super-resolution
applications.

7.1 Fluorescent Dyes vs. Fluorescent Proteins

Some photoswitchable dyes have excellent brightness (defined here as the number
of photons detected per switching cycle), high contrast ratio, and low on-off duty
ratio. Among the tens of synthesized dyes that have been tested, the red-absorbing
(640-700 nm) dyes, Cy5, Alexa 647, and Dyomics 654 are among the best probes,
each providing ~5,000 detected photons per switching cycle, exhibiting undetect-
able dark state fluorescence, and have an on-off duty ratio of ~0.001 or lower [40].
They consistently give higher-quality images than other probes. For multicolor
imaging (see Sect. 5.2), dyes with reasonably good performance have also been
identified for other spectral ranges; i.e., blue dyes Atto488 and Alexa 488; yellow
dye Cy3B; and near-infrared dyes (740-805 nm) DyLight 750, Cy7, and Alexa
Fluor 750 [40].

A popular way to label cellular structures with dyes is through immunofiuores-
cence, either directly with dye-labeled primary antibodies or indirectly with labeled
secondary antibodies. An advantage of the immunofluorescence scheme is that it
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allows endogenous proteins to be labeled without introducing fusion proteins,
which could potentially perturb the localization, function, and expression level of
the target proteins. The drawbacks are that antibodies are relatively bulky (~10 nm
in size) and it is difficult to label proteins in live cells with antibodies. These
problems can be at least partially overcome through alternative dye-labeling
methods. In hybrid fusion approaches, a specific enzyme or peptide tag is geneti-
cally fused to the protein of interest and the dye molecules are specifically attached
to the tags [41, 77, 86—88, 98, 99]. In particular, short-peptide tagging methods like
sortagging [100] and LplA labeling [101, 102] could be especially beneficial due to
their small sizes (~1-2 nm). Target-specific small molecules can also be used to
label cellular structures in some cases, e.g., phalloidin specifically labels filamen-
tous actin [53].

Another popular type of fluorescent probes is fluorescent proteins. Compared to
organic dyes, the advantage of fluorescent proteins is that they can be genetically
fused to target protein of interest, offering a convenient and powerful way to label
proteins in live cells. One should, however, be cautious about the potential artifacts
on protein localization and function induced by fluorescent protein tags, which are
~4 nm in size and tend to oligomerize. Overexpression of the fusion proteins may
also cause artifacts. The main disadvantage of fluorescent proteins is their inferior
photophysical properties as compared to dyes. Fluorescent proteins are generally
dimmer than organic dyes. The bright photoswitchable/photoactivable fluorescent
proteins, such as Dendra2 [80], mEos2 [81], PAmCherry [73], and PAtagRFP [82]
provide ~1,000 detected photons per switching cycles. The dark states of fluores-
cent proteins also tend to have non-negligible fluorescence, providing lower con-
trast ratio than switchable dyes. The on-off duty cycle of these fluorescent proteins,
however, can be as low as 104—10_5, which is better than that of most organic dyes.

In addition to dyes and fluorescent proteins, quantum dots have also been used
for super-resolution imaging [103].

7.2 Dye Pairs vs. Single Dyes

It has been shown that highly controllable photoswitches can be constructed when a
photoswitchable reporter dye molecule (e.g., Cy5) is brought into the proximity of
another activator dye molecule (e.g., Cy3) [104]. In this scheme, the reporter dye is
imaged and switched off by the excitation light, while the activator dye is capable of
activating the reporter when illuminated by light that matches the activator’s
absorption spectrum. The presence of the activator dye greatly facilitates the
activation process and uniquely enables activation-based multicolor imaging,
where activator dyes with different absorption spectra are used (more details of
this multicolor imaging scheme are described in Sect. 5.1) [18]. For immunofluo-
rescence imaging, antibodies can be nonspecifically labeled with both activator and
reporter dyes in a single reaction step, in ways similar to labeling antibodies with a
single type of dye. However, when labeling with the hybrid fusion approaches using
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protein or peptide tags, covalently linked activator-reporter dye pairs are required.
Such pre-linked dye pairs have been synthesized [62, 105].

