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Introduction

Over the last decades, the field of optical microscopy has been
completely revolutionized by the development of super-resolution
microscopy. Super-resolution microscopy encloses all the
microscopic techniques (STORM, PALM, STED... etc.) that bypass
the diffraction limit and increase the spatial resolution by an order of
magnitude with respect to conventional light microscopy. Each of
these techniques has inherent advantages and limitations when
applied to different biological questions.

Among the various existing super-resolution microscopy methods,
Photo-Activated Localization Microscopy (PALM) and Stochastic
Optical Reconstruction Microscopy (STORM) are those that achieve
the highest image resolution thanks to their capability to localize single
molecules with few tens of nanometers’ accuracy in the three
dimensions. Thanks to these techniques it is now possible to observe
previously unresolved details of cellular structures and to elucidate
biological processes at the molecular scale.

However, despite the remarkable improvement in resolution when
compared to conventional optical microscopy, there are still some
challenges to be faced. Currently, performing multicolour super-
resolution imaging is not trivial. In fact, despite the availability of
several commercial setups for multicolour super-resolution
microscopy, achieving reliable results requires fine correction of all
potential aberrations and artifacts that could significantly impact the
outcomes. Moreover, multicolour super-resolution imaging is even
more challenging in small volume samples, such as bacterial cells, as
the aforementioned corrections must be at the nanoscale level.

This doctoral dissertation reports my work on developing and

characterizing an optical system for three dimensional multicolours



super-resolution microscopy with nanometers accuracy. In the first
chapter, after introducing the concept of diffraction limit and
explaining the principles behind super-resolution microscopy, I
compare the benefits and limitations of different super-resolution
techniques and focus on the ongoing challenges. In the second
chapter, after elucidating the main critical issues of multicolour super-
resolution imaging — mechanical and thermal drifts, crosstalk and
chromatic aberrations — [ describe the development and
characterization of a multicolours super-resolution setup explaining in
detail the methods I developed to overcome these technical
difficulties. In the third chapter, I show how I used our setup to study
the sub-cellular organization in bacteria. In particular, I studied the
spatial distribution of two interacting proteins (HisH, HisF) of the
histidine metabolic pathway in engineered Escherichia Coli (E. Coli)
bacteria in which each protein of interest is tagged with a
photoactivable fluorescent protein (PAmCherry1-HisH, PAGFP-HisF)
and thus can be imaged and localized. After explaining how to prepare
the sample and to perform the acquisitions, I describe the analysis
method I developed to identify co-localizing pairs of molecules and
estimate the distance between them. To prove the reliability of the
algorithm, I applied it to both simulated and real data and checked the
consistency of the results. Finally, in chapter four, I show the effort to
further improve the resolution of the system by combining two super-
resolution techniques, Expansion Microscopy (ExM) sample
preparation protocol and PALM imaging process, to reach the

nanometer accuracy in the three dimensions.



Chapter 1

Super-resolution microscopy

Advancements in microscopy have consistently contributed to
unravelling the complexities of cell functions and subcellular
processes. A substantial portion of our comprehension concerning
cellular and subcellular biological processes has arisen from our
capability to directly observe and visualize them. Since its
development, fluorescence microscopy has become an invaluable tool
for understanding biological systems’ inner mechanisms because of its
two principal advantages: distinct cellular elements may be observed
through molecule-specific labelling, and light microscopy allows real-
time observation of structures within a living specimen [1], [2].

Although fluorescence microscopy provides multiple approaches to
visualize different aspects of biological structures and activities,
classical optical microscopes have an intrinsic spatial resolution
limitation due to the wave nature of light, as first reported by Ernst
Abbe in 1873 [3]. Since light propagates as an electromagnetic wave,
it cannot be focused to an area smaller than the half of its wavelength,
as shown in Figure 1.1, which directly determines the dimensions of

light ~— 0.61A/NA

Sl

n : refractive index
air, 1.0

water, 1.3

oil, 1.5
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NA = n sinx

Figure 1.1: (a) Light distribution for focused light; (b) Abbe’s law: light with wavelength A,
traveling in a medium with refractive index n and converging to a spot with half-angle 6 will
have a minimum resolvable lateral and axial distances of 1/2nsin @ and 2nl/(nsin 6)2.
Image retrieved from [4].



the smallest structures that can be resolved. This limitation, known as
diffraction limit, depends on the wavelength of light A used to create
the image — the longer the wavelength, the larger the distance, the
lower the resolution — and on the numerical aperture of the
microscope objective NA. For visible light microscopy the diffraction
limit sets to about 200-300 nm in the lateral direction and 500-700
nm in the axial direction. Since it is comparable to or larger than many
subcellular structures, it makes hard to observe them in detail [4]. Yet,
in recent years, several “super-resolution” fluorescence microscopy
techniques have been developed to overcome the diffraction barrier.
These methods have led to a significant enhancement in spatial
resolution by an order of magnitude in all three dimensions compared
to traditional light microscopy. The observation of previously
unresolved details of cellular structures has proven the immense
potential of super-resolution fluorescence microscopy in elucidating
biological processes at the cellular and molecular scale [4], [5].

In this chapter, I will describe the principles of super-resolution optical
microscopy, the advantages and the limitations of currently the
available techniques as well as the ongoing challenges to be faced.

1.1 Diffraction limit and optical resolution

In nineteenth century, the German physicist Ernst Abbe demonstrated
that the resolution of an optical system is limited by the diffraction of
light. Diffraction comes from the wave nature of light and the finite
size of the optical elements. When light passes through a circular
aperture, it is diffracted creating a diffraction pattern with a central
spot, surrounded by bright rings, which is known as the Airy disk [6].
The angular radius of the Airy disk is given by:

A
0~ 122— 1.1
. (1)

where 0 is the angular resolution in radians, A is the wavelength of
light in meters and D is the diameter of the lens aperture in metres.
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Figure 1.2: (a) Diffraction pattern generated by the light of two point-like sources passing
through a circular aperture; (b) Rayleigh criterion: points whose distance is greater than (left)
or equal to the Rayleigh limit (middle) can be resolved, points closer than the criterion (right)
are indistinguishable.

Since two adjacent points give rise to two diffraction patterns, if their
angular separation is greater than or equal to the Airy disk angular
radius distinct images of the two points are formed and they can be
resolved, otherwise not (Rayleigh criterion, Figure 1.2) [7], [8]. Thanks
to the Rayleigh criterion, knowing the wavelength of the observed
light and the diameter of the aperture, we can obtain the minimum
distance between two point-like sources for them to be optically
resolvable.

In an optical microscope, the objective lens acts like a circular
aperture and so every point-like source of light in the observed sample
will appear as an Airy disk pattern in the final image. The three-
dimensional representation of the Airy disk is called point spread
function (PSF) (see Figure 1.3). Experimentally, the size of the PSF
determines the resolution of the microscope: if two points are closer
than the full width at half-maximum (FWHM) of the PSF, their images
overlap and they won'’t be distinguishable. Following Abbe’s law, the
FWHM of the PSF in the lateral (perpendicular to the optical axis) and
axial directions can be approximated as:

A
Axy = SN (1.2)
21
Az ~ 1.3
2 G (1.3)
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Figure 1.3: Airy disk and point spread function produced because of the propagation of the
light emitted from a point-like source through a microscope. Image retrieved from [9].

where A is the wavelength of the light, and NA is the numerical
aperture of the objective defined as NA = nsin @, with n being the
refractive index of the medium and 6 being the half-cone angle of the
focused light produced by the objective. The axial width of the PSF is
about 2-3 times as large as the lateral width for ordinary high NA
objectives. When imaging with visible light (A = 550 nm), the
commonly used oil immersion objective with NA = 1.40 yields a PSF
with a lateral size of ~200 nm and an axial size of ~500 nm in a
refractive index-matched medium [6], [9]. This resolution is sufficient
to image features such as organs or tissues, but it’s not enough for
studying those subcellular structures with sizes much smaller than the
wavelength of light. Super-resolution microscopy arises from the need
to improve the spatial resolution of traditional fluorescence
microscopy without compromising its non-invasiveness and
biomolecular specificity.

Over the last twenty years, multiple microscopic techniques have been
developed to overcome the diffraction limit and allow imaging of



biological sub-cellular structures, such as nuclear pores, viruses,
chromatin complexes, cytoskeletal filaments...etc., with few
nanometers resolution [10]. Current super-resolution microscopies
break the diffraction limit by either temporally or spatially modulating
the excitation or the activation of light. Therefore, they are often
divided between patterned excitation methods and localization-based
methods.

1.2 Super-resolution by spatially patterned excitation

One approach to overcome the diffraction limit is to incorporate sub-
diffraction-limit features into the excitation pattern so that fine-scale
information can be retrieved. We refer this method, including
Stimulated Emission Depletion (STED) microscopy and Structured
[llumination Microscopy (SIM), as super-resolution microscopy by
spatially patterned excitation.

1.2.1 Stimulated Emission Depletion (STED) microscopy

STimulated Emission Depletion (STED) microscopy employs
stimulated emission to confine fluorescence emission to a small region
within the broader excitation laser spot [11]. As shown in Figure 1.4a,
STED microscopy excites the fluorescent probes in the sample with
focused laser light. Before the spontaneous emission of fluorescence
occurs — within only few ns —, a second red-shifted doughnut-shaped
beam with zero intensity in the central part illuminates the sample,
depleting the emission of fluorophore outside the central region. Since
the depletion beam could potentially excite the fluorophore, it
shouldn’t be too close to the absorption band. This second beam,
known as the STED beam, forces fluorophores from their excited
electronic state back to their ground state by stimulating the emission
of a photon of the same wavelength. By applying a wavelength filter
to remove the stimulated emission and the STED beam, we can
selectively detect only the spontaneous emission coming from the



(a) excitation spot STED (doghnut) spot spontaneous emission

(b)

excitation stimulated emission efficiency

spontaneous emission

weak STED beam strong
Figure 1.4: (a) Principle of the resolution improvement in STED microscopy; (b) Saturation

effect in stimulated emission reduces the region for spontaneous emission. Image retrieved
from [4].

central area of the excitation spot where fluorophores have not been
quenched. Although both excitation and STED beams are pulsed
lasers and they are synchronized, the depletion pulse is temporally
extended relative to the other, thus generating “de-excitation” outside
the central spot. By overlapping these two beams, fluorescence
emission is only permitted from the central region, resulting in the
creation of a much smaller effective excitation focal spot. In practice,
it’s impossible to achieve 100% depletion of spontaneous emission
using the STED beam, but 90% to 95% depletion is often sufficient to
generate images with a high contrast ratio. Employing this principle,
researchers have managed to reach up to a tenfold enhancement in
resolution along one dimension [12].

Figure 1.5 shows fluorescence images of neurofilaments in human
neuroblastoma observed by confocal (Figure 1.5a) and STED
microscopy (Figure 1.5b). As we can see from the image, STED
microscopy significantly enhances the spatial resolution, enabling the
fine visualization of small structures that couldn’t be resolved in the

8



Confocal

Figure 1.5: Neurofilaments in human neuroblastoma observed by confocal (a) and STED
microscopy (b). Image retrieved from [16].

confocal image. The spatial resolution of STED microscopy is strictly
related to the size of the area where the spontaneous emission is
allowed, which in turn depends on the size of the doughnut hole of the
STED beam. Since the doughnut hole is produced by interference of
light waves its size cannot be smaller than the half the STED beam
wavelength, and the corresponding spatial resolution is equivalent to
that of confocal microscopy. However, by increasing the intensity of
the STED beam, also fluorophores at the inner ring of the doughnut
can be switched off and this can produce a central fluorescent spot
smaller than the diffraction limit (as shown in Figure 1.4b). Yet,
achieving this enhanced resolution requires laser powers
approximately 1000 times greater than those used in conventional
confocal microscopy. While theoretically, there’s no strict resolution
limit to STED images, in practical biological applications, there’s a

9



constraint imposed by the photo-damage risk for biological samples
due to the high laser intensities required. Thus, the intensity limit on
the depletion beam in biological contexts is often set by the need to
preserve the integrity and viability of the samples being studied.
Usually STED achieves 20-70 nm resolution when imaging fixed
biological samples labelled with either synthetic dyes or fluorescent
proteins. Moreover, STED can also be applied in 3D using two STED
beams to improve xy and z resolutions at the same time [13].

The complexity of the STED system limits fluorophore choices and
can make multicolour imaging difficult. Multicolour imaging can be
challenging because two laser wavelengths are required for each dye:
a conventional excitation laser beam and a red-shifted doughnut-
shaped STED beam. This means that for dual-colour imaging, four
laser beams, each with a different wavelength, would be required
which easily produce undesired interference and create even greater
photobleaching issues. Nevertheless, multicolour STED imaging has
been achieved in some cases [14], [15]. To simplify two-colour
imaging, one approach involves combining a fluorophore with a
second fluorophore that has a similar emission spectrum but a larger
Stokes shift between excitation and emission wavelengths. In this way,
only a single STED laser for both dyes is required [16].

Live-cell imaging can be challenging too due to the phototoxic effects
of the added STED beam. While the excitation laser power is
comparable to that used in conventional confocal microscopy, the
STED laser power can be around 1000 times higher, which can lead
to significant photobleaching and photodamage [17], [18].
Nonetheless, it has been demonstrated that using fast scanning
techniques and selecting the appropriate STED wavelength can
minimize these effects [18], [19]. Fast beam scanners enable live-cell
imaging in small regions, typically of few microns in size, at speeds of
60 to 80 frames per second with reduced photobleaching and
phototoxicity [19], [20].
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1.2.2 Structured Illumination Microscopy (SIM)

The concept of super-resolution imaging by structured illumination
was first introduced by Lukosz for brightfield microscopy [21] and
then implemented in fluorescence microscopy [22]. Structured
[llumination Microscopy (SIM) is based on widefield microscopy and
is compatible with standard fluorophores and labelling protocols.
What sets SIM apart from conventional fluorescence microscope is
the illumination pattern. SIM use a structured grid-like pattern to
excite the whole field of view [22]. When a high spatial frequency grid
is projected onto a sample and the emission from fluorophores is
detected, it results in a certain degree of blurring in the observed
fluorescence. This blurring is a consequence of the interaction
between the excitation pattern, which is the grid in this case, and the
spatial pattern of the sample being imaged. When these two patterns
combine, they give rise to an interference pattern known as moiré
fringes, shown in Figure 1.6b. These fringes, while coarser than the
individual patterns they arise from, contain valuable information that
can be analyzed to extract high-resolution details about the sample’s
structure. Knowing the position and the period of the illumination grid,
information of the fine structure can be recovered from the moiré

fringes. Whereas, in conventional fluorescence microscopy, the fine
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Figure 1.6: Comparison of image formation between conventional widefield (a) and (b) SIM.
Image retrieved from [4].
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2um

Figure 1.7: Actin cytoskeleton observed by conventional widefield (a) and structured
illumination microscopy (b). Image retrieved from [22].

structures cannot be recovered because they are fundamentally
missing from the imaging process (Figure 1.6a). Figure 1.7 compares
images of actin cytoskeleton observed by conventional widefield
(Figure 1.7a) and SIM (Figure 1.7b).

The improvement of the spatial resolution in SIM can be understood
more clearly using mathematics [4]. Figure 1.8 shows the mathematical
view of image formation in conventional fluorescence microscopy and
SIM. In conventional microscopy (Figure 1.8a), the output image is
given by the convolution of the sample’s fluorescence emission
pattern and the point spread function of the imaging optics. This
corresponds to applying a low pass filter to the emission distribution.
Since the high spatial-frequency components, which represent small
structures in the sample, are cutoff by the low-pass filtering, they
cannot be recovered even by post-processing of the image. On the
other hand, in SIM (Figure 1.8b), the high spatial-frequency

12



components remain in the resultant images because the grid
illumination shifts the high spatial-frequency components near to the
direct current (DC) frequency, allowing them to pass through the low-
pass filter intrinsic in the image formation. This frequency shift is seen
as the moiré fringes, in which the high- and low frequency components
are overlapped. Since high frequency components contain information
about the fine structure, to get a super-resolution image they must be
separated from the low ones. Thanks to an inverse Fourier transform
the components are extracted and the final image with high spatial-
frequency information is reconstructed. SIM spatial resolution can be
improved at maximum by a factor of 2 with respect to conventional
microscopy [23]. As shown in Figure 1.8b, the convolution of

(b)
spatial domain  frequency domain spatualdomam frequency domain

1/x J X J 1/x
emission ’
® %

4

Image l

X

X 1/x
extract
® :convolution
PSF : point spread function |
OTF : optical transfer function

e
inverse Fourier transform

Figure 1.8: Image formation in conventional wide-field (a) and structured illumination
microscopy (b). Image retrieved from [4].
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frequencies between the illumination pattern and the sample causes
the shift from high- to low frequency components that can be imaged
through the low-pass filter. Theoretically, the finer is the illumination
grid, the higher should be the resolution. However, since the
illumination pattern itself is produced by the objective lens, the
periodicity of the grid pattern is also limited by diffraction. Therefore,
the finest grid corresponds to the smallest structure resolvable by
conventional microscopy, and the maximum frequency shift is located
at the edge of the low-pass filter. Under these conditions, the extent
of the frequency shift corresponds to the bandwidth of the imaging
system in conventional microscopy, and the maximum resolution
improvement is hence a factor of 2.

SIM can also be performed in three dimensions employing three-beam
interference to extend the 2D illumination pattern into 3D [24], by
using side illumination — either light sheet or Bessel beam illumination
— to create the structured pattern [25] or placing a mirror directly
opposite the sample to enable four-beam interference [26]. Based on
the method chosen to perform 3D SIM, the resolution can be around
100-130 nm in xy and 160-300 nm in z. Multicolour SIM can be easily
performed too. Using multicolour 3D SIM, the structures of chromatin
and colocalization of single nuclear pore complexes and nuclear
laminas in a mammalian cell were observed [27]. Investigations of
immune synapses in natural killer cell [28], intermediate states of
abscission in human cells [29] and pericentriolar material in the
centrosome [30], [31] were also performed. Furthermore, SIM is
currently the most widely used super-resolution technique for live-cell
imaging and has been applied to a broad range of biological studies,
including, for example, live-cell 2D SIM imaging of microtubules [32].
A difficulty encountered with live-cell SIM is that 9 to 15 recorded
frames are required to image the sample. If the object in question
moves even slightly during image acquisition, artefacts are created
that can prevent a reliable reconstruction.

14



1.3 Super-resolution by single-molecule localization

Super-resolution techniques based on single-molecule localization
relies on the detection of fluorescence emitted from individual
fluorophores, followed by the precise determination of their molecular
positions. Although localizing single molecule with nanometers
accuracy has been done for many years [33], [34], [35], it wasn’t
considered a standalone microscopy technique because in densely
labelled structures diffraction-limited images of single fluorophores
overlap and single molecule imaging cannot be performed.
Localization-based super-resolution microscopies, such as Stochastic
Optical Reconstruction Microscopy (STORM) and Photo-Activated
Localization = Microscopy (PALM), have been developed
independently to address this limitation and enable breakthroughs in
imaging. Before delving into PALM and STORM microscopy, we’ll see
how it is possible to localize single fluorescence emitters.

1.3.1 Single-molecule localization

As discussed in section 1.1, the resolution of a visible light microscope
is commonly taken to be about 1/2 =~ 250 nm, with any sparse
objects smaller than this dimension appearing in the microscope as
diffraction-limited spots. Although the details within a spot are not
resolvable, the center of the spot, and hence the position of the object,
can be determined to a much greater precision. When the image
consists of a collection of sparse, punctate objects, it is therefore
possible to determine the relative positions of the objects with a
precision much better than the wavelength of light, thus overcoming
the limitations on the resolution.

