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1 | SUPER-RESOLUTION BY SINGLE-
MOLECULE LOCALIZATION FLUORESCENCE
MICROSCOPY

The spatial resolution of far-field optical microscopy is intrinsically
limited by diffraction, and the resolution limit imposed by Abbe's law
seemed impossible to overcome for a long time. During the last
decades, many efforts have been made to bypass the “diffraction
barrier,” overcoming the diffraction limit (Hell, 2007). Super-resolution
microscopy, for which the Nobel Prize in Chemistry was awarded in
2014, circumvents the resolution limit and allows microscopy to
glimpse into the vast world at the nanoscale, otherwise previously
“invisible” to the eyes of optical fluorescence microscopes. Several
techniques have been developed involving different concepts, accord-
ing to which they can be grouped into two leading families: targeted
readout-based and stochastic approaches (Diaspro & Bianchini, 2020;
Hell, 2007; Sigal et al, 2018). The targeted readout triggers
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In the last few years, single-molecule localization (SMLM) techniques have been used
to address biological questions in different research fields. More recently, super-
resolution has also been proposed as a quantitative tool for quantifying protein copy
numbers at the nanoscale level. In this scenario, quantitative approaches, mainly
based on stepwise photobleaching and quantitative SMLM assisted by calibration stan-
dards, offer an exquisite tool for investigating protein complexes. This primer focuses
on the basic concepts behind quantitative super-resolution microscopy, also provid-

ing strategies to overcome the technical hurdles that could limit their application.

fluorescence microscopy, quantitative stochastic optical reconstruction microscopy (STORM),
single-molecule localization, super-resolution microscopy

Super-resolution microscopy offers an exquisite tool to quantitatively study protein distribution
in cellular systems. We highlight the main trends in quantitative super-resolution providing a

simple guide to design quantitative experiments by single molecule localization microscopy.

photophysical transitions to “dark” transient states to shape the Point
Spread Function (PSF) for resolution improvement. Conversely, the
stochastic approach, to which single-molecule localization micros-
copies (SMLMs) (Endesfelder & Heilemann, 2014; Lelek et al., 2021;
Maockl & Moerner, 2020) belong, exploits photophysical transitions of
fluorophores to observe single molecules by separating them tempo-
rally and locating their position with nanometric precision (Deschout,
Zanacchi, et al., 2014; Endesfelder et al., 2014). In fact, the centroid
position of a detected molecule is fitted, usually with a Gaussian dis-
tribution, and localized with a precision (Figure 1a) that scales with
the number of detected photons. Scattered subsets of molecules are
localized. Subsequently, the photophysical properties of the fluoro-
phores enable the previously localized molecules to shift into a “dark”
state and proceed to the localization of further subsets of molecules.
The iteration of this process (Figure 1b) leads to reconstructing a map
of molecule coordinates that provides an image containing sub-

resolved information (Figure 1c). The single-molecule localization
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FIGURE 1 Single molecule localization microscopy. The localization concept (a); sequential acquisition and localization of sparse emitters
(b) schematic representation of the resolution improvement provided by single-molecule localization compared to conventional microscopy
(c) (Diaspro & Bianchini, 2020; Magrassi et al., 2019). Super-resolution imaging of alfa-tubulin in mammalian cells (d-g). Wide-field imaging of
microtubules (d) and repeated imaging (e) of sparse emitters' subsets using a wide-field optical architecture. Each molecule is then identified
setting a proper threshold and localized (f) with high precision for final super-resolution image reconstruction (g). Scale bars = 5 um

concept is illustrated by imaging microtubules filaments in mammalian
cells as an example. A strong resolution improvement is obtained com-
pared to widefield imaging (Figure 1d). Sparse subsets of molecules are
repeatedly imaged (Figure 1e) using a wide-field optical scheme and
each molecule is then identified setting a proper threshold and localized
with high precision (Figure 1f). When a sufficient number of molecules
is collected, the map of their position is used to reconstruct a super-
resolution image containing sub-diffraction features (Figure 1g).