The photoswitchable reporter dyes can also be directly activated through either
the excitation light or an additional short-wavelength (e.g., UV to green) light
[23, 68]. The major advantage of using the reporter dye alone (as opposed to dye
pairs) is that a single dye can be more easily used to directly label target proteins
(such as through the hybrid fusion approach) or to label small molecules. However,
in the absence of an activator dye, the light intensity used to activate the reporter
dye is often several orders of magnitude higher than when the activator dye is
present. Strong short-wavelength illuminations, particularly UV and violet, could
induce phototoxicity. Multicolor imaging with single dyes can be accomplished
through the emission-based multicolor scheme. The advantages and disadvantages
of the activation- and emission-based multicolor schemes are described in Sect. 5.

7.3 Reversible Photoswitchable vs. Irreversible
Photoactivatable Probes

The switchable probes used for super-resolution imaging can also be categorized
according to their switching properties. The reversible, photoswitchable probes can
be switched between the emitting and dark states multiple times. An advantage of
using reversible, photoswitchable probes is that each probe can be localized multi-
ple times. This is particularly useful for live-cell studies, in which the morphologi-
cal changes of structures often need to be tracked over a substantially long period.
In addition, most photoswitchable probes start in an emitting state before being
switched off prior to super-resolution imaging. Conventional fluorescence images
can thus be obtained before super-resolution imaging is performed, which in
practice is useful for locating regions of interest.

In comparison, the irreversible, photoactivatable probes can only be brought into
the emission state once. During imaging, individual probes are activated, imaged,
and permanently photobleached. As each probe can only be imaged once, these
probes are less suitable for monitoring live-cell dynamics that requires many
snapshots. On the other hand, the fact that each molecule only appears once
makes it easier to quantify the number of molecules in a target structure. It is
worth noting though, many photoactivatable fluorescent proteins that are thought to
be irreversibly activated can in fact be switched on and off a few times [106, 107],
and methods to account for this reversible blinking effect in protein quantification
have been recently developed [95, 108, 109]. For stoichiometric quantification,
one also needs to know the fraction of target molecules that are labeled and the
fraction of the fluorescent labels that have matured (for fluorescent proteins) and
can be photoactivated (for both fluorescent proteins and dyes).

Rather than switching between a dark state and an emitting state, photochromic
probes switch from one emitting color to a different color (e.g., from green to red)
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upon being activated by light. For example, EosFP switches from a green, pre-
activation state to an orange/red, post-activation state [110]. Photochromic probes
can either irreversibly or reversibly switch between two emitting states. Photochromic
probes, in general, also allow for the recording of conventional fluorescence images
before super-resolution imaging, e.g., in the color channel before photoswitching.

7.4 Other Probes

Beyond using photoswitchable fluorescent probes as discussed above, it is also
worth mentioning that alternative strategies have also been developed. These
strategies include the use of the PAINT approach [28], in which the emission of
the probes is recorded when they stochastically bind to the target, and the reversible
chemical quenchers [29], in which the stochastic switching of probes is realized
through the reversible binding of fluorescence quenchers (Sect. 2).

8 Applications

Due to their superb resolving power and relatively simple implementation, STORM,
(F)PALM, and related methods have been rapidly adopted by many labs and applied
to a variety of biological systems. Here we will focus on applications in our laboratory
and related studies. Interested readers can also find numerous applications in other
chapters of this book.