As already seen, the three-dimensional diffraction pattern (the PSF)
generated by a point-like source on the focal plane of an optical
system can be described by an Airy function. However, when imaging
a single fluorescent emitter only the central part of the diffraction
pattern is detected, because the external rings, surrounded by the

15



Fitting Single-Molecule Pixel Data to a Gaussian Function
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Figure 1.9: Schematic illustration of the 2D single-molecule localization process. The image
of a single emitter (a) is fitted with a two-dimensional Gaussian function and localized with
nanometer accuracy (6x) (b). The entire process is summarized in (c), where the standard
deviation of the orange Gaussian is equal to §x. Image retrieved from [37].

background fluorescent signal, become undetectable over the
background. Based on this observation, it has been demonstrated that
the intensity profile created on the focal plane of an optical system by
a sub-diffraction sized fluorescent probe can be approximated with a
two-dimensional Gaussian function [36], [37], [38]. Thus, by fitting the
PSF of a single fluorescent emitter with a bidimensional gaussian, it is
possible to establish the xy position of the molecule as the coordinates
of the centroid of the Gaussian function fitted to the data.
Bidimensional single-molecule localization process is reported in
Figure 1.9.

To extract the position of the molecule from the region of interest
(ROI) two different computational fitting algorithm can be used: the
least squares method (LSM) and the maximum likelihood estimation
(MLE). Both methods have different performance limits. Given the
standard deviation of the gaussian fitted function in nm (o), the pixel
size in nm (a), the number of detected photons for a given molecule
(N) and the background signal calculated as standard deviation of the
residuals between the raw data and the fitted function (b), the
uncertainty of the lateral position of a molecule can be estimated as:

(1.4)

0% +a?/12 /16
ot = TSI

—+ 4
N 9+T

16



><|MLE X N”Z/plxel units
\leS X N2/ pixel units

—=—N =100 1T —=—N =100
—=—N =200 —=—N =200
0.5 —8—N =500 05 —=&—N =500
—=—N = 1000 —=—N = 1000
—e— analytical —e—analytical
% 0.02 0.04 0.06 0.08 0.1 % 0.02 0.04 0.06 0.08 0.1
b/N b/N

Figure 1.10: Simulation results for the localization uncertainty scaled with VN for the MLE
(left) and LSM (right) as a function of relative background level b/N for different signal photon
counts N. Image retrieved from [41].
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The uncertainty for least-squares estimate is also known as the
Thompson-Larson-Webb formula [39], altered with the correction
factor of “16/9” as suggested by Mortensen et al. [40], while the
uncertainty for maximum-likelihood was derived by Rieger and
Stallinga [41]. Since the performance limit of the MLE method
corresponds to the Cramer—Rao lower bound (CRLB), i.e. the best
possible variance of an unbiased estimator, MLE is always superior to
the LSM for low background levels as shown in Figure 1.10 [41], [42].
In both methods, localization uncertainty depends upon many
parameters. From equations (1.4) and (1.5) we get that the position
uncertainty can be reduced by either employing optics and
wavelengths to produce a smaller PSF (o), or by minimizing the
fluorescence background noise (b) through short band filters and
careful illumination design to reduce the excited volume, or by
maximizing the number of detected photons (N) by choosing bright
fluorophores, high numerical aperture objectives and very sensitive
cameras, such as Electron Multiplying CCD (EMCCD) cameras with
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single-photon sensitivity. The pixel size (a) is either linked to the
number of detected photons per pixel and to the precision of the
sampling of the PSF profile. Larger pixels detect more photons but
with less precise sampling of the PSF, whereas smaller pixels detect
fewer photons but with more precise sampling of the PSF. A suitable
compromise to ensure sufficient photon detection with precise
sampling of the PSF is to have a pixel size of approximately 80-120
nm. Increasing the number of detected photons and minimizing the
noise factors it is possible to localize a single molecule with few
nanometers’ accuracy. Notably, in 2005 the group of Yildiz and Selvin
[43] developed a technique called Fluorescence Imaging with One
Nanometer Accuracy (FIONA) based on single-molecule localization
through Gaussian fitting of the PSF. They demonstrated 1.2 nm
localization precision with 500 ms time resolution and applied it to
unravel for the first time the walking mechanism of molecular motors
myosin V [44], myosin VI [45] and kinesin [46].

Regarding single molecule localization in the three dimensions, as
shown in Figure 1.11, there are various techniques that enable its
implementation on basic Single-Molecule Localization Microscopy
(SMLM) setups. Engineered PSF’s methods exploit the fact that the
shape of the PSF of a single molecule depends on both its lateral (x, y)
and axial (z) coordinates. Consequently, by analyzing its 2D imaging
pattern the axial position can be estimated too [47]. The most common
approach is the astigmatic technique [48], [49], [50], [51] in which, by
inserting a cylindrical lens into the imaging path, the shape of the PSF
in the focal plane of the objective is deformed as an ellipse whose
ellipticity depends on the axial position of the emitter with respect to
the focal plane. Another technique is the double helix [52], [53], [54] in
which, using phase masks or deformable mirrors, the PSF is deformed
in a spiral shape with two dominant lobes whose angular orientation
changes with the axial position of the emitter. Additionally, in setups
with two focal planes (biplane) or more [55], [56], [57], 3D localization
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Figure 1.11: Three-dimensional single molecule localization microscopy techniques. Image
retrieved from [47].

Detection—

can be performed by analyzing the relative intensities in different
images of the same molecule coming from different planes in the
sample. Each of these methods require a calibration step to establish
the relation between the deformation of the PSF and the axial position
of the emitter. Upon calibration, it is possible to find the xyz position
of the single emitter by fitting the shape of the PSF in the focal plane
of the objective.

The axial uncertainty is calculated same as in (1.5) but with a different
T parameter due to axial defocus. Depending on the technique used to
perform 3D imaging, the axial localization uncertainty can be
estimated as [41]:

2 4+d? 9t
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Where 2! is the axial range, d the focal depth, g, the in focus spot size,

(1.10)

T

h is the distance between the two spots and N, a, b are the same
parameters defined for the lateral uncertainty.

Single molecule super-resolution techniques, also called Single
Molecule Localization Microscopy (SMLM), reconstruct a high-
resolution image from the collection of single molecules localizations
retrieved from a multiple frames acquisition. Since the positions of
single fluorophores can be determined with high precision if their PSFs
don’t overlap, the main requirement for a SMLM acquisition is that
each frame contains the detection of spatially well-separated emitters
[58]. To avoid overlapping between the PSFs of individual molecules,
fluorescent emissions of single molecules are separated in time. The
most common approach to obtain this temporal separation exploits
the property of photoswitching of some chromophores that can switch
between an active ‘ON’ or ‘bright’ state, where they do emit
fluorescence upon excitation, and one or more inactive ‘OFF’ or ‘dark’
states in which they do not fluoresce [47]. Different subsets of
chromophores labelling the structure of interest are stochastically
activated at different time points, thus being imaged without spatial
overlapping and localized with high precision. By iterating the
activation and imaging process the position of many fluorophores can
be determined and a super-resolution image is finally reconstructed
as superimposition of all the localizations (Figure 1.12). The resolution
of the image is no more limited by diffraction but by the precision of
each localization and by the number molecule simultaneously
activated, which in turn depends on the photoswitching proprieties of
the fluorophore. In fact, if too many molecules are activated at the
same time, they overlap and it is impossible to perform single-
molecule localization. Otherwise, if too few molecules activate at the
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Target structure Localizing activated subset of probes Super resolution image

Figure 1.12: Imaging process of super-resolution methods based on single-molecule
localization microscopy. Image retrieved from [5].

same time, the acquisition time increases as well as the probability to
photobleach the sample before enough localizations have been
recorded [47]. Further details on critical issues of single molecule
localization are reported in section 1.3.4.

1.3.2 Photo-Activated Localization Microscopy (PALM)

Photo-Activated Localization Microscopy (PALM) [59] and
Fluorescence PhotoActivation Localization Microscopy (fPALM) [59],
[60] employ fluorophores that undergo an irreversible transition from
an OFF to an ON state upon activation by a specific wavelength,
typically UV light (photoactivable fluorophores) (Figure 1.13). The
activation process is a one-time event, and once bleached, these
fluorophores can no longer be localized. PALM, taking advantage of
the versatility and specificity of genetically encoded fluorescent tags
in cells, has quickly become the tool of choice for super-resolution live
cell imaging. By tracking the movement of each individual protein,
PALM also allows measuring local diffusion properties in living cells
on short timescales [61], [62], [63] and cellular structural changes in
three dimensions on longer timescales [64], [65]. Moreover, three-
dimensional fPALM has been achieved using biplane detection [55]
where a beam-splitter splits the fluorescence light into a shorter and
longer path to form two detection planes for axial position
determination. Two-colour PALM has been implemented too. For
example, COS-7 cells tagged with transferrin receptor (TfR)-
PAmCherryl and PA-green fluorescent protein (PAGFP)-Clathrin light
chain (CLC) were alternately imaged at 561 nm and 468 nm to excite
the red (PAmCherry1) and green (PAGFP) fluorescent labels [66].
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Figure 1.13: Distributions of mitochondria in mammalian cells by PALM and confocal.
Scalebar: 4 ym. Image retrieved from [65].

1.3.3 Stochastic Optical Reconstruction Microscopy
(STORM)

Stochastic optical reconstruction microscopy (STORM) [67] and direct
STORM (dSTORM) [68] use fluorophores that can reversibly switch
from an ON state to an OFF state for many cycles before being
permanently turned off (photoswitchable fluorophores). Switching
between ON and OFF states occurs upon irradiation at appropriate
wavelengths and by using a specific buffer containing thiols groups to
tune the photoswitching process (see complete composition of the
buffer in section 1.3.4). STORM was first demonstrated by using Cy3-
Cy5 pairs [67], but was quickly evolved to dSTORM by development
of synthetic fluorophores that can directly be stochastically and
reversibly switched in the imaging buffers [69], [70]. STORM is
particularly powerful for fixed samples applications [49], [71], [72],
[73], as shown in Figure 1.14. Moreover, three-dimensional STORM
has been achieved by introducing astigmatism to the image by means
of a cylindrical lens in the detection path [49]. Multicolour STORM has
also been demonstrated. Microtubules were imaged alongside
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Figure 1.14: Two-dimensional image of microtubules in mammalian cells by
immunofluorescence (A, C, E) and STORM (B, D, F). Image retrieved from [73].

clathrin-coated pits, using Cy2-Alexa Fluor 647 and Cy3-Alexa Fluor
647 to label the microtubules and clathrin, respectively [73]. By
exciting the two dye pairs selectively, it was possible to image the
microtubules separately from the clathrin-coated pits with ~30-nm
spatial resolution. Live-cell imaging could be performed too. For
example, through multicolour STORM subcellular structures such as
the membrane and mitochondria have been investigated [74], [75],
[76]. However, live-cell experiments should be performed with great
care due to possible issues with the use of reducing/oxidizing buffers
that can affect cell integrity [77].

1.3.4 Critical issues of PALM/STORM imaging: choice of
fluorescent probe and Nyquist criterion

Single molecule super-resolution techniques use sequential activation
and localization of individual fluorophores to achieve high spatial
resolution. Essential to this technique is the choice of fluorescent
probes; the properties of the probes, including photons per switching
event, on-off duty cycle, photostability and number of switching
cycles, largely dictate the quality of super-resolution images.
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Two properties of switchable probes crucial to super-resolution image
quality are (i) the number of photons emitted per switching event, also
called the photon yield, and (ii) the on-off duty cycle, i.e. the fraction of
time that a probe spends in the fluorescent “on” state compared to the
nonfluorescent “dark” state [78], [79]. Switching events with a high
photon yield are desired, since the localization precision is inversely
proportional to the square root of the number of detected photons
[39], [44]. Hence, the photon number limits the reachable optical
resolution. On the other hand, a low duty cycle is generally
advantageous because the maximum number of fluorophores that can
be localized in a diffraction-limited area is inversely proportional to
the duty cycle. A fluorophore with a duty cycle of 1/N typically allows
less than N molecules to be localized in a diffraction-limited area. This
maximum fluorophore density in turn limits the image resolution
according to the Nyquist sampling criterion [80]- [83], which equates the
maximal achievable resolution to twice the average distance between
neighboring probes. If the labelling density is insufficient, the resulting
image will be undersampled and the finer details will be lost (Figure
1.15). Therefore, if an optical system achieves a 20 nm resolution, an
equivalent image resolution can only be attained if the labeling density
ensures that adjacent fluorophores are separated by 10 nm or less.
This would result in extremely high molecular densities of around
10,000 molecules/pm?, which means that, at the Nyquist molecular
density, around 600 fluorophores are located within the PSF of the
system (~250 nm). The presence of so many molecules within a

Figure 1.15: Relation between the number of localizations and the resolution. Increasing the
number of localizations, increases the number of structures that can be resolved and thus the
resolution of the final reconstructed image. Image retrieved from [83].
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Figure 1.16: Effects of different photon yields and duty cycles on the quality of a
PALM/STORM image. (a) a fluorophore with a high photon yield per switching event and a
low duty cycle provides both high localization precision and high localization density, and
thus can be used to resolve small structures; (b) a fluorophore with a low photon yield can
only be localized with low precision and consequently blurs out the hollowness of the ring
structure; (c) a fluorophore with a high on-off duty cycle limits the density of probes that can
be localized in a diffraction-limited area, which also obscures the hollow ring structure owing
to an insufficient number of localizations . Image retrieved from [80].

diffraction-limited space can pose significant challenges in performing
accurate single-molecule localization imaging. Consequently, it is of
crucial importance to finely regulate the density of actively emitting
fluorophores to have a maximum of one single active emitter within a
PSF area at any given time. Figure 1.16 shows how different photon
yields and duty cycles can affect the quality of a PALM/STORM
image.

Moreover, two other important properties are the survival fraction and
the number of switching cycles. The survival fraction corresponds to the
ratio of the number of fluorophores in an ensemble still capable of
switching over the number of those that are permanently
photobleached after a given period of illumination (400 seconds has
previously been used as a standard) [80], [84]. The survival fraction is
strictly related to the number of switching cycles. Although it is
desirable to have a single switching cycle for some applications, such
as for counting molecules, in many cases, many switching events is
advantageous. Specifically, the detection of multiple switching events
from the same fluorophore reduces the stochasticity of the localization
error, and in the limit of many cycles, the mean localization positions
converge with the true positions of the fluorophores. This effect
directly impacts the PALM/STORM image quality. In the case a dye
with a low number of switching cycles is used it will result in an image
with poorly defined spatial features because of higher localization
errors, whereas when dye with many switching cycles is used it will
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result in a smoother and more continuous image because of repetitive
sampling of the same structure and thus lower noise in the final image.
Also, another factor to be considered when using photoswitchable
dyes is that they require the presence of a thiol and a low
concentration of oxygen to maintain a long-lived “dark” state upon
fluorescence emission. Usually, imaging buffers containing an oxygen
scavenging system and some form of thiol, such as 3-mercaptoethanol
(BME) or mercaptoethylamine (MEA), are employed to lower the duty
cycle of photoswitchable probes. Since each dye has different
photoswitchable properties, a fine tuning of the buffer composition is
required to find the one that works the best. Table 1.1 summarize the
properties of many photoswitchable dye in different imaging buffers.

Detected Equilibrium on-off Survival fraction Number of
photons per duty cycle after illumination switching
switching event (400-600 s) for 400 s cycles (mean)
Excitation Emission Extinction Quantum
Dye maximum (nm)® maximum (nm)® (M~!cm-!)® yield MEA  BME MEA BME MEA BME  MEA BME
Blue-absorbing
Atto 488 501 523 90,000 0.8 1,341 1,110  0.00065 0.0022 0.98 0.99 11 49
Alexa Fluor 488 495 519 71,000 0.92 1,193 427 0.00055 0.0017 0.94 1 16 139
Atto 520 516 538 110,000 0.9 1,231 868  0.0015 0.00061 0.92 0.86 9 17
Fluorescein 494 518 70,000 0.79 1,493 776  0.00032 0.00034 0.51 0.83 4 15
FITC 494 518 70,000 0.8 639 1,086  0.00041 0.00031 0.75 0.9 17 16
Cy2 489 506 150,000 0.12 6,241 4,583  0.00012 0.00045 0.12 0.19 0.4 0.7
Yellow-absorbing
Cy3B 559 570 130,000 0.67 1,365 2,057  0.0003 0.0004 1 0.89 8 5
Alexa Fluor 568 578 603 91,300 0.69 2,826 1,686  0.00058 0.0027 0.58 0.99 7 52
TAMRA 546 575 90,430 0.2 4,884 2,025 0.0017 0.0049 0.85 0.99 10 59
Cy3 550 570 150,000 0.15 11,022 8,158  0.0001 0.0003 0.17 0.55 0.5 1.6
Cy3.5 581 596 150,000 0.15 4,968 8,028  0.0017 0.0005 0.89 0.61 5.7 33
Atto 565 563 592 120,000 0.9 19,714 13,294 0.00058 0.00037 0.17 0.26 4 5
Red-absorbing
Alexa Fluor 647 650 665 239,000 0.33 3,823 5,202  0.0005 0.0012 0.83 0.73 14 26
Cy5 649 670 250,000 0.28 4,254 5873  0.0004  0.0007 0.75 0.83 10 17
Atto 647 645 669 120,000 0.2 1,526 944 0.0021 0.0016 0.46 0.84 10 24
Atto 647N 644 669 150,000 0.65 3,254 4,433 0.0012 0.0035 0.24 0.65 9 39
Dyomics 654 654 675 220,000 - 3,653 3,014  0.0011 0.0018 0.79 0.64 20 19
Atto 655 663 684 125,000 0.3 1,105 657 0.0006 0.0011 0.65 0.78 17 22
Atto 680 680 700 125,000 0.3 1,656 987 0.0019 0.0024 0.65 0.91 8 27
Cy5.5 675 694 250,000 0.28 5,831 6,337 0.0069 0.0073 0.87 0.85 16 25
NIR-absorbing
DyLight 750 752 778 220,000 - 712 749 0.0006 0.0002 0.55 0.58 5 6
Cy7 747 776 200,000 0.28 852 997  0.0003 0.0004 0.48 0.49 5 2.6
Alexa Fluor 750 749 775 240,000 0.12 437 703  0.00006 0.0001 0.36 0.68 15 6
Atto 740 740 764 120,000 0.1 779 463 0.00047 0.0014 0.31 0.96 3 14
Alexa Fluor 790 785 810 260,000 - 591 740  0.00049 0.0014 0.54 0.62 5 2.7
IRDye 800 (W 778 794 240,000 - 2,753 2,540  0.0018 0.038 0.6 1 3 127

Table 1.1: Summary of photoswitching properties of different dyes in presence of a glucose
oxidase-based oxygen scavenging buffer (GLOX) and 10 mM MEA as well as GLOX and 140
mM BME. Excitation and emission maximum are the peak wavelength from the dye spectra; the
molar extinction coefficient measures how strongly the fluorophore absorbs light at a specific
wavelength; the quantum yield measures the efficiency of the fluorescence emission and is
defined as the ratio of the number of emitted photons to the number of absorbed photons.
Image retrieved from [80].
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Finally, in addition to the photoswitchable properties of the selected
dye and the composition of the imaging buffer, another crucial factor
to consider when performing single molecule imaging is the
phenomenon of photobleaching. During prolonged imaging,
photoswitchable probes gradually undergo irreversible transformation
into a non-fluorescent state, in a process known as photobleaching.
This results in lowering the probe molecular density over time, which
in turn decreases the information content in the individual frames and
increases the number of frames required to reconstruct the super-
resolution image. To ensure an ideal number of emitting fluorophores
per frame, the duty cycle of the probes needs to increase over time.
For many molecules, this can be achieved by irradiating the sample
with an “activation” laser at a shorter wavelength than the excitation
laser, typically in the violet or ultraviolet range [77], [85], [86]. This
approach effectively accelerates the transition of molecules from the
long-lived "dark" state back to the fluorescent ground state. Table 1.2
shows the different responses of various dyes to violet

photoactivation.