The position of each molecule is calculated by the mean of the
positions of each detected photon, and the localization precision

(Thompson et al., 2002) may be expressed as the statistical error:

2
oc=1/—

N’

where, s is the width of the PSF of the system, and N is the number of
collected photons. Considering the contribution due to the pixelation
effect, the localization precision may be rewritten as:

s2 @Ay
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where, a is the pixel size. Finally, the additional contribution due to
the background noise provides the following analytical and expression
for the localization precision (Mortensen et al., 2010; Thompson
et al,, 2010):
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where, b is the background noise.
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The various well-established SMLM techniques differ mainly in
the photo-physical phenomena exploited to induce the transition from
the “on” state to the “off” state of the fluorescent probes. In fact,
although the basic concept behind all the SMLMs is the same, PALM
(photo-activated localization microscopy) uses fluorescent proteins
(FPs) (Betzig et al., 2006; Hess et al., 2006), STORM (stochastic optical
reconstruction microscopy) traditionally exploits organic dyes
(Heilemann et al., 2008; Rust et al., 2006), while PAINT (point accu-
mulation for imaging in nanoscale topography) (Jungmann et al., 2010;
Sharonov & Hochstrasser, 2006) employs short complementary oligos
(Schnitzbauer et al., 2017). Furthermore, the newly developed Mini-
mal fluorescence photon fluxes (Balzarotti et al., 2017) (MINFLUX)
offers an innovative localization approach with improved nanometric
localization capabilities (Ostersehlt et al., 2022). Besides the nanoscale
resolving ability of these state-of-art techniques, their power also
relies on the advanced methods that can be implemented. Among the
main current trends (M6ckl & Moerner, 2020) in advanced single-
molecule localization microscopy one should mention extending their
capabilities to molecular counting and extending their imaging depth
capabilities to thicker samples. Pushing the quantitative features of
SMLMs (Deschout, Shivanandan, et al., 2014; Wu et al., 2020) would
provide an exquisite tool for studying oligomeric states, the supra-
molecular organization of macromolecular complexes and the cluster-
ing level of proteins in biological systems. On the other side, the
development of optical schemes, extending the imaging depth by min-
imizing image degradation due to absorption and scattering effects,
would provide the unique opportunity to peer into tissues and whole
organisms with super-resolution imaging. Although the concept
behind SMLMs may appear very simple, these techniques present
several challenges from an experimental point of view. This primer
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mainly focuses on the aspects needed to make single-molecule tech-
niques practical for quantitative studies, with particular attention to
STORM methods.

1.1 | Experimental requirements for STORM
imaging

Single-molecule localization microscopy in principle requires relatively

simple equipment (Figure 2):

e A high quality inverted wide-field microscope with highly inclined
illumination and total internal reflection fluorescence (TIRF)
(Fish, 2009). Different illumination schemes might be employed to
achieve the best signal-to-noise ratio, reducing the background
and thus improving the localization precision. In fact, in TIRF the
exponentially decaying evanescent field close to the coverslip pro-
vides selected excitation within a very thin layer (100 nm), and
most of the background signal is suppressed. Conversely in highly
inclined illumination the light is shifted in the back focal plane of
the objective lens, and illumination gets out from the objective at a
narrow angle, resulting in an inclined beam passing through the
sample. For this reason TIRF illumination well fits the requirements
of basal membrane imaging, while inclined illumination provides
higher flexibility in 3D samples.

o High-quality objectives, with high numerical aperture and magnifica-
tion to ensure efficient photon collection from each single emitter.

e Sample drift and instabilities due to temperature variations may
degrade the imaging performances, especially when a high number
of frames are collected over time. For this reason, an automatic
focusing system to prevent the sample shift is mandatory for
proper image reconstruction.

e Typical laser intensities in SMLM experiments range from 0.5 to
2 kW/cm?. High power lasers ensure optimal readout intensities
for efficient blinking and molecule detection.

e The detector also plays a relevant role. Charge-coupled device (CCD)
cameras are usually employed for single-molecule detection. Both

emCCDs and the new generation of CMOS cameras exhibit good sen-
sitivity and performances. Which one may be preferable is often a per-
sonal choice since they differ for brightness and field of view, but it is

not universally recognized whether one is preferable over the other.