8.1 Applications in Cell Biology

In eukaryotic cells, many well-characterized structures such as the cytoskeleton and
other protein scaffolds have been reexamined with super-resolution fluorescence
microscopy. These proof-of-principle systems not only demonstrated the resolving
power of the technique but also gave a glimpse of its potential for novel discoveries.
One application where this potential has been demonstrated is the study of
clathrin-coated pits, an essential cellular structure used for receptor-mediated
endocytosis. A clathrin-coated pit on the plasma membrane contains layers of
receptor and adaptor proteins under the clathrin coat, forming a spherical shell
with a diameter of ~100 nm. The sub-diffraction-limit morphology of clathrin-
coated pits was used to demonstrate the multicolor [18], 3D [39], and live-cell
[41] capabilities of STORM imaging in cells. In an in vitro model system, two
membrane-curvature generating/sensing proteins, dynamin and FBP17, were
found to distribute differentially on membrane tubules connecting clathrin-coated
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Fig. 7 STORM images of actin in sheet-like protrusions. (a) Dorsal (fop) and ventral (middle)
actin layers of a BS-C-1 cell. Bottom panel: Vertical cross section (500 nm wide in y) along the
dotted lines in the top and middle panels. (b) Dorsal (top) and ventral (middle) actin layers of a
COS-7 cell treated with blebbistatin, an inhibitor for myosin II. Bottom panel: Vertical cross
section (500 nm wide in y) along the dashed lines in the top and middle panels. Scale bars: 2 pm
(horizontal), 100 nm (vertical). Figure adapted from reference [53]

pits: While FBP17 coats the entire tubule below the clathrin-coated pit, dynamin
is only located at the narrow neck region between the clathrin-coated pit and the
FBP-17-coated tubule [111]. In conjunction with confocal fluorescence imaging
and electron microscopy, STORM revealed an unexpected role of FBP17 in
creating endocytic vesicles [111].

Actin cytoskeleton is another representative example. Dual-objective STORM
resolved individual actin filaments in cells and revealed 3D ultrastructure of the
actin cytoskeleton [53]. In particular, two vertically separated layers of actin
networks were revealed in sheet-like cell protrusions (Fig. 7a). The two actin layers
exhibited highly distinct structural organizations: The dorsal layer appeared as a
consistently dense and homogeneous meshwork; the ventral layer typically formed
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a web-like structure with a lower filament density and highly variable organization
(Fig. 7a). This striking structural difference between the ventral and dorsal actin
networks could be completely removed by inhibiting myosin II activity (Fig. 7b),
suggesting an important role of myosin II in maintaining the distinct structural
organization of the two actin networks.

8.2 Applications in Microbiology

In addition to eukaryotic cells, super-resolution fluorescence microscopy is also
becoming an important imaging tool for investigating bacteria. Due to the very
small volumes (~1 pm?) of prokaryotic cells, it is difficult to resolve the subcellu-
lar organization of bacteria using conventional fluorescence microscopy. Ultra-
structural studies have thus mostly relied on electron microscopy (EM). However,
it is often difficult to resolve molecule-specific structures in EM images due to
poor molecular contrast. Moreover, EM cannot be used to image live specimens
and monitor dynamics. Fluorescence imaging methods with molecule-specific
contrast and nanometer-scale resolution promise to change our view of bacterial
cell biology by revealing how proteins are organized in bacterial cells. For
example, clustered distribution of chemotaxis proteins, Tar receptor, CheY, and
CheW has been observed in fixed E. coli cells [112]. A helical organization of
MreB, an actin analog, has been observed in live Caulobacter crescentus [27].
The DNA-partitioning proteins, ParA and ParB, form narrow, linear polymer
structures in Caulobacter crescentus, resembling mitotic spindles in eukaryotic
cells [113]. A major nucleoid-associated protein (NAP), H-NS, forms tight
clusters in the nucleoid in live E. coli cells, ~ 2 clusters per chromosome
(Fig. 8a) [114]. This clustered distribution, highly distinct from other major
NAPs (Fig. 8b), is formed due to the self-interactions between the N-terminal
domain of H-NS. As a global transcriptional silencer, H-NS sequester numerous
H-NS-regulated genes into these compact clusters (Fig. 8c), which serve as
organization centers to organize bacterial chromosome. Other bacterial proteins,
such as HU, IHF, FIS, StpA [114, 115], FtsZ [116], and SpolllIE [117], have also
been investigated using super-resolution imaging.