Dye Sensitivity?

Blue-absorbing Atto 488 +
Alexa Fluor 488 +
Atto 520 +
Fluorescein -
FITC -
Cy2 -

Yellow-absorbing Cy3B +
Alexa Fluor 568 +
TAMRA -
Cy3 -
Cy3.5 +
Atto 565 +

Red-absorbing Alexa Fluor 647 ++
Cy5 ++
Atto 647 +
Atto 647N +
Dyomics 654 ++
Atto 655 +
Atto 680 +
Cy5.5 ++

NIR-absorbing Dylight 750 ++
Cy7 ++
Alexa Fluor 750 ++
Atto 740 +
Alexa Fluor 790 ++
IRDye 800CW ++

Table 1.2: Sensitivity to violet-light photoactivation of different dyes. Fluorescent molecules
were activated with a 0.25 s ultraviolet (405 nm) pulse. A different sign was assigned to each
dye based on the percentage of reactivated molecules: “-“ if “<3%”, “+” if “3-25%” or “++” if
“>25%”. Image retrieved from [80].
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To summarize, PALM/STORM imaging allows achieving resolutions
one order of magnitude higher than conventional fluorescence
microscopy. The selection of fluorophore is crucial, but alone, it does
not guarantee such resolution. Equally important are the composition
of the imaging buffer and the acquisition parameters. Only by carefully
considering all these factors it is possible to achieve resolutions on the

order of tens of nanometers.

1.4 Super-resolution by minimal photon fluxes
(MINFLUX)

MINimal emission FLUXes (MINFLUX)is a novel super-resolution
technique developed by Balzarotti et al. in 2017 [87] that uses the best
of STED microscopy and single molecule localization imaging. As in
PALM/STORM imaging, emitters are activated separately so that
their images don’t overlap and they can be resolved, while the
localization is performed with a structured doughnut-shaped beam
with zero central intensity. The nearer this zero is to the fluorophore,
the weaker the fluorescence emission will be and fluorescence will
stop when the position of the zero corresponds with the one of the
fluorophore. Hence, in MINFLUX the emitter position is not
determined by the presence of fluorescence, but by its absence.
MINFLUX achieves nanometers accuracy with a relatively small
number of photons, compared to centroid-based localization
techniques. This enhanced precision is attained by directing the
excitation doughnut’s zero to the molecule’s position, thus effectively
reducing the required number of detected photons for localization.
Since the location of the doughnut zero is well known, the remaining
fluorescence provides information about the residual distance
between the molecule and the zero. As a result, aside from confirming
the molecule’s presence, the emitted fluorescence contains
information about the molecule’s position [87]. Fluorescence can be
seen as the result of the mismatch between the molecular location and
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the zero’s position: the tinier is the mismatch, the fewer are the
fluorescence photons required for localization. For this reason, in
MINFLUX the molecule’s position is investigated through scans of the
driving beam around the predetermined location of the fluorophore
[88], [89]. Then, the number of observed photons is used to determine
the location of the molecule. Specifically, since photon emission is a
Poissonian process, the acquired photon counts obey to Poissonian
statistics and thus the position of the emitter can be estimated
performing a maximum likelihood estimation. Unlike camera-based
localization techniques, in which the precision is homogeneous
throughout the field of view, CRLB in MINFLUX reaches a minimal
value of:
ocre(0) = L
4N
at the center of the probing range, where L is the diameter of the

(1.11)

doughnut beam and Nthe total number of detected photons. It should
be noted that two measurements with the zero targeted to coordinates
within a distance L = 50 nm localize a molecule with <2 nm precision
using merely 100 detected photons. Compared with centroid-based
localization, MINFLUX attains nanoscale precision with a much
smaller number of detected photons and record trajectories with a
much higher temporal resolution [87].

Figure 1.17 shows the principle of 2D MINFLUX. Excitation is
performed with a laser beam with zero central intensity. Then, using
the predicted zero-intensity position, the well-defined excitation beam
shape, and the quantity of photons emitted by the fluorescent
molecule at various positions within the excitation beam, through
several iterations, the precise localization of the fluorescent molecule
can be determined. In each iteration, the doughnut-shaped excitation
beam is centered on the localization of the latest fluorophore. The
diameter (L) of the doughnut’s movement is gradually decreased to
enhance resolution. Throughout the entire iteration process, the
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Figure 1.17: 2D MINFLUX concept and applications. (A, B) Simplified version of a setup. An
excitation laser beam (green) is shaped by a vortex-phase mask forming a doughnut intensity
spot in the focal plane of the objective lens. The intensity of the beam is modulated and
deflected such that its central zero is sequentially placed at the four focal plane positions
To,1,2,3 indicated by blue, violet, red, and yellow dots, respectively. Photons emitted by the
fluorescent molecule (star) are collected by the objective lens and directed toward a
fluorescence bandpass filter (BPF) and a confocal pinhole (PH), by using a dichroic mirror
(DM). The fluorescence photons ng 1,3 counted for each doughnut position 74,3 by the
detector (DET) are used to extract the molecular location. Intensity modulation and
deflection, as well as the photon counting, are controlled by a field-programmable gate array
(FPGA). Diagrams of the positions of the doughnut in the focal plane and resulting
fluorescence photon counts. (C, D, E) Basic applications: fluorescence nanoscopy, short-
range tracking, long-range tracking. Image and caption retrieved from [87].

location information of each detected fluorescence molecule will be
accumulated into the information for the next detection. In contrast,
conventional super-resolution methods always detect all photons in
the same way, yielding the same limited information as the first
photon. Compared with single-molecule localization microscopy
(SMLM), MINFLUX can use less than 1,000 photons and a lower laser
intensity to achieve localization accuracy at the molecular scale.
MINFLUX localization doesn’t require to wait for a huge number of
fluorescence photons and it maximizes the informational value of each
emitted photon. Because MINFLUX localization is no longer
constrained by the need for a large quantity of fluorescence photons,
it achieves a temporal resolution one order of magnitude higher than
PALM/STORM imaging [90].
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A confocal o FLUX 640 - PMP70

Figure 1.18: Multiple recordings of peroxisomal membrane protein PMP70 labeled with
FLUX 640 in one area by confocal (a), 2D MINFLUX (B, D) and 3D MINFLUX (C). Image
retrieved from [95] .

Thus far, MINFLUX imaging has been performed on nuclear pore
complexes (NPCs) [87], mitochondrial contact site and cristae
organizing system (MICOS) proteins in mitochondria [91], axonal blI
spectrin in primary hippocampal neurons [92], and several kinds of
presynaptic Active Zone [93]. Moreover, 3D simultaneous multicolour
MINFLUX have been performed in both fixed and living cells with few
nm accuracy in the three dimensions (see Figure 1.18) [94], [95], [96].

Although MINFLUX is a novel approach that achieves the highest
resolution among the super-resolution techniques its capabilities have
several limitations. As in PALM/STORM imaging the choice of the
fluorophore is crucial to have a high-resolution image — best ones are
those with high contrast ratio and low duty cycle [95] — and post-
processing image is required to get the final image. Moreover,
currently the maximum size of field of view (FOV) that can be imaged
is quite small (10 x 10 pm?) [94] and 3D imaging can be performed
only within thin samples (<500 nm) [93]. Also, although MINFLUX
achieves high temporal resolutions (~ few ms), since it’s a scanning
technique, the recording time for the whole FOV is longer and is
around tens of minutes (60 minutes for 10 x 10 ym?) [94]. Finally, as
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Figure 1.19: Schematic drawing of an optical setup used to perform 3D multicolour
MINFLUX. Image retrieved from [94].

shown in Figure 1.19, the development of setup is quite complex and
expensive compared to the other super-resolution techniques.

1.5 Comparison between super-resolution techniques

Over the last two decades many super-resolution techniques have
been developed to overcome the diffraction limit and provide new
insights into subcellular organization. Among the methods discussed
in the previous sections, each approach has its own advantages and
drawbacks:

e SIM can be used with any fluorophore and is relatively rapid,
making it useful for multicolour and live-cell imaging studies, but
its resolution is only two times better than conventional
fluorescence microscopy. Furthermore, SIM can be difficult to
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perform successfully with samples that have fluorophores above
and below the plane of focus so it can only image thin samples
(~ pm). Moreover, since multiple frames are acquired for each
field of view, post-processing image is required. This increases
the possibility of introducing artefacts due to the reconstruction
algorithms.

STED is a variant of confocal microscopy and it is therefore
subject to some of the benefits and limitations of that technique.
STED provides intermediate resolution gains between that of
SMLM and SIM and, as confocal microscopy, can be employed
for optical sectioning of biological structure and thus image thick
samples (~ 20 pym). Also, STED is relatively rapid as only a single
image is acquired and no reconstruction is required. However,
since it’'s not compatible with all fluorophores, multicolour
imaging can be challenging. Moreover, as the high intensity of
the STED beam can cause photobleaching and phototoxicity
live-cell imaging can be difficult too.

SMLM techniques achieve tens of nanometers resolution in the
three-dimensions. As widefield microscopies they’re compatible
with multiple illumination techniques and thus signal to noise
ratio (S/N) can be increased with TIRF or HILO illumination
(better explained in section 6.3). Moreover, thanks to the
availability of many different photoswitchable fluorophores both
multicolour and live-cell imaging can be performed. However,
although 3D imaging can be easily implemented, it is limited to
only few microns in depth. Also, contrary to SIM and STED, the
acquisitions are slow because two molecules cannot be turned
on within the same PSF at any given time and because to localize
a single molecule with nanometer accuracy a high number of
photons must be detected. Furthermore, as in SIM, post-
processing image is required, thus creating a concern for
potential artefacts that cannot easily be discerned.
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e MINFLUX has the best spatial and temporal resolution. It can
localize single molecules with few nm accuracy in the three
dimensions in few ms. Moreover, multicolour and live-cell
imaging can be performed too. However, for now MINFLUX
imaging can be performed only in small fields of view (< 10x10
pm?), thin samples (<500 nm) and, as for SMLM, the acquisition
is slow and image post-processing is required.

Table 1.3 summarizes the benefits and limitations of different methods.

Method STED SIM SMLM MINFLUX
Ilumination Laser scanning Widefield Widefield Laser scanning
Number of required
excitation light 2 1 1-2 1-2
wavelengths
Spatial Resolution
Lateral 20-70 nm 100-130 nm 10-30 nm 2-3nm
Axial 40-150 nm 160-300 nm 10-75 nm 3-5nm
Z-stack range ~ 20 ym Few pm 1-2 ym 500 nm
Data. size 1 frame 9-15 frames 103 - 10* frames ~500 frames
per 1 image
Acquisition speed Fast Fast . Slow Slow
er 1 image (ms-s) (ms-s) (minutes - tens of (~ tens of
p g minutes) minutes)
Image No Yes (Fourier Yes (centroid Yes (centroid
post-processing Transform) identification) identification)
Probes Any if An Photoswitchable ~ Photoswitchable
photostable y fluorophores fluorophores
Photodamage Moderate-High Moderate Low-Moderate Low
Photobleaching Moderate-High ~ Moderate-High Low Low
. Yes, but limited
Miur:lt;c?rllour multicolour Yes Yes Yes
ging choice
Live-cell imaging Yes, but difficult Yes Yes Yes

Table 1.3: Summary of main benefits and limitations of different super-resolution techniques.
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Overall, up to date, there isn’t a super-resolution technique that can
be universally considered “the best”. The choice of which super-
resolution technique to use depends on the specific biological
question, the type of sample being studied, and various practical
considerations. Each super-resolution technique has its advantages
and limitations, making them more suitable for certain applications
than others. The choice often comes down to a trade-off between
resolution, speed, ease of use, and the compatibility of the technique
with the sample and the experimental requirements.

To study the organization and dynamics of single molecules in the
subcellular environment the most suitable technique should be able to
perform three-dimensional multicolour imaging with nanometer
resolution. Both MINFLUX and SMLM partially meet these
requirements. MINFLUX has the highest spatial and temporal
resolution, but it’s limited to small fields of view and thin samples. On
the other hand, SMLM can image bigger volumes, but its resolution is
one order of magnitude worse than MINFLUX. During my PhD 1
developed a super-resolution setup based on SMLM that, thanks to a
fine correction of aberrations and mechanical/thermal drifts, performs
3D multicolour imaging with nanometers resolution in volumes 16
times bigger than MINFLUX’s paving the way for the study of many
more biological structures.
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Chapter 2

Development of an optical
system for three-dimensional
multicolour super-resolution
microscopy

Single-molecule super-resolution microscopy techniques have
become increasingly relevant in biology over the past few decades.
Since their first introduction at the beginning of 21 century, SMLM
techniques have been rapidly developing and thanks, to their technical
capabilities and wide range of applications. However, there is still
much room for improvement. Currently, performing multicolour
super-resolution imaging is not trivial. In fact, despite the availability
of several commercial setups for multicolour super-resolution
microscopy, achieving reliable results requires fine correction of all
potential aberrations and artifacts that could significantly impact the
outcomes. Performing multicolour super-resolution imaging is even
more challenging in small volume samples, such as bacteria, because
it requires a correction of all the aberrations and artifacts at the
nanoscale level.

In this chapter I will describe the SMLM set-up I developed and I will
demonstrate that, through a nanometer stabilization of the microscope
and a fine correction of optical aberrations, it is feasible to perform
three-dimensional multicolour super-resolution imaging with
nanometer accuracy. [ will begin by introducing different approaches
to perform multicolour imaging, then I will examine technical

difficulties that limit the spatial resolution in single-molecule
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multicolour imaging and, finally, I will illustrate the methods we
developed to overcome these limitations and reach nanometer
accuracy.

2.1 Multicolour approaches

Multicolour imaging is an essential tool in biophysics to better
characterize and understand biological processes, but it demands
careful planning and consideration of fluorophore characteristics and
choice of the imaging approach. To achieve accurate and reliable
multicolour imaging, several critical considerations must be taken into
account. When choosing fluorophores, it’s crucial to ensure that their
excitation and emission spectra are compatible with the
characteristics of the imaging system’s light source and filter sets, but
also that they’re spectrally separated to avoid signal crosstalk (see
section 2.2.2). This choice becomes even more complex when
performing multicolour SMLM, because fluorophores must be, not
only spectrally separated, but also have similar photoswitching
properties. Failure to meet these requirements can lead to issues in
the PALM/STORM imaging process. Another important choice
concerns the imaging approach, whether sequential or simultaneous,
because each approach corresponds to a different optical system
configuration and has its own set of advantages and limitations.

2.1.1 Sequential imaging

One approach to perform multicolour super-resolution microscopy is
through sequential imaging. Sequential imaging involves the
consecutive excitation and detection of individual fluorophores, as
illustrated in Figure 2.1. To explain this concept, let’s consider the
scenario where we have two fluorophores with well-separated
excitation and emission spectra. For example, one fluorophore (F,) is
excited in the blue part of the visible spectrum and emits in the green,
while another fluorophore (F;) is excited in the green and emits in the
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red. Sequential acquisition process consists of many cycles in which
the fluorophores are excited and detected consecutively. In each
cycle, first, we activate the excitation laser for one fluorophore (for
example, the blue one if we want to excite F,). This laser excites the
fluorophore, which starts to emit fluorescence and its emission signal
is detected. After recording a certain number of frames, we turn off
the laser for this fluorophore and then we turn on the laser for the other
fluorophore (in this case the green one for F,). Just as before, the laser
excites the fluorophore, leading to fluorescence emission, which is
recorded for the same number of frames as in the previous step.

This sequential imaging process, involving the sequential activation
and deactivation of lasers for each target fluorophore, is repeated until
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Figure 2.1: Scheme of an optical system for sequential super-resolution multicolour imaging.
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enough localizations of the region of interest are recorded. These
localizations are then used to construct the multicolour image.

2.1.2 Simultaneous imaging

Another approach to perform multicolour super-resolution
microscopy is through simultaneous imaging, where multiple
fluorophores are excited and detected at the same time, as illustrated
in Figure 2.2. Let’s consider the same fluorophores mentioned in the
previous section. The simultaneous acquisition process is more
straightforward compared to the alternating method and involves only
two steps: i) dual view system alignment check and ii) imaging of the
fluorophores. In simultaneous imaging, both fluorophores are
detected at the same time, but the fluorophore emitted is splitted on
the two halves of the camera (Figure 2.2). Therefore, it’s crucial to
ensure that the detection path is correctly aligned so that the same
field of view is visible in both halves of the camera. Even minor optical
drifts can result in significant shifts in the final image, potentially
compromising the experiment. Once the alignment is carefully
checked, the acquisition starts. Both excitation lasers are switched on
simultaneously, causing both fluorophores to emit fluorescence. Two
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Figure 2.2: Scheme of an optical system for simultaneous super-resolution multicolour
imaging.
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dichroic mirrors (DM2 and DM3) and two short band pass
fluorescence filters (F1 and F2) in the detection path are used to
separate the emissions from the two fluorophores and direct them
towards the corresponding half of the camera (Figure 2.2). The
emission of each fluorophore is recorded in only one half of the

camera.

Simultaneous imaging simplifies the process by allowing the
concurrent detection of two fluorophores, making it a valuable
approach in multicolour super-resolution microscopy. However,
precise alignment is crucial to ensure accurate results.

2.1.3 Benefits and limitations of each configuration

Sequential acquisition offers the advantage of a larger field of view,
thus enabling the imaging of bigger samples. Additionally, by carefully
selecting spectrally separated fluorophores and employing short band
fluorescence filters, it is possible to effectively eliminate crosstalk
between the fluorophores. Moreover, because fluorophores are
activated sequentially, it allows for the use of the most suitable
acquisition parameters for each fluorophore, thus optimizing the data
quality. However, it’s important to note that the sequential activation
of fluorophores comes with some trade-offs. The main drawbacks
include longer acquisition times and a potential loss of localizations.
Even though both fluorophores are activated simultaneously, they are
detected one by one, which can result in a slower data acquisition
process compared to simultaneous imaging methods. Additionally,
some localizations may be lost due to the sequential nature of the
acquisition, especially when using photoactivatable fluorophores
photoconverted from the same wavelength. This is because,
simultaneous activation of both fluorophores, recording one results in
the loss of localizations from the other.
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Simultaneous acquisition offers the advantage of being faster and
avoids the loss of localizations, making it particularly suitable for live
imaging compared to sequential imaging methods. However, there
are some trade-offs too. Since both fluorophores are excited and
detected at the same time, there is a higher probability of crosstalk
between them, even when using spectrally separated fluorophores
and short band pass filters. Some signal crossover may occur, which
can affect data accuracy. Additionally, in setups with only one camera,
simultaneous imaging typically results in a smaller field of view
compared to sequential methods. This limitation may impact the
ability to capture larger sample areas in a single frame. Moreover, in
simultaneous imaging certain acquisition parameters, such as
exposure time, camera gain, and laser activation power, must be the
same for both fluorophores!. These parameters are closely related to
the photoswitching properties of the fluorophores. Consequently,
careful selection of fluorophores with similar photoswitching
properties is essential to ensure reliable and accurate imaging. If the
photoswitching properties of the chosen fluorophores are significantly
different, the imaging process may not work effectively, then leading
to unreliable results.