1.2 | Factors limiting performance in localization
microscopy

Different factors may impair the single-molecule localization ability,
and a few experimental procedures have to be considered to minimize

their impact.

o Labeling density. An optimal localization precision is not sufficient to
achieve optimal resolution itself. In fact, the labeling efficiency plays
a relevant role since it co-determines the spatial resolution by tuning
the degree of decoration of the target molecules with fluorophores.
Although the resolution correlates with the localization precision,
image degradation occurs when fluorescent labeling fails to properly
tag all the molecules of interest. Both a partial labeling efficiency
and the loss of fluorescence of the tagged molecules (due to incom-
plete FPs maturation or fluorescence quenching) lead to a loss of
content in the reconstructed super-resolution images. The spatial
resolution may be defined considering that features smaller than
twice the distance of two adjacent fluorophores cannot be reliably
distinguished (Dempsey et al., 2011; Shroff et al., 2007). In this con-
text, the Nyquist criterion provides a reliable guideline to define a

sufficient labeling density to discriminate object closer than A:

where, D is the dimension of the imaged structures and p is the

emitter density.

e Fluorescent probe. The labeling strategy and the size of the fluoro-
phores have a strong impact on SMLM performance and

M M M M DM
— — D ¢
Sample
Fluorescence Detection
; emission filter ‘ Objective
Tube FIGURE 2 Wide-field based optical
lens scheme for single-molecule localization
microscopy. The system is equipped with
Cylindrical four laser lines for activation and
lens for 3D excitation and a high numerical aperture
objective lens (100x NA = 1.49). Mirrors
| (M), dichroic mirrors (DM) and a band pass
EmCCD filters select illumination and fluorescence
5671 488 IR Laysars .emission Iight..A cyI.indricaI Ier\s .
introduces astigmatism for axial single-
molecule localization.
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resolution. Proper fluorophores (Kikuchi et al., 2022; Vogelsang
et al., 2010) and labeling strategies have to be chosen depending
upon the specific biological application requirements (Erdmann
et al, 2019; Fernandez-Suarez & Ting, 2008; Moore &
Legant, 2018). FPs are excellent for live experiments, and for step-
wise photobleaching, whereas immunostaining techniques perform
better for SMLM. In fact, the optimal photophysics (i.e., brightness
and photoswitching rates) for single-molecule localization is found
with photoswitchable dye pairs. On the other hand, Halo and
SNAP tags are very small (Erdmann et al.,, 2019) and can reduce
bias due to steric hindrance while maintaining the benefits in terms
of live cell experiments.

e Imaging buffer. An imaging buffer is often used to enable the
photoswitching mechanism when organic dyes are employed as
emitters in SMLMs (Bates et al., 2007). It usually consists of a
reducing agent and an oxygen scavenger. For most of the organic
fluorophores that operate on light/chemistry-induced photo-
switching, a transition into a triplet state occurs, following reduc-
tion into a long-lived radical state (rhodamines, carbocyanines) or a
fully reduced state (oxazines) (van de Linde et al., 2011). Unfortu-
nately, although different imaging buffers are available, each of
them works better with some dyes with respect to others, making
the choice of the most suitable buffer for multi-color imaging quite
difficult.

2 | SINGLE-MOLECULE LOCALIZATION
MICROSCOPY GOES QUANTITATIVE

SMLM is a potentially helpful tool for quantitative biological experi-
ments. The power of these techniques relies not only on the high spa-
tial resolution achievable, but also on the further possibility of directly
accessing quantitative information on a molecular scale (Deschout,
Shivanandan, et al., 2014; Jung et al., 2017). Being able to count mole-
cules would be of enormous significance in many aspects of life sci-
ence since many biological functions are linked to the amount and
spatial distribution of specific proteins in specific cellular compart-
ments. Such quantitative information would provide a valid push for-
ward for a better understanding of the etiology of many pathologies
or the functioning of different cellular processes (Jung et al., 2017;
Unterauer & Jungmann, 2021). The quantitative information of inter-
est includes the spatial distribution of proteins, their organization in
nanostructures/nanoclusters as well as the molecular counting for the
study of the oligomeric states involved. Two are the main available
approaches for extracting quantitative information from single mole-

cule datasets: stepwise photobleaching and quantitative SMLM.