8.3 Applications in Neurobiology

Another exciting area into which super-resolution imaging will likely bring new
breakthroughs is neurobiology. Neurons have complex, multi-scale morphologies.
Many important neuronal structures have dimensions on submicron or nanometer
scales. For example, axons in the neuropil can be as thin as 100 nm. Dendritic spine
necks are often narrower than 100 nm. Chemical synapses, the basic functional
units in the brain that mediate neurotransmitter-based communications between
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Fig. 8 STORM images of nucleoid-associated proteins in living E. coli cells. (a) H-NS forms
compact clusters in the nucleosome. Left panel: Bright-field image of the cells. Right panel: 3D
super-resolution image of H-NS fused with mEos2. The z-coordinates are color coded according to
the color bar (top). (b) HU is scattered through the nucleoid. Left panel: Bright-field image of the
cells. Right panel: 3D super-resolution image of HU fused with mEos2. (¢) Colocalization of H-NS
clusters and gene loci revealed by two-color live-cell images of mEos2-labeled H-NS (magenta)
and eYFP-labeled gene loci (green). The two H-NS—-regulated loci, hdeA (left) and hchA (center),
were colocalized with H-NS clusters to a noticeably larger extent than did /acZ (right), which is
not regulated by H-NS. Scale bars: 500 nm. Figure adapted from reference [114]

neurons and their target cells, are typically several hundred nanometers in size.
Hence, both the investigations of sub-neuronal structures and the mapping of neural
connectivity in the brain require imaging tools with nanometer resolution. Indeed,
super-resolution fluorescence imaging has begun to provide new insights into
neuronal and sub-neuronal structures. For example, multicolor 3D super-resolution
imaging has been performed to determine the molecular distributions of ten protein
components of the presynaptic active zone and the postsynaptic density (Fig. 9)
[70]. This study has shown a laminar organization of the postsynaptic density
components, PSD-95, Shank, and Homer, consistent with previous EM analysis
[118] (Fig. 91). It has also revealed a previously unknown, oriented organization of
the presynaptic scaffolding proteins, Bassoon and Piccolo (Fig. 9i). Significant
variations in the spatial distributions of neurotransmitter receptors have also been
observed from synapse to synapse (Fig. 9f~h). Moreover, quantitative receptor
composition analysis led to the discovery of a surprisingly large population of
immature synapses with activity-dependent plasticity in the adult accessory olfac-
tory bulb [70]. In a different study, high-density single-molecule tracking with
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Fig. 9 STORM images of synaptic proteins in brain tissues. (a—d) STORM imaging of pre-
and postsynaptic scaffolding proteins. Presynaptic protein Bassoon (red) and postsynaptic protein
Homerl (green) in the mouse main olfactory bulb were immunolabeled with Cy3-Alexa 647 and
Alexa 405-Alexa 647 dye pairs. Partially overlapping puncta in a conventional image (a) were
clearly resolved as distinct synaptic structures in the corresponding STORM image (b). (¢, d)
Well-separated elliptical disks of presynaptic scaffolds Bassoon (red) and postsynaptic scaffolds
Homerl (green) are shown in two different orientations. (¢) A side view with the trans-synaptic
axis rotated into the viewing plane. (d) An en face view with the trans-synaptic axis rotated
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photoactivatable proteins has been used to investigate actin dynamics within
dendritic spines [119]. This work has revealed a heterogeneous distribution of the
actin polymerization rate as well as highly localized but spatially diverse foci of
actin polymerization, indicating an active regulatory role of actin in the synapses
[119].

Due to the space limit, we could only provide a glimpse of the recent applications
of STORM, (F)PALM, and related imaging methods. More applications of these
methods can be found in subsequent chapters of this book. The number of
applications is increasing exponentially. We expect numerous new discoveries
enabled by these powerful imaging approaches.

9 Concluding Remarks and Future Developments

By separating the otherwise spatially overlapping fluorescence signals from densely
packed fluorophores in the time domain, STORM, (F)PALM, and related methods
overcome the diffraction limit through switching and localization of individual
molecules. These methods improve the spatial resolution of far-field optical micros-
copy by more than an order of magnitude, achieving resolutions down to the sub-
10 nm range for biological specimens. The ability to perform multicolor, 3D, and
live-cell imaging further enhances the versatility of these methods. Super-resolu-
tion fluorescence imaging can also be combined with other microscopy methods,
such as EM [16, 120], to simultaneously exploit the respective strengths of different
imaging modalities.