Sequential and simultaneous imaging approaches in super-resolution
microscopy both offer unique advantages and come with their specific
limitations. Just like in the choice of super-resolution methods, there
is no one-size-fits-all approach when it comes to selecting between
these imaging methods. The suitability of one over the other often
depends on the specific requirements and objectives of the
experiment. The better approach is typically the one that aligns most
closely with the needs of the experiment. The selection depends on

! Setups with two cameras allow for different exposure time and camera gain even
during sequential imaging. However, if the fluorophores are photoconverted by the
same wavelength, the power and duration of the activation laser will be the same
and thus they will require careful selection to get reliable imaging.
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factors such as the sample size, the presence of crosstalk, the
availability of suitable fluorophores with compatible photoswitching
properties, the desired imaging speed, and the technical capabilities
of their equipment. Ultimately, the choice between sequential and
simultaneous imaging should be made thoughtfully to ensure that the
selected method aligns with the research goals. Since we wanted to
develop a system to perform 3D multicolour super-resolution of both
fixed and living cells, we opted for the simultaneous imaging approach
because it fitted better our needs. Implementation and alignment of
the Dual View are reported in section 6.1.

2.2 Limiting factors of single-molecule multicolour
imaging

In 2005 Yildiz et al. [43] demonstrated that, by increasing the number
of detected photons and minimizing the background noise, it is
possible to localize a single molecule with one nanometer accuracy.
Through the years many microscopic techniques based on single-
molecule localization have been developed, but none of them got to
reach that accuracy. Although SMLM can theoretically achieve a
resolution equal to the size of a single fluorophore, in practice their
resolution is one order of magnitude worse than the expected. The
loss of resolution is mainly caused by mechanical and thermal drifts
that affect both sample and instrumentation causing artifacts in the
reconstructed image. Moreover, multicolour imaging also suffers from
crosstalk and chromatic aberrations that can give false negatives or
positives, thus making the experimental results less reliable.

2.2.1 Mechanical and thermal drifts

As we have seen in the previous chapter, localization based super-
resolution technique, as PALM and STORW, create a super-resolution
image as superimposition of the subpixel localizations of single
fluorophores. The higher is the number of localized molecules, the
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better will be the resolution of the final image. However, since only
few fluorophores per field of view must be activated at the same time
to be resolved, each acquisition lasts thousands of frames. These
experiments require nanometer or subnanometer stability to work
properly. However, long time measurements can be affected by
sample or instrument drift due to temperature variations or
mechanical relaxation effects. Drift can extend to several hundred
nanometers within just a few minutes. While this is already
problematic in conventional imaging, it becomes unacceptable for
super-resolution imaging where even minimal drift, as low as 10 nm,
can significantly distort the images. Neglecting small drifts can lead to
blurring in the reconstructed image or the generation of artifacts, such
as shadowed microtubules [50] (Figure 2.3 left). Lateral drift can be
quantified by monitoring fiducial markers, such as fluorescent beads
or gold particles and by subtracting the estimated drift. (Figure 2.3
right) in post processing. Alternatively, lateral drifts can be assessed
using speckle patterns formed by backscattered light [97]. For highly
redundant structures like microtubules, drift estimation can be derived
directly from single-molecule localizations through image cross-
correlation [98], [99]. Although there are many techniques to
efficiently correct for lateral drift, they’re not as good with axial drift.
Axial drift is worse than lateral one because it deteriorates 2D SMLM

Before drift correction

Figure 2.3: 2D SMLM image of microtubules before and after drift correction. Arrows show
a fluorescent bead used to estimate and correct the drift. Image retrieved from [47].
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images. As we said in the previous chapter, the resolution of a
PALM/STORM image is strictly related to the precision of each
localization. Lateral drifts cause the translation of the field of view
within the xy plane. However, since the focusing plane remains
unchanged, the single molecules can still be localized with high
precision and, through post processing algorithms, such as cross-
correlation, lateral drifts can be corrected. In contrast, axial drifts shift
the field of view in the z-direction, thus altering the focusing plane and
leading to less precise localization of single molecules. Axial drifts
post-processing algorithms [51], [97], [100] are less effective than their
lateral drift counterparts due to the reduced precision in localizing
single emitters.

Additionally, high-frequency vibrations can also impact localization
precision by causing blurring at the individual level. Similar to axial
drift, these vibrations cannot be corrected through computational
methods. Hence, it is crucial to isolate the microscope from vibration
sources.

The most effective strategy for minimizing residual vibrations and drift
artifacts is to use a real-time adjustment of the stage position [99],
[101], [102]. While technically more demanding than computational
drift correction, these methods can reduce the drifts to just a few
nanometers or less [103], [104], [105], [106].

2.2.2 Optical crosstalk

Optical crosstalk, also known as bleed-through or crossover, is a
phenomenon observed in multi-channel microscopy where the signal
from one fluorescent dye is detected as if it were coming from another
dye. In other words, the signal appears to originate from one dye, but
it arises from a different one [107]. This happens when the excitation
and emission spectra of two or more fluorescent dyes partially
overlap. Therefore, the signal is contaminated and it makes
experimental results less reliable since it can give false negatives or
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Figure 2.4: Two-colour image of mitochondrial (red) and lipid droplets (green) with (a) and
without crosstalk (b). Image retrieved from [107].

positives (see Figure 2.4). Crosstalk becomes problematic when
conducting multi-channel analyses, such as colocalization or object-
based analysis. To prevent this problem in multicolour imaging, it’s
advisable to select dyes with substantial separation between their
excitation and emission spectra. When using dyes that may potentially
overlap, incorporating multiple controls (such as negative controls and
single-dye controls) can help in compensating for the issue during data
analysis. Another approach to compensation involves using narrower
bandpass filters, which can help purify the signals but may reduce the
overall signal intensity.

By carefully choosing dyes, optimizing the instrumentation, and
implementing experimental controls, it’s possible to minimize the
impact of fluorescence crosstalk.

2.2.3 Chromatic aberrations

In optics, chromatic aberration (CA), also known as chromatic
distortion, refers to the inability of a lens to focus all colours to the
same point [108]. This occurs due to a phenomenon called dispersion,
where the refractive index of the lens elements changes with the
wavelength of light. In most transparent materials, the refractive index
decreases as the wavelength of light increases [109]. Since the focal
length of a lens depends on the refractive index, this variation in
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Figure 2.5: Comparison of an ideal image of a ring (1) and ones with only axial (2) and only
transverse (3) chromatic aberration.

refractive index can impact the focusing process [110]. Chromatic
aberrations become noticeable as “fringes” of colour along the
boundaries that separate dark and bright regions within the image.
There are two types of chromatic aberration: lateral (transverse) and
axial (longitudinal) as shown in Figure 2.5. Lateral aberration occurs
when different wavelengths are focused at different positions in the
focal plane, because the magnification and/or distortion of the lens
also varies with wavelength. Lateral aberration is typical at short focal
length and increases going from the center of the image towards the
edges. Axial aberration occurs when different wavelengths of light are
focused on different distances from the lens (focus shift). Longitudinal
aberration is typical at long focal lengths and occurs throughout the
image [109].

Chromatic aberrations can be reduced by employing achromatic
lenses, which are constructed by combining materials with different
dispersive properties to create a compound lens. The most used type
is the achromatic doublet, consisting of elements made of crown and
flint glass (see Figure 2.6b). This approach reduces the level of
chromatic aberration over a specific range of wavelengths, although it
does not achieve complete correction. Another method for minimizing
chromatic aberrations involves utilizing diffractive optical elements
with negative dispersion, which complements the positive Abbe
numbers of optical glasses and plastics (see Figure 2.6c).
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crown glass  flint glass

a

Figure 2.6: (a) Chromatic aberration of a single lens caused different wavelengths to have a
different focus point; (b) achromatic doublet minimize chromatic aberration so that visible
wavelengths have approximately the same focal length; (c) diffractive optical element with
complementary dispersion properties to that of glass.

Although both achromatic doublets and diffractive elements can help
reduce chromatic aberrations, they may not provide the level of
correction needed for super-resolution microscopy where further and
finer corrections are required.

2.3 Nanometer stabilization of a microscope with local
gradients

Single-molecule localization microscopy relies on accurate subpixel
localization of fluorophores. However, due to the high power of the
excitation beam and the long acquisition times required, these setups
usually suffer from thermal and mechanical drifts. To preserve the
nanometer accuracy throughout the entire SMLM acquisition, it’s
crucial to find a way to minimize it. As we discussed in the previous
section, many algorithms have been developed to correct for this
displacement after image acquisition. However, they may not always
be applicable, as the drift might be too large to be compensated in
postprocessing. Consequently, a real-time adjustment is required to
properly correct for drifts.

This section reports the active stabilization system we developed to
control the position of the objective or sample chamber, estimate the
drift and rapidly compensate for it in real time (“Particle localization
using local gradients and its application to nanometer stabilization of
a microscope”; Kashchuk A. V., Perederiy O., Caldini C., Gardini L.,
Pavone F. S., Negriyko A. M. & Capitanio M. (2022), ACS nano, 17(2),
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1344-1354) [111]. As in other methods we use a fluorescent marker
attached to a coverslip as a reference to estimate and correct the
displacement, but the localization of the particle is performed using
local gradients. Although the most common way to find the position
of a single particle involves applying a threshold to select the brightest
pixels in the image and then calculating an intensity-weighted
centroid, this approach has shown poor performance and presents
several practical issues [36]. In contrast, gradient-based methods
estimate the difference between adjacent pixels to identify the
direction and magnitude of the intensity gradients within the image
and, since particles are often imaged with radial symmetry, their
location can be determined through the intersection of gradient lines
[112], [113]. This approach is invariant to illumination variation,
independent of background level and can also be applied for 3D
localization [114]. For example, a gradient fitting algorithm has been
employed in 3D localization of single particles in astigmatism-based
microscopy [115]. For these reasons gradient-based methods are
experimentally convenient with respect to conventional centroid

intensity-based ones.

Let’s now describe our local gradient algorithm (LoG) workflow. First,
we define a local gradient in each point as the intensity weighted
centroid of all the pixels within a radius r from that point (see Figure
2.7a). By calculating local gradients for each pixel, we obtain horizontal
and vertical gradient matrices (G, and G, in Figure 2.7a) of the original
image. Gradient matrices form a vector field that contains a gradient
vector for each pixel (blue arrows in Figure 2.7d). The center of a
radially symmetrical particle can be determined as the intersection of
all the gradient lines. However, it could happen that, due to noise or
uneven illumination in the background of the image, gradient vectors
with random or incorrect orientation are created. Since these artifacts
could potentially disrupt the center estimation process, to minimize
their effects on the localization, we estimate the magnitude (Euclidean
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Figure 2.7: Localization of a single molecule through local gradients. (a) Visualization of local
gradients; (b) Brightfield image of a 0.9 pm silica bead; (c) Magnitude of local gradients; (d)
Magnitude of local gradients after thresholding where arrow show the direction of gradients
from high to low. Image retrieved from [111].

norm) of gradient vectors and exclude low-magnitude values (Figure
2.7c, d). Finally, the center of the particle is calculated by using the
least-squares method applied to gradient lines with the highest
magnitude of gradient vector.

Regarding 3D localization, as discussed in section 1.3.1, different
techniques can be used to determine the axial position. The easiest
one, is to use a cylindrical lens to produce a slight astigmatism of the
PSF of the system. The PSF becomes an ellipse whose ellipticity
depends on the axial position of the emitter with respect to the focal
plane. When the emitter is in the focal plane the PSF is round, when it
is whether above or under the focal plane it becomes elliptical (see
Figure 2.8d). By calibrating the system, i.e. by finding the relation
between the shape of the PSF and the axial position of the emitter, it
is possible to use this method to perform 3D localization of a single
molecule. In the LoG algorithm, it is possible to transform the local
gradient image of the fluorescent particle with introduced astigmatism
into an ellipse by adjusting the window size r. (Figure 2.8b). The
calculation procedure is shown in Figure 2.8b,c. First, the image is
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Figure 2.8: (a) Image of a single fluorescent particle (0.51 ym diameter) attached to a
coverslip. Astigmatism is introduced by a cylindrical lens and the imaging plane is =500 nm
above the surface. (b) Magnitude of local gradients. Dashed and dotted lines are showing the
top/ bottom and left/right split of the local gradient images for z-value estimation,
correspondingly. (¢) Two axes (green and red lines) are built from the centers of split gradient
lines. (d) z-Value calibration curve in astigmatism-based microscopy. The average error for
predicting a z-position of the particle is 7.2 nm. Image and caption retrieved from [111].

thresholded based on the magnitude of the gradient. After
determining the xy-position as explained before, the image is divided
into top/bottom or left/right sections relative to the particle’s center.
For each section, a least-squares intersection of gradient lines is
computed, yielding four points that define two axes. The length of the
major axes is used to determine the z-value. As in centroid intensity-
based methods, also in LoG algorithm a calibration prior to imaging is
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Figure 2.9: 3D tracking of a fluorescent bead (0.51 ym diameter) attached to the coverslip
with feedback system on (red) and off (black). 3D localization was performed using
astigmatism as described in the text. Inset indicates the standard deviation of the signal with
feedback on. Image retrieved from [111].

required. In this case, instead of finding the relation between the PSF’s
shape and the z-position, we find the one between the z-value and the
z-position (Figure 2.8d).

To test the performance of the feedback system using the LoG
algorithm, we tracked a single particle of 0.51 pym diameter in 3D for
1000 s. The calibration curve for the z-value was recorded on the same
bead before the acquisition. The results for both feedbacks controlled
and free-running cases are shown in Figure 2.9. We successfully
achieved stable positioning of the sample, with a standard deviation
of the position ranging from 5-7 nm for x,y-localization and 11.5 nm
for z-localization. Next, we applied the feedback system to record a
3D-STORM image of the actin cytoskeleton of a mammalian cell using
a fluorescent bead as a fiducial marker. For comparison, we also
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Figure 2.10: Reconstructed 3D STORM images of cells without feedback correction (a) and
with feedback (b). Plots under the images show the change in the average z-position (red
line) of all detected fluorophores (blue line represents moving average of 1000 points). Image
and caption retrieved from [111].

recorded a 3D-STORM image of the actin cytoskeleton in a different
cell from the same sample without employing the feedback system
(Figure 2.10a). Additionally, we assessed the axial drift by calculating
the average position of all detected fluorophores for each frame (lower
panels in Figure 2.10a,b). The actin cytoskeleton shows an irregular
distribution within the cell’s volume, characterized by a dense,
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branching cortex that extends around 200-300 nm from the cell
membrane and a less dense network that reaches towards the cell
nucleus. When there is axial drift in the viewing plane, the average z-
position of all fluorophores in a frame will drift as well. The axial drift
is clearly visible in the images acquired in the absence of feedback, in
contrast to the observations made with the feedback (plots in Figure
2.10). Therefore, the image acquired with the feedback (Figure 2.10b)
appears sharper and reveals finer details compared to the one
acquired without feedback.

2.4 Experimental setup

In this section it is reported the optical system that we developed to
perform three-dimensional simultaneous multicolour super-resolution
microscopy. As shown in Figure 2.11a, in the setup there are three
diode lasers with wavelengths of 552 (Coherent, OBIS LS 552 nm 100
mW), 488 (Coherent, OBIS LS 488 nm 100 mW) and 405 (TOPTICA,
iBeam smart PT 405 60 mW), respectively. The excitation beam from
the laser is either reflected by a mirror (M1 for 552 nm) or a dichroic
mirror (DM1/DM2 for 488/405 nm) and directed towards the
telescope L1 (f = 50 mm) — L2 (f = 500 mm), which magnify it by a
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Figure 2.11: Scheme of the experimental setup. Panel (a) depicts the complete setup, whereas
(b) outlines the available excitation methods, which include epifluorescence and HILO.
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factor of 10. After the telescope, a circular iris is placed in a plane
conjugated with the image plane and it is used to adjust the size of the
excitation beam to ensure uniform illumination across the entire field
of view. Subsequently, the beam is reflected by mirror M2 and focused
through lens L3 (f = 500 mm) into the back focal plane of a TIRF
Objective (Nikon 60x oil-immersion objective, 1.49 NA). Both the
mirror M2 and the lens L3 are mounted on linear motorized translators
(Phyisk Instumente, M-014.D01 and M-126.CG) that enables adjusting
the angle of incidence of the excitation light, thus determining the type
of illumination (epifluorescence widefield, HILO or TIRF) as shown in
Figure 2.11b. The objective is mounted in an inverted configuration,
and the excitation is separated from the emission through the dichroic
mirror DM3 (Chroma, ZT488/561rpc-uf2), which directs the latter
towards the detection path. Here, the produced image is first filtered
through emission filter FF (Semrock, FF01-515/588/700-25) so that
only the fluorescence emission is allowed to pass and to be focused
by the tube lens (f = 200 mm). Finally, lenses L5 (f = 50 mm) and L6 (f
= 150 mm) form a telescope that magnify the image by a factor of 3
before focusing it onto the detector to meet the pixel dimension of
about 82 nm needed for optimal fitting of the PSF in single molecule
localization method. To achieve simultaneous imaging of two colours,
first we use a rectangular slit to select half of the imaged field of view,
then, thanks to the identical dichroic mirrors DM4 and DM5 (Semrock,
LMO01-552-25.0x35.6), the short band fluorescence filters F1
(Semrock, FF01-595/31-25) and F2 (Semrock, FF01-511/20-25) and
the mirrors M4 and M5, we separate the emissions of the two
fluorophores and we direct them to the detector, an EMCCD camera
(Andor iXon X3). The final field of view for each wavelength is about
21 x 42 pm?.

The objective is mounted on a piezoelectric translator (Phyisk
Instumente, P-721.C PIFOC) to allow adjustment of image focal plane
(z-axis). Additionally, the sample is also mounted on a piezoelectric
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stage (Phyisk Instumente, P-527.2CL) that enables independent
movements along the x and y axes. Between L5 and L6, a weakly
cylindrical lens with a focal length of 1 m is placed, which allows
encoding the z-position through astigmatism and performing 3D
measurements of biological samples. Since the cylindrical lens is
mounted on a movable support, it can be easily removed, allowing for
the use of the setup for both 2D and 3D measurements. According to
what found in literature [49], [116] we positioned the weakly
cylindrical lens (CL) on the Fourier plane (approximately 5 cm from
first lens L5 and 15 cm from lens L6). In this position, the beam is
collimated, so the introduction of a cylindrical lens with a long focal
length induces the astigmatism effect, but without altering the beam
or significantly degrading the lateral resolution of the system. In the
detection path, a notch filter F2 (Semrock, NF03-405/488/561/635E-
25) is placed, which attenuates the laser wavelengths by
approximately 7 orders of magnitude. This filter is crucial to ensure
that only fluorescence emission reaches the detector, as in this type of
measurements, where the goal is to detect the fluorescence emitted
by single molecules, it is essential to minimize any other contribution

to the signal.

All the instruments (lasers, camera, translators...etc.) are interfaced
and controlled with a homemade LabVIEW program. The software for
active nanometer stabilization of the microscope we developed —
previously described in section 2.3 — ensures that mechanical and
thermal drifts are minimized and it is possible to perform long time 3D
single molecule experiments without compromising the lateral
resolution of the system.