21 | Stepwise photobleaching
The first quantitative approach is stepwise photobleaching (Ulbrich &
Isacoff, 2007), a fluorescence-based method exploiting the irreversible

bleaching of FPs due to long-lasting exposure of the sample to low
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excitation intensities. FPs bleaching is stochastic, and molecules
bleach independently of each other. Under these assumptions, the
decay of the fluorescence intensity in well-defined steps reflects the
number of subunits of the underlying molecular complex (Das
et al.,, 2007; Durisic et al., 2012; Tsekouras et al., 2016; Ulbrich &
Isacoff, 2007). Molecules are then identified measuring the intensity
traces from single spot images (Figure 3a), and the photobleaching
molecule probability provides a subsequent intensity drop, correlating
with each photobleaching event. The molecular counting is then
linked to the measured number of downward steps in the fluorescent
intensity (Figure 3a).

In principle, if a one-to-one ratio between the fluorophores and
the proteins of interest is assumed, the number of molecules corre-
sponds to the number of intensity steps observed (Durisic et al., 2012,
2014; Leake et al., 2006; Nakajo et al., 2010; Ulbrich & Isacoff, 2007).
This correspondence is valid, assuming that every subunit carries a
fluorescent label. The counting accuracy is directly linked with the
possibility of obtaining a 1:1 stoichiometry between fluorescent tags
and proteins of interest. This ratio may be achieved by lowering the
expression level to reduce over-expression when transient transfec-
tion with genetically encoded FPs is used. Otherwise, a 1:1 labeling
stoichiometry may be ensured by the recently developed CRISPR/
Cas9 procedure (Sander & Joung, 2014) for FP sequence insertion in
the protein native sequence. With this approach, the expression level
of the fluorescent fusion protein is close to the endogenous one
(Sander & Joung, 2014). If the labeling stoichiometry is not controlla-
ble, fluorescence calibration methods can help to strengthen the accu-
racy of the counting. Both synthetic nanostructures and intracellular
proteins can be used as calibration systems to optimize the quantita-
tive analysis, reducing miscounting errors (Hummert et al., 2021) and
automatizing the analysis (Danial et al., 2022). However, stepwise
photobleaching presents some intrinsic limitations. Indeed this
method performs well only for counting a low number of molecules
since the likelihood of missed bleaching events increases with the
number of counted proteins. Although several advances have been
recently made in the SP analysis (Hummert et al., 2021), also using
machine learning and Bayesian approaches (Bryan Iv et al., 2022;
Hummer et al., 2016; Li & Yang, 2019), still the robustness is often
limited to a finite number of steps. So, when the number of molecules
increases, different approaches such as quantitative single-molecule
localization microscopy (qSMLM) are required. A high signal-to-noise
ratio is mandatory for efficient observation of an apparent step-like
behavior of the fluorescence intensity. Therefore, optical illumination
architectures such as TIRF and highly inclined and laminated optical
sheet microscopy (Konopka & Bednarek, 2008; Tokunaga et al., 2008)
is the more suitable optical configuration, able to reduce the out-of-

focus contribution by reducing the background signal.

2.2 | Quantitative SMLM

In SMLMs, single-molecule localization events from photoswitchable

fluorescent probes binding target proteins are exploited to
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FIGURE 3 Quantitative single-molecule localization techniques. Imaging of separated membrane protein clusters (membrane proteins Barttin
transfected with GFP) allows for stepwise photobleaching experiments (a). The effective number of fluorescent molecules may be estimated
observing the drops in the intensity traces over time. Quantitative SMLM can be performed using DNA nanostructures (i.e., DNA origami) as
calibration standards: Twelve-helix DNA origami chassis functionalized with a controlled number of proteins of interest (b). Calibration
procedures (c) are based on STORM imaging, followed by cluster analysis, finalized to the extraction of a calibration curves dataset f,,. The
pipeline (d) for absolute protein-copy number estimation follows three main steps: Single-molecule localization imaging, cluster analysis (under the
same experimental conditions used for calibration) and fitting of the localizations histogram with a linear combination of calibration functions.
Image modified from Cella Zanacchi, Manzo, Alvarez, et al. (2017).