In principle, the image resolution of these methods can be extremely high, as
long as suitable conditions could be found to allow for both maximal emission of
photons and proper photoswitching (though in practice, being a fluorescence
imaging modality, the image resolution may not exceed the size of the fluorescent
labels). It is thus expected that the spatial resolution of these methods could become
substantially better than 10 nm. In fact, a recent work has demonstrated the use of
reductive caging to generate ultrabright photoactivatable fluorescent probes and
improved image resolution to the single digit nanometer range [121]. We anticipate
even higher resolution to be possible. Likewise, further improvement in faster
switching probes, faster camera, and image analysis algorithms should also allow

Fig. 9 (continued) perpendicular to the viewing plane. (e) AMPA receptor subunit GluR1 (blue)
imaged together with Bassoon (red) and Homer1 (green). A side view of a synapse is shown here.
(f-h) Radial distributions of glutamate neurotransmitter receptors in the postsynaptic density
(PSD) shown in the en face view. AMPA receptor subunit GluR1 (blue) and NMDA receptor
subunit NR2B (red) were imaged together with Homer1 (green). (i) Axial positions of 13 synaptic
proteins along the trans-synaptic axis. For each protein, the colored dots indicate the mean
position, the two vertical lines represent the associated standard error, and the half-lengths of
the horizontal bar denote standard deviation, derived from multiple synapses. Scale bars: 1 pm
(a-b), 200 nm (c-h). Figure adapted from reference [70]
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imaging with time resolutions substantially faster than 1 s. Another important
frontier is in vivo imaging, which requires substantial improvement of the imaging
depth of these methods in scattering tissues.

Future development of these methods will require synergy between multiple
disciplines. On the optics and hardware front, careful design and/or calibration of
the imaging setup [6] could lead to extraordinarily high localization precision of
single molecules. Besides continued innovations in the detection paths [39, 53-57,
59, 61, 122], recent studies have shown that developments in the illumination paths
are also fruitful, especially for increasing imaging depth using multi-
photoactivation and sheet illumination [65, 67]. Advances in cameras (e.g., scien-
tific CMOS) [123, 124] could also be beneficial by improving the spatiotemporal
resolution and/or introducing new capabilities.

Meanwhile, developments in analysis algorithms and theoretical modeling, possi-
bly in combination with modifications to how the experimental data are acquired,
could continue to improve the performance of these super-resolution methods and
further broaden their range of application. For example, for improvement of spatial
resolution, maximum-likelihood fitting of single-molecule images to true PSFs has
led to more optimal localization results [125, 126]. For improvement of temporal
resolution, methods have been developed to analyze overlapped images of multiple
fluorophores simultaneously [30—33, 36-38] (see also discussion in Sects. 2 and 6.2).

On the chemistry and chemical biology side, the design and/or screening of
new photoswitchable probes [40, 84, 85, 127, 128] with superior brightness of
the fluorescent state (i.e., large number of photons per switching event), higher
contrast ratio between the fluorescent and dark state, lower on-off duty cycle,
faster switching speed, and more switching cycles would be tremendously
helpful not only for improving the spatial and temporal resolutions, but also
for prolonging the observation time window and expanding the color palette. To
this end, understanding the photoswitching mechanisms of the probes will be
very useful [128-131]. Novel stochastic readouts other than photoswitching
could further expand the palette of probes and the information content [28, 29,
132]. The development of new, live-cell-compatible labeling methods that can
achieve high molecular specificity and high labeling density with small label
sizes [98] would also contribute substantially to further improvement of imaging
qualities.

Combining the above efforts, we anticipate that true molecular-scale resolution
in living cells, tissues, and even living animals will be within reach some day. At
the other end of the spectrum, engineering efforts have packaged the imaging
system into a compact, easy-to-operate unit. Commercial, user-friendly, super-
resolution imaging systems are becoming available through multiple companies
[133, 134]. These systems could make the benefits of these imaging methods
accessible to all researchers, not just those who are comfortable with building
their own setups.
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