[ reported more details on how [ implemented the Dual View optical
system and optimized its alignment in section 6.1, while astigmatism
calibration procedure is described in sections 6.2. Moreover, further
information about HILO illumination can be found in section 6.3.
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2.4.1 Chromatic aberrations correction

As discussed in section 2.2.3, chromatic aberrations affect multicolour
imaging causing different wavelengths to travel different optical paths
and thus to be focused on different focal planes. Although there are
special optics, such as achromatic doublets, that can be used to
minimize the aberrations, further and finer correction is required when
performing multicolour super-resolution imaging when a precision in
the order of the nanometer is required. Before the advent of single
molecule techniques, it was thought that chromatic aberrations could
be corrected by means of a simple geometrical rigid transformation.
As researchers start measuring distances with a precision of a few
nanometers, it became clear that such an approach was not precise
enough. In Single-Molecule High-Resolution Colocalization (SHREC)
[117] the different paths undertaken by the wavelengths due to
chromatic aberration cause images originating from different
wavelengths not to map onto each other through a rigid geometric
transformation. As a consequence, a more complex non-rigid
transformation function is needed to map all points from one channel
to another. This procedure requires a calibration measurement (see
section 6.5.1) which should be performed prior to every imaging
experiment. The calibration measurement consists in the acquisition
of the signal from fiducial markers emitting fluorescence in both
channels to obtain the mapping function. To do this we used
Tetraspeck™ microspheres (ThermoFisher, T7279, 0.1 pm,
blue/green/orange/dark red) whose size — 100 nm diameter — is
below the resolution limit and thus their images will correspond to the
PSF of the optical system. These beads are stained with four different
fluorescent dyes, with the result of having beads that display four
different well-separated excitation/emission peaks: 360/430 nm
(blue), 505/515 nm (green), 560/580 nm (orange), 660/680 nm (dark
red). Given the excitation wavelengths, dichroic mirrors, and filters in
our setup, these beads prove to be the most appropriate fiducial
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markers. To calibrate the system, we prepared a sample with
Tetraspeck™ beads (as described in section 6.4.1) and with the
piezoelectric stage we scanned the field of view to create a grid of
corresponding points in both channels. Once the grid of points
coordinates is obtained from the fitting of the intensity profile of the
single beads, we run a custom Matlab algorithm which I have
developed, that use this grid to get the non-rigid transformation
function used to correct the localizations.

The algorithm uses a function called fitgeotform2d to fit a local
weighted mean transformation to the control point pairs [118]. It
should be noted that, given two sets of 3D points (x;, y;, X;) and (x;, y;,
Y;), two functions are required to fit them. For this reason, our
algorithm calculates two functions, f(x,y) and g(x,y), one per each
coordinate. Since the interpolation method is the same for both, I only
explain how to obtain the transformation function for the x-
coordinates.

First, the algorithm selects a control point (x;,y;) and the
corresponding control point in the other channel (X;,Y;). Then it
measures the distance between the control point and the 8 nearest
adjacent points (Figure 2.12a): the longer distance is selected as the
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Figure 2.12: Main steps of the algorithm I developed to correct for chromatic aberrations.
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radius of influence of the transformation function (R,) that will be
calculated for that point and, therefore, for that area (Figure 2.12b).
After this, the algorithm infers a polynomial at each control point using
neighboring control points. This results in a local transformation
function and an associated radius of influence for it. By repeating the
same series of calculations for each control point, we end up with a
series of polynomial transformation functions and their associated
radii of influence (Figure 2.12¢). The global transformation function at
an arbitrary point (x, y) is calculated as weighted sum of polynomials
having a nonzero weight over that point:

i1 Wi(R) - Pi(x, )

LiWi(R) @1)

fl,y) =

Where P;(x,y) is the polynomial passing through the measurement
(x;, vi, X;) and its 8 nearest adjacent points, while W;(R) is the weight
function assigned to the P;(x, y) defined as:

. =1 — 3R? 3 <R<
{WL(R) 1-3R“+2R° 0<R<1 (2.2)

W;(R) =0 R>1

With R = \/(x — x;)2 + (y — y;)?/R,,. For how the weight function is
defined, it guarantees that the associated polynomial will have no
influence on points whose distance from the control point is larger
than R, (radius of influence). Moreover, since the first derivative of the
weight function is null for R = 0 and R = 1, the weighted sum of the
polynomials is continuous and smooth at all values of (x, y), including
points where the effect of the polynomials ceases to exist [118].

Thanks to the transformation functions, we can map each point of the
field of view to the corresponding coordinate in the other channel.
Once an object in the red channel is localized, its position relative to
the control points is used to calculate the corresponding position in
the green channel (Figure 2.12d). Figure 2.13 reports an acquisition
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Figure 2.13: Example of an acquisition (left) where localizations in channel 2 are mapped in

channel 1 using the non-rigid transformation function obtained with my algorithm (right). For

this calibration measurement the scanning step size was 900 nm. Scalebar: 5 ym.

where the points of the grids in the two channels have been localized

and corrected using my algorithm.

To estimate the registration accuracy of the transformation function
we calculate the fiducial registration error (FRE), which is the distance
between pairs of corresponding control points after the transformation
[119], [120]. Given N control points, the FRE between control points
in channel one (x(;1) with i = 1,...,N) and corresponding control
points in channel two obtained through the transformation function

(fLWM(x(i,Z)) Wlth i = 1, e ,N) iS:

N
1
FRE, = NZ[x(m) - fLWM(x(i,Z))]Z (2.3)
i=1

This is the FRE along the x axis. In the same way can be calculated
the FRE along the y axis (FRE,). The total FRE is then obtained as
quadratic sum of FRE, and FRE,,.

To find the best scanning step size, that is the one with the lowest FRE,
[ performed the calibration with different scanning step size, from 200
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Figure 2.14: Comparison of FRE between different scanning step sizes. The red line and the
black square in each box are respectively the median and mean value.

nm to 1000 nm. All the measurements were performed as described
in section 6.5.1. The grid should cover most of the field of view
because once the measurements are performed, only the localizations
of molecules whose image falls within grid area can be corrected
through the transformation function. Although fluorescent beads are
quite stable in terms of emission intensity, imaging the same bead for
a long time causes it to photobleach and becoming less bright over
time. Lower intensity worsens the precision of localization of the single
molecule and, consequently, decreases the precision of the
transformation function. Thus, it’s necessary to find a compromise
between covering most of the field of view and having a high precision
transformation function. To understand which is the best scanning
step size I performed five acquisitions per step and, after having
localized single molecules and applied the transformation function, I
estimate the FRE for each of the five acquisitions. Figure 2.14 compares
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the registration errors of different acquisitions and, as we can see, the
ones with the lowest median values correspond to 600 nm and 900
nm step sizes. However, 900 nm shows a higher FRE variability (i.e.
higher standard deviation) compared to 600 nm, so we decided to use
600 nm as optical scanning step size. The FRE associated to this
scanning step size is 3.5 nm.

2.4.2 Crosstalk correction

After correcting for chromatic aberrations, the second issue to take
care of in a multicolour acquisition is the crosstalk between the two
colour channels. Since the signal crossover affects the localization
accuracy, it is of crucial importance to correct for it to minimize its
impact on the image resolution. For this purpose, [ have developed an
algorithm that corrects the crosstalk in every pixel of each frame of
the acquisition. The algorithm compares the gray values of
corresponding pixels of the two channels to estimate the signal
crossover and remove it.

First, it estimates the non-rigid transformation function to correct the
images for chromatic aberrations. This transformation function is
slightly different from the previous one because is estimated starting
from the pixel coordinates of corresponding points of the grid, instead
of their sub-pixel positions as crosstalk correction must be performed
before localizing single molecules. Thanks to the transformation
function all the pixels can be mapped from one channel to the other.
Then for each pixel it estimates the crosstalk factor (CF), that is the
fraction of signal recorded into the other channel. Given a fluorescent
dye whose emission should be recorded only in channel 1 (I.,4), but
due to crosstalk is also recorded in channel 2 (I¢pz crosstaik)s the
crosstalk factor for each pixel can be calculated as:

CF = IChZ crosstalk (2‘4)

IChl
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The CF allows us to estimate the crosstalk signal for every pixel of
each frame. The right gray values can be obtained from the measured

ones as:
Ichz real = Ichz measurea — CF *Icna (2-5)

Where Icpzreqr 1S the signal of channel 2 without crosstalk,
Ich2 measurea 1S the recorded value which includes real signal and
crosstalk. This correction is applied to all the pixels of channel 2 whose
gray value is higher than the mean background value.

2.4.3 Localization error

To estimate the localization error, I prepared a sample with
fluorescent beads attached to the glass coverslip (as described in
section 6.4.1) and acquired 10 frames for over 15 different fields of
view, with the same acquisition parameters used for astigmatism
calibration (see section 6.2). After imaging, I first localized single
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Figure 2.15: Localization error estimated for the x, y, z coordinates of the two channels. The
dots represent the mean values, while the bars are the standard deviations calculated
considering the localization errors of each fluorophore.
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molecules and then I estimated the localization error of individual
fluorophores as the standard deviation of multiple localizations of the
same molecule. Considering all the fluorophores acquired in the
different fields view (N = 85), I obtained an average value of Ax,= (4.7
+ 0.8) nm, Ay, = (2.9 + 0.5) nm and Az,= (11.3 £+ 1.2) nm for the blue
channel and Ax,= (4.6 £ 0.9) nm, Ay,= (3.1 £ 0.4) nm and Az,= (17.0

+ 3.4) nm for the green channel (Figure 2.15).
2.5 Results

In this chapter I demonstrated that through relatively simple
algorithms it is possible to implement a SMLM setup to perform three-
dimensional multicolour super-resolution imaging with few
nanometers accuracy in both colour channels.

First, we used an active nanometer stabilization of the microscope to
minimize mechanical and thermal drifts. This ensures that even
performing long time 3D single molecule experiments, such as 3D
STORM acquisitions, the resolution is not compromised due to drifts.

Then, I developed an algorithm to finely correct for chromatic
aberrations. My algorithm requires a calibration prior to imaging
where the field of view is scanned to create a grid of control points. I
demonstrated that the best way to perform this calibration is using a
scanning step size of 600 nm, because it corresponds to the lowest
FRE (around 3.5 nm).

Finally, I developed an algorithm to finely correct for possible
crosstalk. My algorithm corrects each pixel of every frame of the
acquisition, thus ensuring that colocalization or object-based
measurements are performed without having false positives due to
crosstalk.
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Chapter 3

Studying molecular
compartmentalization in
bacteria through single
molecule co-localization

Cellular compartmentalization is the separation of the intracellular
volume into distinct compartments with specific local conditions and
materials that enable the simultaneous execution of different
metabolic reactions in the most efficient way. Compartmentalization
is crucial for regulating cell’s functions because, by providing
specialized compartments, it increases the cell efficiency by reducing
the loss of intermediate products. Yet, while the compartmentalization
of eukaryotic cells is thoroughly understood, very little is known about
prokaryotic one. For a long time, it was thought that prokaryotic cells,
such as bacteria, completely lacked any kind of subcellular
organization and that all biochemical reactions occurred in a
disorganized manner. However, in recent years, several studies on
metabolic pathways have raised the evidence for a certain degree of
intracellular organization within bacteria too (see section 3.1).
Molecular biology provides different techniques to study molecular
interactions, such as the two-hybrid systems [121], [122] (see Figure 3.1),
but an imaging approach is needed to obtain spatial information about
those interactions. Studying spatial localization at the molecular level
requires super-resolution techniques that can reach the nanometer
scale. Simultaneous multicolour SMLM is perfectly suitable for this
purpose because it enables the localization of different types of single
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Figure 3.1: The Yeast Two-Hybrid System is a molecular biology technique that relies on the
activation of the transcription of a gene reporter by the binding of a transcription factor (Gal4)
onto an activating sequence (Promoter). The transcription factor is split into two domains,
activating domain (AD) and binding domain (BD), whose interacting enable the transcription.
Since each protein of interest (Bait and Prey) is fused to a domain, only interacting proteins
can bring the two halves of the transcription factor together and activate the transcription of
the reporter gene.

molecules at the same time with tens of nanometers accuracy in the
three dimensions in both fixed and living cells. In this chapter I show
how I applied the setup [ developed to study molecular
compartmentalization. After introducing the biological problem and
the samples of choice, I show how to use single molecule co-
localization to unveil the subcellular organization in bacteria.

3.1 Introduction to the biological problem: hypothesis
on the subcellular organization of bacteria

The cellular environment is densely populated with macromolecules,
constituting 20-30% of cellular interiors at a protein concentration of
200-300 mg/ml. This high protein density forms a gel-like structure,
thus impacting the diffusion processes of enzymes and metabolic
intermediates, and leading to the loss of time and energy required for
their interaction [123], [124], [125]. Molecular crowding and hindered
diffusion prompt the necessity for compartmentalized metabolic
pathways, a well-established phenomenon in eukaryotic cells but less
obvious in prokaryotes [126]. However, contrary to the historical
perception of bacterial cells as disorganized “bags of enzymes”, recent
research revealed that the cytoplasm of prokaryotes contains various
highly ordered structures, such as multienzyme complexes and
metabolons [127], [128], [129]. Multienzyme complexes exhibit
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variable structural organization, potentially representing the initial
stage of higher protein organization [126], while metabolons, defined
as sequential enzymes complexes, involve transient interactions of
proteins catalyzing sequential reactions of a metabolic pathway [130].
However, since these interactions are weak, they tend to disrupt
during purification procedures and only a limited number of enzymes
were identified as parts of metabolons [126]. Multienzyme complexes
and metabolons are crucial for channeling metabolic pathways, thus
enabling the preferential transfer of an intermediate from one enzyme
to a physically adjacent one, and restricting diffusion into the
surrounding environment. This process offers protection for unstable
or scarce metabolites by keeping them in a protein-bound state, and
provides a metabolic advantage through the maintenance of
concentration gradients, thus yielding kinetic advantages [124].

Among the different metabolic pathway, the study of the histidine
biosynthetic pathway, begun over 50 years ago [131], has been pivotal
in unraveling fundamental biology mechanisms, and it represents a
cornerstone in modern cell biology concepts [132]. Examination of
histidine biosynthetic enzymes reveals that at least seven his genes
(hisD, hisN, hisB, hisH, hisF, his] and hisE) undergo different fusion
events, thus promoting the channeling of intermediates [133], [134],
[135]. Moreover, it has also been suggested that proteins encoded by
the four genes hisBHAF, recognized as the “core” of histidine
biosynthesis, could potentially interact to create a metabolon [133].
The significant level of sequence conservation observed in the Ais core
genes supports the idea that interacting proteins have more functional
constraints than stand-alone ones [136]. This idea agrees with the
notion that genes encoding proteins that must interact to form an
active complex are very often clustered in conserved operons [137],
[138]. In the past years, several different models have been proposed
to explain the origin and evolution of operons [139], however, an
additional hypothesis can be formulated: the organization of genes in
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operons within the same metabolic pathway may be influenced by the
physicochemical characteristics of the cell’s crowded cytoplasm,
where restricted diffusion of metabolic enzymes and solutes occurs.
While the idea that physical interaction between encoded proteins
contributes to the evolutionary conservation of gene order is
longstanding [140], recent observations challenge the notion that
operon organization is solely driven by the need for protein
colocalization and interaction [138]. Despite the diverse structures and
organizations of genes within the same metabolic pathway in different
taxonomic groups, the structural organization of the bacterial
chromosome may provide insight. DNA is folded to fit inside the cell
[141]; however, despite being highly compacted, the nucleoid remains
accessible for cellular processes such as transcription and replication
[142]. One possible hypothesis suggests that the folding of DNA might
bring distant genes into physical proximity, leading to the co-
localization of the encoded proteins. To validate this hypothesis, a
direct observation of the spatial distributions of genes and proteins is
required and, since molecular biology techniques cannot provide it, an
imaging technique must be applied.

3.2 E. Coli PHPF and PHPaaC plasmid inserts

As discussed in the previous section, the study of the histidine
metabolic pathway has been fundamental to understanding many
biological processes. In the last years, several research on the his
genes fusions in different phylogenetic have suggested a
compartmentalization of the biosynthetic enzymes [136], [137], [138].
However, since those studies were carried out using molecular
biology techniques, no evidence of the spatial distributions of histidine
biosynthetic enzymes has been proven yet. To demonstrate the
molecular compartmentalization of histidine biosynthetic enzymes, it
is necessary to use an imaging approach. Since our setup can perform
dual-colour SMLM we decided to investigate the molecular
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Figure 3.2: Plasmid inserts pSEVA-PHPF (above) and pSEVA-PHPaaC (below) used to
transform E. Coli bacteria.

compartmentalization by imaging two proteins at a time. Specifically,
by taking advantage of a collaboration with the group of Microbiology
of Prof. Fani at the University of Florence, we decided to study the
spatial distribution of the proteins HisH-HisF of the histidine metabolic
pathway of Escherichia Coli (E. Coli) bacteria, whose interaction has
already been demonstrated in 2020 through the Bacterial Adenylate
Cyclase Two-Hybrid (BACTH) system [122]. To do that, we took the
bacterial strain FB1 of E. Coli and, by inserting a plasmid, we
transformed the bacteria so that each protein of interest was tagged
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with a photoactivable fluorescent protein (PAmCherryl-HisH, PAGFP-
HisF) and thus could be imaged and localized with nanometers
accuracy. We chose the photoactivable fluorescent proteins
PAmCherryl and PAGFP for three main reasons: i) their
photoswitching proprieties are similar enough to perform
simultaneous dual colour imaging, ii) their absorption spectra are
compatible with the excitation lasers of our setup and iii) their
emission peak wavelengths are far enough to be separated and
distinguished using short band fluorescence filters.

Moreover, since our hypothesis is that interacting proteins co-localize
while non-interacting proteins don’t, to validate it we also prepared a
sample with two non-interacting proteins to see if there was a
difference (as expected) between the spatial distributions of proteins
in the two samples. Specifically, for the negative control sample we
chose the proteins HisH and aaC and transformed bacteria with a
plasmid named pSEVA224-PHPaaC similar to the previous one, but
with PAGFP tagged with aaC instead of HisF. In Figure 3.2 are reported
the plasmid inserts used to transform E. Coli bacteria.

3.3 Development and optimization of the acquisition
protocol for simultaneous multicolour imaging

As discussed in the previous chapter (section 2.1.3), simultaneous
multicolour imaging provides faster acquisitions and avoids loss of
localizations, making it more suitable for live imaging compared to
sequential methods. However, it comes with some limitations. These
include a smaller field of view (in setups with only one camera), a
higher risk of crosstalk between fluorophores and the necessity for
identical acquisition parameters? for both fluorophores. These limits
must be considered when chromophores must be chosen among those

2 With identical acquisition parameters we are referring to the exposure time and the
gain of the EMCCD camera, as well as the power of the activation laser (405 in our
case). Excitation lasers’ powers can be different since each lasers excites only a
specific fluorophore.
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Figure 3.3: Transmittance as a function of wavelength of fluorescent proteins (PAGFP and
PAmCherry1) and detection optical elements (dichroic mirrors and fluorescent filters) of our
setup. The dashed line delimits the right part of the emission spectrum of PAGFP while the
black circle highlights the crosstalk signal of PAGFP in the PAmCherry1 channel

available. In fact, if, for example, whether the duty cycle differs
significantly between the two chromophores or the activation of the
fluorophores occurs at very different laser powers, simultaneous
imaging may not be feasible due to an excess or deficiency of
localizations of one protein with respect to the other.