reconstruct images with a resolution of the order of 10-15 nm. Con-

sequently, SMLM images already contain information about the num-

ber and spatial coordinates of molecules of interest (Dietz &

Heilemann, 2019). Several analysis approaches have been developed

to obtain quantitative information from SMLM datasets, studying the

distribution and organization of the molecules at the nanoscale.

o Cluster analysis. SMLM datasets consist of a list of coordinates of

single-molecules localized during the acquisition. In order to
extract information about the spatial organization of these mole-
cules, it is possible to apply cluster analysis (or clustering) to the
output of SMLM (Khater et al., 2020; Nicovich et al., 2017). In gen-
eral, the goal of cluster analysis is to group objects in clusters
(i.e., groups) in which objects share more similarity with respect to
those in different clusters. Besides life sciences, clustering algo-
rithms are also applied nowadays to various fields. In SMLM, clus-
ter analysis is employed to segment localization datasets,
discerning among different topography and molecular organization.
Protein clusters in different cell compartments are highly relevant
in several functional mechanisms or pathologies. For example, a
question of interest for membrane proteins studies is whether they
are disassembled, clustered, or randomly distributed. Indeed, pro-
tein accumulation might reflect the formation of underlying mem-
brane structure, or it can be a prerequisite for initiating some

functional effect. In the last few years, several clustering algorithms

RIGHTS L

have been adapted, or newly developed, to analyze SMLM outputs
(Khater et al., 2020; Nicovich et al., 2017). Algorithms based on the
nearest-neighbor index, Ripley's function, and pair-correlation func-
tion, are derived from spatial statistics analysis tools (Clark &
1954; Owen et al, 2010; Ripley, 1977; Sengupta
et al.,, 2011; Sengupta & Lippincott-Schwartz, 2012). These algo-

rithms provide only an overall measure of clustering within a region

Evans,

of interest and average cluster size because they are limited to spa-
tially homogeneous point processes, where the average density
within the pattern is assumed to be independent of the spatial
position. Other approaches must be considered if metrics per clus-
ter are needed, such as cluster number, shape, or size. The density-
based analysis algorithms process the localization data by exploiting
the difference in density between the protein assemblies and the
background. Clusters are considered a set of data objects spread
over a contiguous region of high objects density and separated
from each other by contiguous regions of low object density.

One of the most popular density-based algorithms applied to
SMLM data is the density-based spatial clustering of applications
with noise, DBSCAN (Ester et al., 1996). DBSCAN considers two
parameters for clustering: a neighborhood radius, ¢, and a minimum
number of points falling inside the radius to consider localizations
as a cluster. However, it may fail when the cluster density range is
wide (Nicovich et al., 2017). Another family of clustering algo-
rithms is based on the generation of a mesh representation,
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usually, a Voronoi diagram or a Delaunay triangulation, named tes-
sellation algorithms (Andronov et al., 2018; Levet et al., 2019). Basi-
cally, they consist of partitioning the molecular localization space
into polygonal regions, each one centered around one of the mole-
cules. The geometrical properties of the polygons depend on the
spatial distribution and density of included points. The tessellation
approach might fail the task when data show artifacts due to multi-
ple blinking. Recently, graph-based (Pennacchietti et al., 2017) and
machine-learning-based methods (Kosuta et al., 2020) have been

developed to analyze SMLM datasets quantitatively.

e Advanced quantitative SMLM methods. In principle, the information
hailing from localization datasets after cluster analysis may be
directly linked with the exact number of proteins of interest. Still,
the unpredictable stoichiometry of the labeling strongly impairs a
linear conversion of SMLM datasets into protein numbers and
requires additional strategies to mitigate such a limitation
(Hummer et al., 2016). When immunostaining is performed, the
number of fluorophores conjugated to the antibodies is highly sto-
chastic. Moreover, fluorophores employed in SMLMs blink and
their repeated reactivation events lead to overcounting. On the
other hand, when fluorescent fusion proteins are used, both over-
counting due to overexpression and undercounting given by
incomplete FPs maturation may occur. Although optimized sample
preparation procedures might minimize these effects, they can
hardly be avoided. Despite CRISPR/Cas9 procedures offer a 1:1
labeling ratio and ensure a fusion protein expression close to the
endogenous one, their significant cost might prevent their use on a
routine base. For this reason, a way to overcome the hurdles in
quantifying SMLM data using immunostaining and transient trans-
fection with fluorescent FPs is to “calibrate” with structures fea-
turing a known number of proteins. This way, precise conversion
of the number of localizations per cluster into protein numbers can
be obtained.