In our study we perform simultaneous multicolour imaging of E. Coli
bacteria. Since their dimensions are those of cylinders 1.0-2.0
micrometers long, with a diameter of about 0.5 micrometers, using
only half of field of view (around 21 x 42 pm?) is good enough as there
is still lots of space to image several bacteria at the same time.

Regarding the selection of chromophores, our first choice was the pair
of photoactivable fluorescent proteins SkylanS (instead of PAGFP) and
PAmCherryl due to their spectral separation and shared
characteristics of high brightness and photostability. However, when
we tested it in our bacterial strain, we observed a significant difference
in both activation laser power and photoswitching rates (of around one
order of magnitude), thus making them unsuitable for simultaneous
imaging. Consequently, we opted for PAGFP and PAmCherryl, as
they not only exhibit good spectral separation but also have similar
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photoswitching properties. However, as it can be seen in Figure 3.3,
despite using short band fluorescent filters to separate the emissions,
there’s some crosstalk of the PAGFP in the PAmCherry1 channel that
make it necessary to estimate and correct for the crosstalk as
described in details in section 2.4.2.

Finally, to find the optimal acquisition parameters, we first found the
best settings for each individual fluorophore, and then, based on these,
derived the optimal settings for simultaneous imaging.

3.4 Measure

To perform multicolour simultaneous PALM, I prepared a sample with
fixed bacteria embedded in an agarose gel as described in section
6.4.2. Since the fine correction of chromatic aberration is crucial for
obtaining reliable results in super-resolution co-localization, before
each set of acquisitions I also prepared a sample with fluorescent
beads and scanned the field of view (as described in section 6.5.1)
using a scanning step size of the piezo-electric stage of 600 nm which
corresponds to the lowest registration error (as demonstrated in
section 2.4.1). The detailed imaging protocol for simultaneous
multicolour PALM of E. Coli with all the acquisition parameters can be
found in section 6.5.2. Briefly, first I use brightfield to select the region
of interest of the sample. Then, the halogen lamp is turned off and the
super-resolution acquisition starts. At the beginning of each measure,
the 488 laser is turned on and 10-20 frames are acquired with only
PAGFP activated?, that will be used to estimate and correct the
crosstalk. Then, I activate also PAmCherryl (by turning on 405 and
552 lasers) and perform the simultaneous acquisition. Each measure
lasts around 2000 frames.

3 PAGFP can be photoactivated from a dark state into bright green fluorescence
upon 405-nm or 488-nm light illumination [166]. This property is very useful as it
enables the selective activation of only PAGFP while acquiring frames to correct
crosstalk and avoids loss of localizations of PAmCherry1 that would occur with 405-
nm light activation.
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3.5 Analysis

The analysis of multicolour imaging data consists of five main steps:
1) crosstalk correction, 2) localization of single molecules, 3)
chromatic aberrations correction, 4) merging of reappearing
molecules and 5) co-localization analysis. Below is reported the
complete protocol that was used for each acquisition:

1) Crosstalk correction. Crosstalk correction was performed using
the algorithm described in section 2.4.2. As previously
explained, our algorithm compares the grey values of
corresponding pixels of the two channels to calculate and
remove the crosstalk signal. Initially, from the acquisition with
fluorescent beads, I estimate a non-rigid transformation
function to correct the images for chromatic aberrations. For
this purpose, 1 use ThunderSTORM *, an open-source plugin for
the image analysis program ImageJ, to localize single
molecules and reconstruct the images of the grid in the two
channels. Then, from the rendered images of the grid, through
an algorithm similar to the one used to finely correct for
chromatic aberration (described in section 2.4.1), I estimate a
non-rigid transformation function from the pixel coordinates of
corresponding points of the grid. This transformation function
allows me to compare the grey values of corresponding pixels
in the acquisition of bacteria and calculate the crosstalk factor
as:

_ (IPAGFP)Channel PAmcCherryl

CF =

(IPAGFP)Channel PAGFP
Thus, representing the fraction of PAGFP signal recorded in
the PAmCherryl channel. The CF allows me to estimate the

4 ThunderSTORM is a software developed to process and visualize images acquired
with PALM/STORM imaging. See section 6.2 for further details on its data analysis
process.
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Figure 3.4: Example of a frame in the channel of PAmCherry1 before (left) and after (right)
crosstalk correction. Scalebar: 2 ym.

crosstalk signal of PAGFP for every pixel of each frame and
then subtract it to every frame of PAmCherryl as shown in
equation (2.5). A representative example of the result of my
crosstalk correction method is shown in Figure 3.4.
Localization of single molecules. After correcting for the crosstalk
signal, I performed single molecule localization of PAGFP and
PAmCherryl with ThunderSTORM using the parameters
reported in Figure 3.5.

Chromatic aberrations correction. Chromatic aberrations
correction was performed using the algorithm described in
section 2.4.1. First, I used the acquisition of fluorescent beads
and, then from the sub-pixel localizations of the points of the
grid, I estimated a non-rigid transformation function. This
transformation function differs from the previous one as it
allows mapping single molecule localizations, instead of single
pixels, from one channel to the other. Then, I applied the
transformation to the points of the PAGFP channel to correct
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Figure 3.5: ThunderSTORM user interface showing the parameters used to find the sub-pixel
positions of single molecules of PAGFP and PAmCherry1 in bacteria.

the chromatic aberrations. In this step I removed all the
molecules that were localized out of the edges of the
transformation function as the correction couldn’t be
performed over there. In Figure 3.6 it is reported an example of
chromatic aberrations correction using our algorithm.
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Figure 3.6: Example of an acquisition before (left) and after (right) chromatic aberrations
correction. Cyan points are localizations of PAGFP while magenta points are localizations of
PAmCherry!l. Scalebar: 2 pm.

4) Merging of reappearing molecules. During a SMLM experiment it
can happen that the same photoactivated molecule appears for
several frames (consecutive or not) before permanently
photobleaching. To avoid considering the same molecule twice
[ have developed an algorithm that removes duplicates by
merging reappearing molecules. The algorithm performs a
nearest neighbor search and categorizes as duplicate all the
localizations closer than the mean value of the Thompson’s
uncertainty of the acquisition (usually around 20 nm) and
separated by less than 10 frames from the initial appearance.
Once duplicates are identified, they’re combined into a new
molecule whose position (x,,, ¥,) is calculated from the
coordinates of the individual duplicates as intensity-weighted
average as follows [143]:

N duplicates N duplicates
Yieq xil; _ Ziq vili
N duplicates ; > .J)m — N duplicates ;
Zizo i z:i=0 Iy

(3.1)

Xm =
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Where x; , y; and I; represent the x,y coordinates and the
intensity of each duplicate, respectively. Regarding the
localization uncertainty, I compute the standard deviation of
duplicate positions along both axis and then select the
maximum value between them.

Co-localization analysis. Once the data are corrected for
aberrations and duplicates are removed, they’re ready for the
co-localization analysis. In conventional fluorescence
microscopy co-localization is quantified by the degree of
overlap of pixel intensities across the entire image or region of
interest using Pearson’s correlation coefficient [144] or
Manders’ overlap coefficients [145]. In SMLM, quantifying the
co-localization is less straightforward, as generally different
molecules won’t occupy the exact same position. Therefore,
single molecule co-localization is often defined as a metric for
intermolecular distance or spatial association. During the years
several methods have been developed that directly analyze
point patterns by extending spatial analysis procedures [146],
[147], [148] or combining cluster detection with co-localization
analysis [149], [150], [151]. Our analysis exploits the local
density-based co-localization index developed by Willems et
al. [152]. To better understand how this index works, let’s
suppose to have an acquisition with two channels A and B (as
shown in Figure 3.7). The co-localization index for the ith
localization in channel A is defined as:

o = Ni(R)

3.2a
l LDy ( )

where N7 is the number of localizations in channel B within the
distance d around the ith localization in channel 4 and LDy is
the mean local density of the localization in channel B.



channel A channel B
ChA ChA

Figure 3.7: Concept of local density-based co-localization index. Image retrieved from [152].

Similarly, the co-localization index for each localization of
channel B can be calculated as:

oo = V@)

3.2b
l ID, (3.2b)

Thus, the co-localization index of any given localization is a
measure of the local density of nearby molecules in the other
channel [152].

This co-localization index is a measure of similarity of spatial
distributions. Since our experiment aims to demonstrate that
interacting proteins (such as PHPF) co-localize while non-
interacting (such as PHPaaC) don’t, we decided to use this
parameter to see if there was a difference in the mean values
of the co-localization indexes in the two samples.

Moreover, we also used the co-localization index to identify co-
localizing pairs of molecules. This was done by calculating the
CI for all the localizations of the two channels and then
discarding those with CI = 0. A co-localization index equal to
zero means that there’s no particle around, while, if it’s greater
than zero, it means that there’s at least one particle nearby. By
excluding localizations with CI = 0, we retain only those with
at least one particle nearby and, by performing a nearest
neighbor search, we can find the closest one and measure the
distance between them.
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3.6 Results

My analysis procedure was applied to both simulated and real data.
Simulations were performed using the MATLAB software Single-
Molecule Imaging Simulator (SMIS) [153]. SMIS is a software
specifically developed for simulating SMLM experiments with
fluorophores exhibiting different spectral and photophysical
proprieties. For my study, | performed the simulations considering
two photoactivable fluorescent proteins with the same spectra of
PAGFP and PAmCherryl and similar photoswitching properties. As
positive control sample (interacting proteins as PHPF) I simulated co-
localizing proteins with a mean distance of (10 + 5) nm, while as
negative control (non-interacting proteins as PHPaaC) I simulated
randomly distributed proteins. Moreover, to make the simulations
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Figure 3.8: Relation between molecular density of fluorophores and co-localization analysis.
(a, b, ¢) Simulations of randomly distributed PAGFP (cyan) and PAmCherry1 (magenta) in E.
Coli bacteria with increasing molecular density (from 340 to 6800 molecules/pm?); (d, €)
Mean CIs with respect to the average molecular density for co-localizing (cyan, left) and
randomly distributed (magenta, right) fluorescent proteins. The higher is the molecular
density of the fluorophores, the harder it becomes to distinguish the random distributions
from the co-localizing ones. Scalebar: 2 ym.
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more reliable, I also took into account the average number of
localizations per bacterium (about 2000), corresponding to a
molecular density of about 6800 molecules/um?®. This is because a
higher molecular density increases the probability of having false
positives, meaning co-localizations that are not real but are merely due
to spatial constraints within the bacterium. In fact, since co-
localization occurs for molecules within a specific distance from the
selected one, the higher is the molecular density, the closer will be the
molecule inside the bacteria and thus co-localization will occur even
for molecules randomly distributed. This is clearly shown in Figure 3.8,
as for low molecular densities (such as 340 molecules/pum?) the mean
Cls for co-localizing molecules and randomly distributed proteins are
very different, while for high molecular densities (such as 6800
molecules/pum?) this difference is much smaller.

3.6.1 Simulated data

Through my analysis procedure I extracted from each measurement
the following values: the mean co-localization index, the percentage
of co-localizing molecules (i.e. molecules with CI > 0) and the distance
between them. As seen in the previous section, the CI can be defined
for each channel of the acquisition. However, for the sake of clarity,
only the CI of the PAGFP channel is reported here.

Figure 3.9 reports the mean CIs of PAGFP obtained from the analysis
of 20 simulations of positive (PHPF, N=10) and negative (PHPaaC,
N=10) control samples. Since the CIs were normally distributed, I
performed a two-sample t-test and found that negative control Cls
were significantly lower than positive control ones (p<0.0001). This is
consistent with what is expected as the CI measures the similarity of
spatial distributions and thus this parameter can distinguish between
molecules randomly and non-randomly distributed even for high
molecular densities.
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Figure 3.9: Box plots displaying the mean Cls of PAGFP derived from the analysis of 20
simulations of positive (PHPF, N=10, cyan box plot) and negative (PHPaaC, N=10, magenta
box plot) control samples. The line and the square in each box are respectively the median
and mean value. For the median is also reported its numerical value. ****: p<0.0001 two-
sample t-test.

In Figure 3.10 are reported the percentages of co-localizing molecules
obtained from the 20 simulations. In this case, since the distributions
of the negative control wasn’t gaussian, I couldn’t perform the two-
sample t-test. However, by observing the plot, we can see that the
positive control has only a slightly higher percentage of co-localizing
molecules (about 1%). This is also consistent with what expected as
the high molecular density of the fluorophores leads to many false
positive co-localizations to occur and, as a consequence, the
percentage of co-localizing molecules ends up being almost the same

in both samples.

Finally, I also studied the mean distance between co-localizing pairs
of molecules. To do that, for the localizations with CI > 0 I performed
a nearest-neighbor search to find the closest molecule and then
measure the distance between them. From the analysis of each
simulation, I estimated the mean distance and its error. The error for
each distance (Ad) was calculated with the propagation of error as:
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Figure 3.10: Box plots displaying the percentage of co-localizing molecules of PAGFP derived
from the analysis of 20 simulations of positive (PHPF, N=10, cyan box plot) and negative
(PHPaaC, N=10, magenta box plot) control samples. The line and the square in each box are
respectively the median and the mean value while the point outside of the box is an outlier.
For the median is also reported its numerical value.

|xb - xgl ' (Axl’v + Axg) + |J’b _y9| ' (Ay{, + AYQ)
\/(xb - xg)z + (yb - yg)z

Ad =

(3.3)

With

Axp, = \/Axbz + FRE,* , Ay, = \/Ay,f + FRE,” (3.4)

Where x,, yp,, X4,y are the coordinates of the pairs of co-localizing
molecules and Ax,,, Ay, Axg, Ay, are the localization errors reported
in section 2.4.3 taking also into account the FRE for mapping the blue

channel into the green one to correct for chromatic aberrations.

In Figure 3.11 are reported the mean distances obtained from the 20
simulations. The values of the negative control are slightly higher than
the positive ones (only 0.3 nm), meaning that molecules randomly
distributed are a bit more distant than co-localizing ones. However,
considering that the error associated to the distance, calculated as the
mean value of the errors obtained from each simulation, is about 10.7
nm, it can be concluded that there is no significant difference. This is
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Figure 3.11: Box plots displaying the mean distance between the co-localizing pairs of
molecules derived from the analysis of 20 simulations of positive (PHPF, N=10, cyan box plot)
and negative (PHPaaC, N=10, magenta box plot) control samples. The line and the square in
each box are respectively the median and the mean value while the point outside of the box
is an outlier. For the median is also reported its numerical value.

reasonable as in my simulations co-localizing pairs of molecules are
identified by performing a nearest-neighbor search within 20
nanometers. In the negative control, molecules are randomly
distributed, but, due to the high molecular density, many false positive
occur (as demonstrated from the percentage of co-localizing
molecules) and for co-localization to occur molecules must be closer
than 20 nm.

The results of the parameters (CI and percentage of co-localizing
molecules) obtained from the co-localization analysis on simulated
data are reported in Table 3.1.

Co-localization Index (CI)  Percentage of molecules with CI>0

PHPF (+) 0.913 £+ 0.006 0.908 £+ 0.004
PHPaaC (-) 0.867 + 0.013 0.896 £+ 0.003

Table 3.1: Results of the co-localization analysis of simulated data. For each parameter is
reported the median and the standard deviation.
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3.6.2 Real data
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Figure 3.12: Box plots displaying the mean CIs of PAGFP derived from the analysis of 120
acquisitions of positive (PHPF, N=60, cyan box plot) and negative (PHPaaC, N=60, magenta
box plot) control samples. The line and the square in each box are the median and mean value
respectively, while the points outside of the box are the outliers. For the median is also
reported its numerical value. **: p<0.01 two-sample t-test.

Figure 3.12 reports the mean Cls obtained from the analysis of 120
acquisitions of positive (PHPF, N=60) and negative (PHPaaC, N=60)
control samples. By comparing positive and negative control results,
consistently with simulated data, negative control Cls are significantly
lower than positive ones (p<0.01 two-sample t-test)’. However, with
respect to simulated data, real data show a higher variability (i.e.
higher standard deviation). This increased variability could be
attributed to the number of activated molecules. In a real acquisition,
not all molecules are activated. In fact, although I optimized the
acquisition parameters to obtain sufficient localizations for both
proteins, these parameters still represent a compromise between the
requirements of each protein. The necessity to select an intermediate
value for the activation laser power and the exposure time leads to the
activation of a different number of fluorophores and the loss of some

® Due to the high molecular density of our sample (of about 6800 molecules/pm?),
as shown in Figure 3.8, consistently with the simulations, the difference between
the mean Cls couldn’t be greater than 0.02-0.03.
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Figure 3.13: Box plots displaying the percentage of co-localizing molecules of PAGFP derived
from the analysis of 120 acquisitions of positive (PHPF, N=60, cyan box plot) and negative
(PHPaaC, N=60, magenta box plot) control samples. The line and the square in each box are
the median and mean value respectively, while the point outside of the box is an outlier. For
the median is also reported its numerical value. ****: p<0.0001 two-sample t-test.

localizations. If the lost localizations belong to both proteins of the
same pair of interacting proteins, this loss won'’t significantly impact
the co-localization analysis. However, if the loss of localizations occurs
for only one protein of the pair, it will lead to a non-colocalization
event, thus decreasing the overall CI of the acquisition. Since
photoactivation is a stochastic process, the loss of localizations will
affect each acquisition differently, depending on the molecules
activated during that acquisition, thus introducing a variability in the
results.

As for simulated data, I also studied the percentage of co-localizing
molecules (Figure 3.13). In agreement with simulations results, the
percentage of co-localizing molecules is higher in the positive control
compared to the negative one. In this case, I could also perform the
two-sample t-test and I found a significant difference (p<0.0001)
between positive and negative control. Moreover, as for the CI
analysis, there’s a higher variability (i.e. a higher standard deviation)
of the real data compared to the simulated ones and, as for the Cls,
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Figure 3.14: Box plots displaying the mean distance between the co-localizing pairs of
molecules derived from the analysis of 120 acquisitions of positive (PHPF, N=60, cyan box
plot) and negative (PHPaaC, N=60, magenta box plot) control samples. The line and the
square in each box are the median and mean value respectively, while the points outside of
the box are the outliers. For the median is also reported its numerical value.

this could be related to the number of activated/non-activated

molecules in each acquisition.

Finally, in Figure 3.14 are reported the mean distances obtained from
the analysis of the 120 acquisitions of real data. The estimated
distance (12.6 £ 10.7) nm is consistent both with the simulations and
with that of an intermolecular distance. Moreover, as for simulated
data, as expected, there is no significant difference between the two
samples.

The results of the parameters (CI and percentage of co-localizing
molecules) obtained from the co-localization analysis on real data are
reported in Table 3.2.

Co-localization Index (CI)  Percentage of molecules with CI>0

PHPF (+) 0.90 + 0.04 0.82 + 0.04
PHPaaC (-) 0.88 + 0.03 0.79 + 0.03

Table 3.2: Results of the co-localization analysis of real data. For each parameter is reported
the median and the standard deviation.
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3.7 Limitations of the technique

[ developed an acquisition and an analysis procedure to study the
subcellular organization of biological samples and get quantitative
results. By comparing simulated and real data results I assessed the
reliability of my analysis, by verifying that the method can quantify a
significant difference between co-localizing and non-colocalizing
distributions of molecules.

However, to obtain more insights on bacterial subcellular organization
it is necessary to further increase the resolution of the system. In fact,
although the analysis can distinguish between two-dimensional
random and non-random distributions even for samples with high
molecular densities, it cannot measure distances below 10 nm. This
limit is set by the localization errors along the xy axis and by the
registration error (FRE) due to the chromatic aberrations’ correction.
Moreover, the high molecular density of the sample prevents three-
dimensional imaging as the PSFs of the emitters overlap and they
become undistinguishable.