Several calibration methods have been recently proposed to quan-
tify the accurate protein copy number distribution in an unknown
biological sample. Calibration may be carried out by synthetic
nanostructures (Cella Zanacchi et al., 2019; Cella Zanacchi, Manzo,
Alvarez, et al., 2017; Jungmann et al., 2016; Scheckenbach
et al., 2020) or monomeric/multimeric variants of known intracellu-
lar proteins/molecules (Danial et al., 2022; Finan et al., 2015;
Fricke et al., 2015; Hummert et al, 2021; Thevathasan
et al., 2019). Exploiting biological molecules as reference standards
for counting is, in principle, preferable, since the calibration well
reproduces the cellular environment. Still, most of these calibration
proteins are monomeric, and it may fail accuracy when investigat-
ing molecules organized in more densely packed clusters. In this
scenario, synthetic nanostructures—including DNA origami
(Scheckenbach et al., 2020), patterns generated by cut-and-paste
technology (SMCP) (Kufer et al., 2008) and DNA bricks (Ke
et al., 2012)—provide flexibility mimicking different environments.
In particular, DNA origami structures represent a valuable tool to
calibrate, providing a versatile way to characterize at the single-
molecule level the response from a given number of fluorophores
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or proteins located at known positions. DNA origami can be immo-
bilized on glass surfaces and can be used to characterize the

photophysical behavior of a “single” dye or protein in terms of:

Number of localizations/molecule.
. Fluorescence intensity.
Blinking rate.

o 0 T o

. Distances among proteins attached at specific handles.

STORM imaging combined with DNA origami as calibration stan-
dards may be used to quantify oligomeric states and molecular distri-
bution of intracellular proteins (Cella Zanacchi, Manzo, Alvarez,
et al., 2017). Furthermore, quantitative point accumulation in nano-
scale topography (qPAINT) (Jungmann et al., 2016), where individual
dye-labeled DNA strands transiently bind to target proteins functiona-
lized with complementary strands, is an alternative approach for quan-
titative SMLM. The dye emits fluorescence only when the
complementary strands are bound. It is then possible to extrapolate
the number of proteins from the apparent blinking by extracting bind-
ing kinetics related to molecular numbers through basic kinetics equa-
tions (Jungmann et al., 2016). As an example, we will now focus on
quantitative STORM protocols (Cella Zanacchi et al., 2019; Cella
Zanacchi, Manzo, Alvarez, et al., 2017; Cella Zanacchi, Manzo,
Sandoval Alvarez, et al., 2017) based on DNA origami calibration.
qSTORM is performed in two main steps: calibration and quantifica-
tion phases. The calibration is performed using 12-helix DNA origami
structures, functionalized with N proteins of interest (Figure 3b), as a
calibration tool. DNA origamis are also labeled with fluorescent refer-
ence markers (TAMRA) to facilitate nanostructure identification.
Briefly, DNA origami with a controlled number of molecules are
imaged by STORM. The localization datasets are then analyzed by
cluster analysis (Figure 3c). The histograms of the localizations/cluster
thus provide a set of calibration curves, f, (Figure 3c). At this point, a
second phase needs to compute the number of proteins contained in
an “unknown” sample begins. The sample of interest is imaged by
STORM under the same experimental conditions used for the DNA
origami calibration imaging. The localizations/cluster histogram, hail-
ing from the SMLM dataset and presumably containing a mixture of
different oligomeric states, may be fitted to a linear combination of f,,

functions(Figure 3d):

Nmax

g(x) = Zanfn(x)y

n=1
where, a,, represent the weights of the distribution of n-mers and:

Nimax
an=1.
n=1

Fitting is performed by numerical minimization of the “objective
function,” containing the sum of the entropy and the negative log-
likelihood. The stop criterion for the fit is determined by minimizing
the objective function that provides also the optimal number of func-
tions used for the fit (Nma). A detailed protocol, with further

85U8017 SUOWILLOD BAITEa1D 3(dealidde au) A peuienob afe Sapie YO ‘88N JO S8|nJ o} Akeiq18UlUO A8]1M UO (SUOTIPUOD-PUB-SWSI W00 A8 | ImAeIq 1 pul|uo//:Sdny) SUORIPUOD pue swie | 841 88S [Z0z/0T/TE] Uo AriqiTauluO AB|IM Bl BURIY0D AQ T8Z1Z IWBI/Z00T OT/I0p/W00 A8 | 1M Aleq 1 jpulJUO'S [PUIN0 OB 105 [0 A eue// Sy W01y papeojumod ‘7 ‘€202 ‘6200L60T


https://analyticalsciencejournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjemt.24281&mode=

SCALISI ET AL.

500 MICROSCOPY
© | WILEY RESEARCH. TECHNIQUE

information on gSTORM procedures, may be found in the literature
(Cella Zanacchi, Manzo, Sandoval Alvarez, et al., 2017). Alternatively,
other STORM methods rely on the analytical modeling of the fluoro-
phore blinking statistics and might be used to access quantitative
information. For simple kinetic models of photophysics, the resulting
analytical formulas for the blinking statistics provide the basis for a
model-independent (Hummer et al., 2016) and robust protein estima-
tion (Moller et al., 2020).

3 | BIOLOGICAL APPLICATIONS

The quantitative tools described above smoothed the way for addres-
sing several biological questions of interest. Different possible applica-
tions include the study of membrane proteins and accessory subunits
(Nakajo et al., 2010; Ulbrich & lsacoff, 2007), synaptic proteins and
receptors (Siddig & Aufmkolk, 2020), focal adhesion complexes (Scalisi
et al.,, 2021), and other structures (Magrassi et al., 2019). Recent stud-
ies used stepwise photobleaching and revealed the oligomerization
state of several GPCRs and the role of these oligomers in signaling
(Milstein et al., 2022; Moller et al., 2020). For example, stepwise
photobleaching (Figure 4a) showed the tetrameric form of the
voltage-gated potassium channel KCNQ1 (Figure 4b). Furthermore,
guantitative dSTORM characterized the nanoscale organization of the
mGIuR4 receptors (Figure 4c) within active zones at the presynaptic
sites, showing multiple nano-domains, each containing either mono-

mers, dimers or oligomers (Figure 4d).

4 | SINGLE-MOLECULE GOES DEEPER

SMLM microscopy has proven its capability to elucidate details
and provide insights with unprecedented resolution into the world
of biological processes. However, most studies are currently car-
ried out at the cell culture level. Unfortunately, 2D cultures are
surrounded by a modified environment and cannot correctly mimic
the physiological conditions of living organisms. For this reason,
the cell biology community needs to move from 2D cell cultures to
three-dimensional tissue models (Nature Methods, 2018) and
whole organisms. In the current scenario, the dream is still repre-
sented by the ideal possibility of performing super-resolution
imaging directly into tissues of living organisms. In this framework,
the next essential step is to identify strategies for super-resolution
microscopy 3D model systems relevant from the physiological
point of view. In the last few years, super-resolution and model
systems have significantly evolved. However, some challenges
remain, and they should make further progress together for a per-
fect match.

For single-molecule localization microscopy, the key point is to
minimize the light-sample interaction, reducing the scattering effects
that can deteriorate super-resolution performances in thick samples.
Within this scenario, it is essential to identify the best illumination
approach to minimize the background noise and thus improve the
imaging depth. In fact, for better localization of individual emitters, a
lot of attention has to be addressed to the reduction of the back-

ground b, since it can affect the localization precision:

100 - E@ Observed
3 Fit (p =64%
©
o 60 —
(7]
| ' 40
#*
20 —
Jhe KCNQ1 o 0= ; " p
valtage-gated )
potassium # of bleachig steps o .
FIGURE 4 Application of stepwise
d)0.8- photo-bleaching and gSMLM. KCNQ1
images from oocytes expressing mEGFP-
- KCNQ1 (a). Distributions of the observed
| & 0.61 bleaching steps (gray) and corresponding
: § fit by a binomial distribution (white).
; 0.4- gSMLM show the nanoscale organization
,g = il of glutamate receptors mGluR4
@ (c) containing a fraction of either
a 0.2 . .
monomers, dimers and higher order
R d oligomers (d) at presynaptic active zones.
Lo ; 0.0- . ‘ Image modified from Nakajo et al. (2010
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FIGURE 5 Optical (a)
illumination schemes for 3D

single-molecule detection.

Widefield illumination (a), oblique 4

illumination (b), total internal

reflection (c) and light-sheet
microscopy (d)
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where, s is the PSF width, a is related to the pixel size, N is the number
of photons and b is the background noise. This relation shows that
the uncertainty falls as the inverse of the number of photons for the
background noise. Therefore, maximizing the number of photons col-
lected for each molecule is crucial in SMLM imaging to increase locali-
zation precision. Furthermore, several factors limit the resolution for
practical imaging of large scattering biological samples, mainly related
to scattering and aberration effects. Additional errors induced in the
localization process may affect the effective localization precision, and
the overall precision is redefined by considering the additional insta-
bilities of the system (9i,st):

2 _ [n 2 2
Oeff = 20'><,}/"'_O'inst’

where a factor 2 takes into account the excess noise (Aquino
et al, 2011) introduced by the electron multiplying process of
emCCDs. The choice of the optimal illumination scheme may play an
essential role in background reduction and imaging depth improve-
ment. Optical schemes based on TIRF and inclined illumination
(Konopka & Bednarek, 2008; Tokunaga et al., 2008) are widely used
for their ability to reduce the background and out of focus contribu-
tions. In fact a significant reduction of the background compared to
widefield imaging (Figure 5a) can be gained axially confining the illumi-
nation process by highly inclined laminated microscopy (HILO)
(Tokunaga et al., 2008) (Figure 5b) or TIRF-based microscopy
(Fish, 2009) (Figure 5c).

In TIRFM the illumination beam illuminates the coverslip with an
incident angle higher than the critical angle generating evanescent
waves. The axial confinement of the excitation volume (50-150 nm
deep into the sample) relies on the exponential decay in the proximity
of the glass surface of the evanescent waves. Since the imaging depth
into the specimen is limited to a few hundred nanometers (Figure 5c),
TIRF application is still limited to studies of proteins near the basal
cellular membrane. Inclined illumination (Figure 5b) is often implemen-
ted to overcome the substantial limitation of TIRF illumination on the
axial depth. HILO microscopy illuminates the sample with an inclined
light sheet and is a popular configuration for intracellular single-

molecule imaging. However, the imaging depth remains basically
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confined at the cellular level. Within this context, further evolution is
represented by light-sheet microscopy (Figure 5d). In light sheet illu-
mination, decoupling the illumination and the detection path (Huisken
et al., 2004) allowed imaging with a low background within thick sam-
ples. Indeed, the light sheet approach freely moves the illumination
within the sample, reducing the background signal coming from out-
of-focus contributions. These features made this approach particularly
promising for further application of super-resolution to thicker sam-
ples. Recently, optical configurations based on single objective
(Galland et al., 2015), reflected (Greiss et al., 2016) and tilted
(Gustavsson et al., 2018) light sheet illumination demonstrated 3D
super-resolution imaging capabilities in thick cells or small organisms.
For example, conventional selective plane illumination microscopy
was proven to be a promising tool for further imaging depth improve-
ment, demonstrating single-molecule imaging in multicellular spher-
oids up to 200 um depths (Cella Zanacchi et al., 2011, 2013).
Nonetheless, super-resolution is still hardly feasible in more compli-
cated tissues, where the scattering and absorption properties of the
samples prevent single-molecule imaging. Despite the promising pro-
gress of light sheet microscopy, wide-field-based configurations (such
as TIRF and HILO) remain the most popular modality implemented in

imaging core facilities, due to the more straightforward optical

implementation.
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