One possibility to overcome these limitations could be to combine
single-molecule imaging with a technique known as Expansion
Microscopy (ExM). ExM enables the physical isotropic expansion of the
sample by of a factor of about 4-4.5 [154] leading to an increase of the
resolution of the system by the same amount. As a consequence, by
expanding the samples, we could achieve the resolution required to
measure distance below 10 nm and, since the molecular density would
decrease by a factor of about 64, we could also perform three-

dimensional imaging.
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Chapter 4

Expansion-PALM microscopy
(Ex-PALM)

Super-resolution techniques have revolutionized microscopy,
enabling researchers to overcome the diffraction limit and achieve
resolutions beyond what was previously thought possible. The
development of these techniques has significantly advanced the
understanding of several biological structures at the nanoscale level.
In the first chapter of this thesis, we have seen how most super-
resolution techniques break the diffraction limit which is by either
temporally or spatially modulating the excitation/activation of light.
However, in recent years, another technique has been developed that
surpasses the diffraction limit with a completely different approach.
This technique, known as Expansion Microscopy (ExM), exploits a
chemical treatment to produce a physical isotropic expansion of the
sample (by about 4-4.5 times), thus leading to an increase of the
resolution of the system by the same amount of the expansion factor.
Therefore, ExM achieves super-resolution imaging, with diffraction-
limited microscopes, such as traditional confocal microscopes.

In the previous chapter I showed how I used multicolour PALM to
study the subcellular organization of bacteria, and how to the high
molecular density of fluorophores in the small volume of bacteria
didn’t allow to achieve nanometer resolution three-dimensional
imaging and measure distances below 10 nm. One solution to
decrease the molecular density, thus recovering the possibility to
localize molecules through fitting of the astigmatic PSF, could be the
combination of PALM imaging with the ExM treatment of the sample.
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In this chapter, after a brief introduction on the principle of ExM, I will
show how I optimized the expansion treatment for my samples and
then how to perform and analyze Expansion-PALM (Ex-PALM)
microscopy acquisitions. Finally, I will compare Ex-PALM results with
the previous ones to check consistencies and differences.

4.1 Expansion Microscopy (ExM)

Microscopy has played a crucial role in discovering and understanding
several biological processes by optically magnifying images of
structures in fixed cells and tissues. However, in 2015, Chen et al.
demonstrated that a physical magnification of the sample, with
negligible distortion, was possible as well. By embedding the sample
in a polyelectrolyte gel, they obtained a 4.5-fold isotropic expansion
of the sample thus enabling 70 nm resolution imaging with a standard
confocal microscope [154].

Expansion original protocol consisted of the four steps reported in
Figure 4.1a. First the biomolecules of interest were stained with
polymer-linkable probes (see Figure 4.1b) consisting of antibodies

a Stain Link to Digest Expand
gel matrix

%K

Figure 4.1: (a) Main steps of the original ExM protocol: 1) staining of the specimen with gel-
anchorable fluorophores, 2) growth of a swellable polymer within the specimen that links to
the probes (gelation), 3) protease digestion to homogenize its mechanical properties and 4)
expansion through dialysis in water; (b) Custom-made polymer linkable probes consisting of
DNA-labeled antibodies. Images retrieved from [154], [155].
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labeled with doubly modified DNA oligonucleotides that contained a
fluorophore and a methacryloyl group and were designed to
covalently attach to the polymer. Then, a swellable polyelectrolyte gel
was synthesized in the sample to incorporate the labels. After that, the
sample was treated with a nonspecific protease to homogenize its
mechanical properties and, finally, dialysis in water mediated the
uniform physical expansion of the polymer-specimen composite.

This was a novel approach as it enabled super-resolution imaging with
diffraction-limited microscopes, but the use of custom-made probes
initially limited accessibility to this technique for many researchers.
However, during the years, many alternative ExM protocols have
been developed using conventional antibodies and fluorescent
proteins as probes [155], [156], thus making it more accessible to a
broader group of researchers. Among these, protein-retention
Expansion Microscopy (proExM) anchors proteins to the swellable gel,
enabling the use of conventional fluorescently labeled antibodies and
streptavidin, and fluorescent proteins.

4.2 Optimization of the expansion protocol for E. Coli
bacteria

To find the best protocol for expanding bacteria I started by trying to
perform expansion with already existing protocols. I found two
protocols [157], [158], based on proExM, where bacteria were
expanded. Unfortunately, none of these protocols worked for my
sample, so I had to develop my own, which required many months of
try and fail to finally find the one working best for our experimental
conditions. The final protocol I developed and thoroughly validated is
reported in section 6.4.3. Crucial steps in the optimization of the
protocol were:
1) Finding the right concentration of mutanolysin which is used
to digest the cell wall of bacteria. A complete digestion of the
cell wall is crucial to obtain uniform expansion.
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2) Determining the optimal concentration of Methacrylic Acid N-
HydroxySuccinimide ester (MA-NHS) which is used to anchor
proteins to the gel. If its concentration is too low, only few
proteins will be retained in the gel and this will result in poor
imaging; while if the concentration is too high the gel will be
more rigid and expand less and unevenly.

3) Optimizing the digestion duration. In fact, the digestion timing
is strictly related to the number of proteins which remain
attached to the gel. Since I had to increase the concentration
of MA-NHS, I also had to adjust the digestion duration in order
to achieve a uniform expansion of the sample. The sample must
be completely digested to achieve an isotropic expansion and
avoid the rupture of bacteria and the dispersion of
chromophores in the gel that will introduce unwanted
background signal during the measurement.

The success of the expansion treatment is strictly related not only to
the biological sample itself (whether it is a tissue, a single eucaryotic
cell or a single procaryotic cell), but also to the type of fluorescent
probes used to label the proteins of interest. When using fluorescent
proteins, each of them responds differently to the treatments and this
is why protocols must be adjusted according to each specific
experimental condition. By adjusting all the parameters described
above, I could finally perform expansion on E. Coli bacteria for dual
color imaging with PAGFP and PAmCherryl.

4.3 Measure

To perform Ex-PALM imaging, I prepared a sample with fixed
expanded bacteria embedded in a polyelectrolyte gel as described in
section 6.4.3. As already explained, since the fine correction of
chromatic aberrations is crucial for obtaining reliable results, as I did
for multicolour PALM imaging, before each set of acquisitions I also
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prepared a sample with fluorescent beads and scanned the field of
view (as described in section 6.5.1) using a scanning step size of the
piezo-electric stage of 600 nm which corresponds to the lowest
registration error (as demonstrated in section 2.4.1). The detailed
imaging protocol for Ex-PALM of E. Coli with all the acquisition
parameters can be found in section 6.5.3. Briefly, first, I partially closed
the slit placed in the excitation path after the circular iris (see Figure
2.11) to reduce the thickness of the HILO beam up to about 4 pm
thickness and increase the signal to noise ratio [159]. In fact, by
reducing the beam thickness a thinner slice of the sample is excited,
thus leading to a decrease in background signal from out-of-focus light
and, consequently, an increase in the signal to noise ratio. Then, since
the expanded bacteria are transparent (as the expanded material is
>99% water), brightfield microscopy couldn’t be used to select the
region of interest, as was done in multicolour PALM, so [ had to turn
on all the lasers simultaneously to find the plane where bacteria were
placed. In most cases bacteria lied at about 3-4 pm from the coverslip
surface. For this reason, our custom inclined illumination geometry,
with highly confined excitation volume, revealed to be fundamental to
achieve single molecule sensitivity. Once the plane was identified, the
illuminated field of view was changed, as most fluorophores in the
current view were already bleached, and the acquisition was started
with the same parameters used for “standard” multicolor PALM. It
should be noticed that, since expansion treatment reduces the
intensity and the number of fluorophores, Ex-PALM acquisitions are
shorter compared to PALM acquisitions and PAGFP crosstalk is no
longer detectable.

4.4 Analysis

Analysis of Ex-PALM acquisitions mainly consists of two steps:
estimating the expansion factor and performing multicolour analysis
(without crosstalk correction), as described in section 3.5.

91



Figure 4.2: Measure of the average width of unexpanded (left) and expanded (right) bacteria.
Scalebar: 1 pm.

The expansion factor (EF) was calculated (as shown in Figure 4.2) by
measuring the average width of bacteria pre and post expansion. The
width can be measured precisely regardless the cellular orientation in
three dimensions [157], [160]. From the measure of 30 bacteria
(Nunexp = 10, Nexppupr = 10,  Nexpprpaac = 10) 1 obtained an
average expansion factor of 3.97 + 0.57 for PHPF and of 3.86 + 0.57
for PHPaaC.

For 2D acquisitions the multicolour analysis was performed exactly as
described in section 3.5, but without the crosstalk correction because,
due to expansion treatment, the intensity of PAGFP decreased and
crosstalk was no longer detectable. For 3D acquisitions, the analysis
was performed as it follows:

1) Localization of single molecules with ThunderSTORM using
the parameters reported in Figure 4.3 and the cubic calibration
curves reported in section 6.2. In this step I also corrected for
the axial shift between focal planes due to axial chromatic
aberration as explained in section 6.2.

2) Correction of lateral chromatic aberration using the algorithm
explained in section 2.4.1 as for 2D acquisitions.
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@ Run analysis

Camera

Camera setup

Image filtering
Filter: |Gaussian filter ~ | B

Sigma [px]: 3.3

Approximate localization of molecules
Method: | Local maximum 2| (7]
Peak intensity threshold: ‘3‘std(Wave.F 1)
Connectivity: ) 8-neighbourhood
(O 4-neighbourhood

Sub-pixel localization of molecules
Method: 'PSF: Elliptical Gaussian (3D astigmatism) - ‘
Fitting radius [px]: |10
Fitting method: | Maximum likelihood ~

Initial sigma [px]: 3
Multi-emitter fitting analysis: [_] enable
Maximum of molecules per fitting region: [5
Model selection threshold (p-value): |1.0E-6

Same intensity for all molecules
Limit intensity range [photons]: [500:2500
Calibration file: vC:\Users\Chiara\Documenis\T

Visualisation of the results
Method: |Normalized Gaussian ~

Magnification: 110.0
Update frequency [frames]: 50
3D:
Colorize z-stack: [
Z range (from:step:to) [nm]: |-500:20:500

Lateral uncertainty [nm]: |10 [C] Force
Axial uncertainty [nm]: |20.0 [C) Force
Defaults Preview Cancel

Figure 4.3: ThunderSTORM user interface showing the parameters used to find the xyz sub-
pixel positions of single molecules of PAGFP and PAmCherry1 in bacteria.

3) Merging of the reappearing molecules as for 2D acquisitions
but in this case the nearest neighbor search to identify
molecules as duplicates was performed in a wider range (about
40 nm for PAmCherry1 localizations, about 50 nm for PAGFP

93



4.5

localizations®) as the mean localization uncertainties are higher.
Once duplicates were identified, as in the 2D case, they were
combined into a new molecule whose position (X, , Ym, Zm)
was calculated from the coordinates of the individual
duplicates as intensity-weighted average as follows [143]:
Zévzfiuplicates xili

Xm = ZN duplicatesl
i=0 i

(4.1a)

N duplicates

2o yili

Ym = ZN duplicatesl'
i=0 l

(4.1b)

N duplicates
. D=1 zil;
m ZN duplicatesl_

i=0 i

(4.1¢)

Where x;, y;, z; and I; represent the x,y,z coordinates and the
intensity of each duplicate, respectively. Regarding the
localization uncertainty, I computed the standard deviation of
duplicate positions along the three axis and then selected the
maximum value between them.

Co-localization analysis with a similar algorithm used for the
2D acquisitions but with a wider range to identify the co-
localizing pairs of molecules (about 40 nm for PAmCherry1
localizations, about 50 nm for PAGFP localizations).

Results

In this section are reported the results of co-localization analysis of 2D
and 3D Ex-PALM acquisitions. As for PALM imaging, from the

analysis of each acquisition I retrieved: the mean co-localization index,

6 The localization uncertainty is higher for PAGFP with respect to PAmCherry1
because PAGFP intensity was affected more from the expansion treatment than
PAmCherry1 and this causes the localization uncertainty to increase.
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the percentage of co-localizing molecules (i.e. molecules with CI > 0)
and the distance between them.

4.5.1 2D Ex-PALM

In Figure 4.4 is reported the reconstructed image obtained from a 2D
Ex-PALM acquisition. As it can be seen from the image, PAGFP was
more affected by the expansion treatment, and this resulted in a lower
number of localizations compared to PAmCherry1.

Figure 4.4: Image of an expanded E. Coli bacteria (PHPF) reconstructed from a 2D Ex-PALM
acquisition. (a) Cyan channel, PAGFP localizations; (b) Magenta channel, PAmCherry1
localizations; (c) Merging of the channels. Scalebar: 1 pm.
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Figure 4.5: Box plots displaying the mean CIs of PAGFP derived from the analysis of 20
acquisitions of positive (PHPF, N=10, cyan box plot) and negative (PHPaaC, N=10, magenta
box plot) control samples. The line and the square in each box are the median and mean value
respectively. For the median is also reported its numerical value. **: p<0.01 two-sample t-
test.

Figure 4.5 reports the mean CIs of PAGFP obtained from the analysis
of 20 acquisitions of positive (PHPF, N=10) and negative (PHPaaC,
N=10) control samples of expanded bacteria. Since the Cls were
normally distributed, I performed a two-sample t-test and found that
negative control Cls were significantly lower than positive control
ones (p<0.01). This is consistent with previous results. However, with
respect to PALM acquisitions, the average values of the CI are lower.
These lower values are probably related to the number of fluorophores
that survived to the expansion treatment. In my acquisitions I found
that PAGFP was more affected by the expansion treatment compared
to PAmCherry1.

Then, as for PALM acquisitions, [ also studied the percentage of co-
localizing molecules (Figure 4.6). As for the Cls, the average number of
co-localizing molecules is lower compared to PALM acquisitions
values because of the loss of proteins due to the expansion treatment.
However, in agreement with previous results, the percentage of co-
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Figure 4.6: Box plots displaying the percentage of co-localizing molecules of PAGFP derived
from the analysis of 20 acquisitions of positive (PHPF, N=10, cyan box plot) and negative
(PHPaaC, N=10, magenta box plot) control samples. The line and the square in each box are
the median and mean value respectively. For the median is also reported its numerical value.
**: p<0.01 two-sample t-test.

localizing molecules is significantly higher (p<0.01) in the positive
control compared to the negative one.

Finally, in Figure 4.7 are reported the mean distances obtained from
the analysis of the 20 acquisitions of expanded bacteria. For each
sample the average distance was calculated by dividing the distance
retrieved from the co-localization analysis by the respective expansion
factor (3.97 for PHPF, 3.86 for PHPaaC). For PHPF I found an average
distance of (6.8 + 2.7) nm, while for PHPaaC I found an average
distance of (9.2 + 2.8) nm. These values are consistent with the
previous results and, as expected, by combining ExM treatment with
PALM imaging process I achieved a higher resolution that allowed me
to measure distances below 10 nm. This time the error Ad on the
distance was estimated as it follows. First, as for PALM acquisitions, I
propagated the error to find the error on the distance of each pair of
co-localizing molecules (equation 3.3, section 3.6.1). From each
acquisition I extracted the mean value and, by considering all the
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Figure 4.7: Box plots displaying the mean distance between the co-localizing pairs of
molecules derived from the analysis of 20 acquisitions of positive (PHPF, N=10, cyan box
plot) and negative (PHPaaC, N=10, magenta box plot) control samples. The line and the
square in each box are the median and mean value respectively. For the median is also
reported its numerical value.

acquisitions, I obtained an error of about 10.8 nm for both samples.
Then, since the expansion factors were 3.97 for PHPF and 3.86 for
PHPaaC, I divided the error for the expansion factors and obtained a
final error of 2.7 nm for PHPF and 2.8 nm for PHPaaC.

The results of the parameters (CI and percentage of co-localizing
molecules) obtained from the co-localization analysis of 2D Ex-PALM
are reported in Table 4.1.

Co-localization Index (CI)  Percentage of molecules with CI>0

PHPF (+) 0.46 + 0.08 0.42 + 0.06

PHPaaC (-) 0.35 + 0.12 0.32 £ 0.07

Table 4.1: Results of the co-localization analysis of 2D expanded bacteria. For each
parameter is reported the median and the standard deviation.

98



4.5.2 3D Ex-PALM

As demonstrated in section 4.4, the ExM treatment produced an
isotropic expansion of the bacteria of about 4 times in each dimension,
leading to a significant increase in volume, approximately 64 times
larger than that of unexpanded bacteria. As a consequence, the
molecular density decreased by the same amount, and this enabled us
to perform three-dimensional imaging with nanometers accuracy. In
Figure 4.8 is reported the reconstructed image of an expanded bacteria
acquired with 3D Ex-PALM.

In Figure 4.9 are reported the mean Cls of PAGFP obtained from the
analysis of 20 acquisitions of positive (PHPF, N=10) and negative
(PHPaaC, N=10) control samples of expanded bacteria. In agreement

+500 nm

+500 nm

Figure 4.8: Image of an expanded E. Coli bacteria (PHPF) reconstructed from a 3D Ex-PALM
acquisition. (a) Cyan channel, PAGFP localizations; (b) Magenta channel, PAmCherry1
localizations; (c) Merging of the channels. Scalebar: 1 pm.
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Figure 4.9: Box plots displaying the mean Cls of PAGFP derived from the analysis of 20
acquisitions of positive (PHPF, N=10, cyan box plot) and negative (PHPaaC, N=10, magenta
box plot) control samples. The line and the square in each box are the median and mean value
respectively, while the points outside of the box are the outliers. For the median is also
reported its numerical value. *: p<0.05 two-sample t-test.

with the previous results, Cls values of the positive control were
significantly higher than those of the negative control (p<0.05 two-
sample t-test). Moreover, CI values retrieved from the analysis of 3D
Ex-PALM acquisitions were consistent with those obtained from the
analysis of 2D Ex-PALM acquisitions.

Then, as for previous measurements, [ analyzed the percentage of co-
localizing molecules (Figure 4.10). Even in this case, the number of co-
localizing molecules was higher for the positive control with respect
to negative one. Moreover, as for the CI values, the results were also
consistent with those of 2D Ex-PALM acquisitions.

Finally, in Figure 4.11, I reported the 3D mean distances of co-
localizing pairs of molecules in expanded bacteria. As for the 2D
acquisitions, the average distance for each sample was calculated by
dividing the distance retrieved from the co-localization analysis by the
respective expansion factor. For PHPF I found an average distance of
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Figure 4.10: Box plots displaying the percentage of co-localizing molecules of PAGFP derived
from the analysis of 20 acquisitions of positive (PHPF, N=10, cyan box plot) and negative
(PHPaaC, N=10, magenta box plot) control samples. The line and the square in each box are
the median and mean value respectively. For the median is also reported its numerical value.
*: p<0.05 two-sample t-test.

(19.3 + 5.6) nm, while for PHPaaC I found an average distance of (19.6
+ 5.8) nm. For the 3D acquisitions, the error on the distance was
calculated as it follows. First, I estimated the error for each distance
(Ad) with the propagation of uncertainty as:

s — x| - (Bxf + Axg) + |y — yg| - (Byh + Ayy) + |2 — 24| - (B2p + Azy)

(G + 0 =3, + (- 2,)’

Ax; = /Ax,,2 + FRE,? , Ay, = /Ay,,2 + FRE,? (4.3)

Where xp,¥p,Xg,Yg,Zb, Zg are the coordinates of the pairs of co-
localizing molecules and Axy, Ayy, Azy, Axg, Ayg, Az  are  the
localization errors reported in section 2.4.3 taking also into account
the FRE for mapping the blue channel into the green one to correct
for chromatic aberrations. Then, as for the 2D case, from each
acquisition I retrieved a mean value of the error and, by considering
all the acquisitions, I obtained an average error of 22.2 nm for both

Ad =

With
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Figure 4.11: Box plots displaying the mean distance between the co-localizing pairs of
molecules derived from the analysis of 20 acquisitions of positive (PHPF, N=10, cyan box
plot) and negative (PHPaaC, N=10, magenta box plot) control samples. The line and the
square in each box are the median and mean value respectively. For the median is also
reported its numerical value.

PHPF and PHPaaC. Each value was divided by the respective
expansion factor and, finally, I obtained a final error of 5.6 nm and 5.8
nm for PHPF and PHPaaC respectively. By comparing the average
distances obtained in the 3D acquisitions with those obtained from the
2D acquisitions, it can be observed that the 3D distances are greater.
This is reasonable, considering that bidimensional distances are
projections of three-dimensional distances.

The results of the parameters (CI and percentage of co-localizing
molecules) obtained from the co-localization analysis of 3D Ex-PALM
are reported in Table 4.2.

Co-localization Index (CI)  Percentage of molecules with CI>0
PHPF (+) 0.45 + 0.11 0.40 + 0.05
PHPaaC (-) 0.37 £ 0.12 0.36 £ 0.09

Table 4.2: Results of the co-localization analysis of 3D expanded bacteria. For each
parameter is reported the median and the standard deviation.
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4.6 Conclusions and future perspectives

I developed a biological protocol to isotropically expand E. Coli
bacteria by a factor of about 4. By combining the expansion of bacteria
with  PALM imaging, [ successfully performed 3D Ex-PALM
microscopy and I succeeded in measuring distances below 10 nm with
an error of few nm (about 2.8 nm in the 2D, about 5.8 nm in the 3D).
The study successfully validated the method’s capability to quantify
differences in ClIs and distances between positive and negative control
samples using PALM, 2D, and 3D Ex-PALM.

Although the ExM protocol combined with PALM consistently
reduced the minimum measurable distance, further optimization is
needed to minimize protein loss. This could be achieved for example
by adding more IPTG (inducer of gene transcription) in the culture
medium to increase the transcription or by raising the concentration
of MA-NHS to anchor a higher number of proteins to the gel. However,
the latter option would also imply a longer digestion time, so to avoid
lengthen the biological protocol too much a good compromise
between the anchoring and the digestion should be found.

With our method robustly validated, the next steps will involve
studying the spatial organization of native proteins to see if there’s
molecular compartmentalization inside bacteria as well as studying
the distribution of genes to gain further understanding of the
epigenetics of operons. For these purposes, an implementation of the
analysis procedure will be required to achieve a better and more
accurate comprehension of genes and proteins spatial distribution.
With the new analysis we will be able, not only to measure the distance
between pairs of molecule but also to perform a 3D mapping and, by
introducing correlation functions, to identify clusters and analyze
them. Moreover, these analyses will be performed at different times of
the cell cycle to see if and how the subcellular organization of proteins
and genes changes with the cell cycle.
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To this end we are continuing our collaboration with the Microbiology
group at the Biology Department of the University of Florence that will
engineer the bacterial strains.
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Chapter 5

Discussion

Super-resolution techniques have completely revolutionized the field
of optical microscopy, enabling researchers to overcome the
diffraction limit and achieve resolutions far beyond what was
previously thought possible. With their technical capabilities and wide
range of applications, these techniques have been pivotal in
addressing several biological questions, including cell signaling,
molecular dynamics and subcellular structures. Super-resolution
techniques have become an indispensable tool in modern biological
research, by providing insights that were once unattainable with
traditional microscopy techniques. However, there are still some
challenges to be faced. Currently, performing multicolour super-
resolution imaging is not trivial. In fact, despite the availability of
several commercial setups for multicolour super-resolution
microscopy, achieving reliable results requires fine correction of all
potential aberrations and artifacts that could significantly impact the
outcomes. Performing multicolour super-resolution imaging is even
more challenging in small volumes, such as bacteria, as the correction
of the all the aberrations and artifacts must be at the nanoscale level.

In this thesis [ described how [ developed an optical system to perform
three-dimensional multicolour super-resolution microscopy and then
how I applied it to the study of molecular compartmentalization.

In the first part, after introducing the main technical difficulties of
single-molecule multicolour imaging (i.e. mechanical and thermal
drifts, chromatic aberrations and crosstalk), I demonstrated that
through relatively simple algorithms it is possible to implement a
SMLM setup to perform three-dimensional multicolour super-
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resolution imaging with nanometers accuracy. Specifically, first, to
minimize mechanical and thermal drifts, we developed an active
stabilization system to control the position of the sample, estimate the
drift and rapidly compensate for it in real time. Thanks to this feedback
system we successfully achieved stable positioning of the sample, with
a standard deviation of the position ranging from 5-7 nm for x,y-
localization and 11.5 nm for z-localization. This ensures that even
performing long time 3D single molecule experiments, such as 3D
STORM acquisitions, the resolution is not compromised due to drifts.
Then, to correct for chromatic aberrations, I developed an algorithm
that, by using a non-rigid transformation function, maps all the points
from one channel of the acquisition to the other with a registration
error of only 3.5 nm. A fine correction of chromatic aberrations is
crucial to obtain reliable results when measuring molecular distances.
Finally, to reduce crosstalk, I developed an algorithm to estimate the
crosstalk signal for every pixel of each frame of the acquisition and
correct for it. This ensures that colocalization or object-based
measurements are performed without having false positives due to
crosstalk.

In the second part of the thesis, I showed how I applied the setup to
the study of bacterial subcellular organization. In fact, despite bacteria
apparently lack any kind of subcellular organization, recent studies on
metabolic pathways suggested a compartmentalization between
enzymes of the same metabolic pathway. To be able to study
molecular compartmentalization I first validated my method by
applying it to a positive control and a negative control sample. As
positive control, bacteria were transfected with a plasmid to obtain
PAmCherry1-HisH and PAGFP-HisF, being HisF, HisH two proteins
of the histidine metabolic pathway, which have been shown to interact
through indirect methods. As negative control, bacteria were
transfected with a plasmid to obtain PAmCherry1-HisH, PAGFP-aaC,
being HisH, aaC a couple of non-interacting proteins. I developed an
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acquisition and an analysis procedure to study the mutual subcellular
organization of biological samples and get quantitative results. My
analysis procedure, after correcting for crosstalk and chromatic
aberrations, combines a local density-based co-localization index and
a nearest neighbor search to identify co-localizing pairs of molecules
and measure the distance between them. The consistency of the
results obtained from the analysis of simulations and acquisitions
demonstrated that my method enables single molecule co-localization
analysis and that it can be used to assess the degree of co-localization
between two populations. Specifically, in interacting proteins I found
both a higher co-localization index (CI, i.e. a measure of the similarity
of spatial distributions) and a higher percentage of co-localizing
proteins with respect to the non-interacting ones. However, from
multicolour PALM imaging, due to the limited resolution of the
system, [ couldn’t measure distances below 10 nm. This limit was set
by the localization errors along the xy axis and by the registration error
due to the chromatic aberrations’ correction. Moreover, the high
molecular density of fluorophores in the small bacterial volume
prevented three-dimensional imaging as the PSFs of the emitters
overlapped and they became undistinguishable. As a consequence, to
further increase the resolution of the system we decided to combine
ExM treatment of the biological sample with PALM imaging process.
By combining these techniques, I found an average co-localization
distance of 6.8 + 2.7 nm for the 2D and of 19.3 * 5.6 nm for the 3D.
The consistency between the results of PALM, 2D and 3D Ex-PALM
validate the capability of the method to quantify significant differences
of both CIs and distances between the positive and the negative
control samples. The combination of ExM protocol with PALM
allowed to consistently reduce the minimum measurable distance,
even though the expansion should be further optimized to reduce the
loss of proteins. With our method robustly validated we are now ready
to study molecular distribution of native proteins within bacteria. To
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this end we will need a bacterial strain with native HisF and HisH
proteins replaced by their fluorescent counterparts, PAmCherry1-
HisH and PAGFP-HisF respectively, to directly observe their
physiological expression levels under their native promoter.
Additionally, in order to test the hypothesis of molecular
compartmentalization, we will examine the spatial organization of
other pairs of enzymes of the histidine metabolic pathway.
Subsequently, we will also investigate the distribution of genes within
the same metabolic pathway to expand knowledge on the epigenetics
of operons. The further steps of the project will be carried out
simultaneously with the implementation of the localization algorithms
that will be refined through the introduction of clusters’ analysis using

correlation functions.

To conclude, the development of this technique will allow to
thoroughly investigate the subcellular environment of bacteria and
thus address fundamental questions of molecular biology such as the
existence of a compartmentalization within prokaryotic cells and the
epigenetics of operons.
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Chapter 6

Appendices

6.1

Dual View implementation and alignment

This section reports the procedure followed to implement and align

the dual view on our experimental setup. The main steps are:

1)

2)

Checking the alignment of the excitation beams by checking
their centering and back reflection.

Preparing a calibration sample made with fluorescent beads (as
described in section 6.4.1) and checking the fluorescence
detection alignment.

Taking a calibration slide (Thorlabs, 10 mm stage micrometer
with 50 pm divisions, R1L3S1P) and checking the brightfield
detection alignment (Figure 6.1a).

Adjusting the position and aperture of the slit to select only half
of the field of view (Figure 6.1b).

Inserting first dichroic mirror (DM4 in Figure 2.11a) and
centering the reflected image on mirror M2.

Inserting the second dichroic mirror (DMS5 in Figure 2.11a) and
overlapping reflected and transmitted images of the two

channels.

Figure 6.1: Main steps of dual view alignment. (a) Full field of view; (b) partial closure of the
slit to select only half of the field of view; (c) insertion and alignment of dichroic mirrors in
the detection path to visualize both channels; (d) insertion of filters to select only the peak
wavelength.
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7) Using mirror M2 micrometric screws to separate the images,
so that the transmitted image is detected in one half and the
reflected image in the other half (Figure 6.1c).

8) Finally, inserting the fluorescent filters in their respective
optical path (Figure 6.1d).

6.2 Astigmatism calibration

As previously discussed in section 1.3.1, three-dimensional single-
molecule imaging can be performed with different techniques. The
most common approach is to introduce a weak cylindrical lens into
the imaging path to produce a slight astigmatism in the image. As a
result, the image of a single molecule become an ellipse whose
ellipticity depends on the position of the emitter with respect to the
focal plane. If the emitter is in focus, its image appears round; if it’s
above or below the focal plane, it’s ellipsoidal. Calibrating the system,
which means finding the relation between the widths of the ellipse and
the axial position of the emitter, is necessary to localize the molecule
in the three dimensions. This section reports the astigmatism
calibration we performed for the two channels of our setup.

Astigmatism calibration is usually performed with a z-stack, that is a
series of images of the same field of view but at different depths, of
fluorescent beads whose size is smaller than the diffraction limit of the
system. Hence, for this measurement I prepared a sample with 100
nm-diameter multicolour fluorescent beads non-specifically attached
to a coverslip (as described in section 6.4.1) appropriately diluted to
achieve an approximate concentration of ten non-overlapping — and
thus resolvable — beads per field of view. By moving the piezoelectric
translator on which the objective is mounted, [ acquired a series of
images of the same field of view — one for each axial position —in steps
of 10 nm to cover a range of 2 ym. This multi-slice acquisition was
automatically performed using the custom LabVIEW program
described in section 2.3. For this measurement, the Electron
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Multiplication (EM) gain and the exposure time of the EMCCD camera
were set to 200 and 100 ms respectively, while the intensities of the
excitation lasers (488 nm and 552 nm) were set to ~34 W/cm?.

Images acquired with SMLM techniques need to be processed to find
the positions of single emitters through the fitting of the PSF. This task
is accomplished with ThunderSTORM [161], an open-source plugin for
the image analysis program ImageJ [162], [163]. ThunderSTORM was
specifically developed to process and visualize images acquired with
STORM and PALM microscopies. ThunderSTORM’s workflow is
reported in Figure 6.2. Briefly, ThunderSTORM takes as input a series
of raw images and filters them using convolution-based filters (such as
gaussian filter, wavelet filter... etc.). After that, through a user-specified
intensity threshold, it performs an approximate localization of
molecules (for example, detecting the local intensity maxima or
calculating the centroid of connected components)’. Then, it performs

Inputsequence | | .
of raw images ) ) :
List of approximate :

Filtered images molecular positions

0___ [

Image filtering and : Finding approximate : Sub-pixel localization
feature enhancement positions of molecules of molecules

List of sub-pixel
: Rendering . Post-processing molecular coordinates

Super-resolution image List of corrected sub-pixel
molecular coordinates

Figure 6.2: Main steps of ThunderSTORM data analysis workflow for an input sequence of
raw images. Image retrieved from [161].

" Selecting the right threshold value is crucial for achieving accurate results. If the
threshold is too high there will be lots of rejected molecules (false negatives), while
if it’s too low the background noise whose signal is higher than the threshold will be
mistaken for real molecules (false positives).
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a sub-pixel localization of molecules by fitting the intensity profile (the
PSF) of the previously identified molecules with a function chosen by
the operator, while the localization uncertainty is calculated using the
Thompson-Larson-Webb formula corrected by Mortensen (equation
1.4). The output of the sub-pixel localization is a list of coordinates that
can be rendered into a super-resolution image by displaying each
molecule as a two-dimensional Gaussian (in case of 2D imaging) with
an amplitude given by the maximum fluorescence intensity and a
standard deviation corresponding to their respective localization
uncertainty. Finally, ThunderSTORM provides a variety of post-
processing methods (such as lateral drift correction, removing
molecules with poor localization... etc.) that can be applied to the
results obtained from previous steps.

For astigmatism-based 3D imaging, ThunderSTORM’s PSF model is
a rotated elliptical gaussian® given by the formula:

)2 /2
PSF(x,y|6,®) = B—Ne_<2z012+zzazz> +6 (6.1)
R 2160, 6, b
with
x" = (x — 0)cos® — (y — 6,)sin® (6.2)
y' = (x—6,)sin®d + (y — Hy)coscb (6.3)

where 6, and 6, are the sub-pixel molecular coordinates, 8, and 6,
are the widths of the molecule along two perpendicular axes rotated
by the angle @ with respect to xy coordinates, 6y is the total number
of photons emitted by a single molecule and 6, is the background
offset. To analyze data acquired with 3D SMLM imaging,
ThunderSTORM requires calibration curves to find the axial position

8 ThunderSTORM’s PSF model for astigmatism-based 3D imaging is a rotated
elliptical gaussian because it considers that the camera chip might not be aligned
with the cylindrical lens.
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of single molecules. This can be done through ThunderSTORM’s
function cylindrical lens calibration that, given a z-stack of images of
sub-diffraction fluorescent beads, allows to find the ellipsoid
orientation angle @ and the system’s calibration curves (0, (2), 6, (2))
that associate each axial position with a specific ellipticity. First,
ThunderSTORM fits the images of the beads using the elliptical
Gaussian given by equation (6.1) with @ as a free parameter and, after
discarding circular PSFs that cannot be used to determine the angle,
calculates the final orientation angle as the circular mean of all
remaining measurements. Then, using the approximate positions of
single molecules and the orientation angle, the images of the beads
are fit again using the elliptical Gaussian given by equation (6.1) with
¢ fixed to obtain the widths of the molecule (6, 6,,).

ThunderSTORM'’s calibration curves are:
0,(2) = a,(z—c)* + by (6.4)
0,(2) = a,(z—c3)? + b, (6.5)
To estimate the coefficients a4, by, ¢4, a,, by, c3, first ThunderSTORM
fits 6, and 6, of each bead with the pair of polynomials of equations

6.4 and 6.5. From these fits, it determines a common focal plane for
ci1t+cy
2
beads are in the same plane. At this point, it performs another fit of all

the beads as and shifts the data along the z-axis such that all

the shifted data with the pairs of polynomials to find the final
coefficients. The “zero” axial position is given by the intersection of
the two polynomials. In Table 6.1 are reported the results of the
calibration performed using the z-stack of images of sub-diffraction
fluorescent beads described above.

(] a b c a b c
hannel .1 .1 1 .2 .2 z
Shas [rad] [pixel/nm?] [pixel] [nm] [pixel/nm?] [pixel] [nm]
Blue 3.07-1072 1.54-107° 1.25 1109 2.69-107° 1.27 — 641
Green 3.88-1073 1.32-107° 1.31 1084 2.57-107° 1.39 — 602

Table 6.1: Ellipsoid orientation angle and calibration curves’ coefficients resulting from
ThunderSTORM'’s calibration functions.
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Once the calibration curves are found, the axial position Z of each
molecule is determined by minimizing the distance between the fitted
values (6,,, 6,,) and the calibration curves (g (z), 0,(2)), thus by:

Z= argzmin <( 05, — \/m )2 + ( 05, — @)2> (6.6)

Figure 6.3 shows the calibration curves obtained with ThunderSTORM
for the two channels of our setup. It is evident that the second-degree
polynomials do not fit the data correctly, especially o;(z).
Consequently, instead of using ThunderSTORM'’s calibration curves,
we decided to use third-degree polynomials, such as

0,(z) = a; + byx + ¢, x* + dyx3 (6.7)

0,(2) = ap + byx + c,x% + dyx3

that could better match the data trend. Results of the correct
calibration are reported in Table 6.2, while data fitted with the new
calibration curves are shown in Figure 6.4.

Channel Blue Green
[pgtlel] 3.273 + 0.010 2.918 + 0.006
[pixeﬁl/nm] (—4.43 + 0.04)- 1073 (=3.72 £ 0.02) - 1073

[pixe?}nmz] (—1.9+0.8)-1077 (52 +0.3)- 1077
[pixe‘li/lnm3] (5.5+0.2)-107° (4.11+£0.08)-107°
[p;‘;ell 2.388 + 0.009 2.294 + 0.008
[pixeblz/nm] (3.40 + 0.04) - 1073 (3.15 + 0.03) - 1073
[pixei;nmz] (2.60 + 0.08) - 107° (2.99 + 0.04) - 107°
dZ -10 -9
[pixel, nm?] (3.0+1.7)-10 (—3.7+1.0)- 10

Table 6.2: Calibration curves’ coefficients resulting from third-order degree calibration
functions.
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Figure 6.3: ThunderSTORM’s calibration curves for the blue (top) and green (bottom)
channels. Points represents the widths 6,, and 6, obtained from the elliptical gaussian fit
while the lines are the calibration curves o, (z), 0, (z) reported in equations 6.4 and 6.5.
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Figure 6.4: Calibration curves we used for the blue (top) and green (bottom) channels. Points
represents the widths 6,, and 6,;, obtained from the elliptical gaussian fit while the lines are
the calibration curves g, (2), 0,(z) reported in equations 6.7 and 6.8.
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Figure 6.5: Relation between the axial position of the calibration beads in the two channels.
The dark spots represent the z coordinate in the blue (abscissa axis) and green (ordinate axis)
channels while the red line is the linear fit.

Calibration using third-degree polynomial curves enables determining
the axial position of molecules with an average deviation from the real
positions of only 25 nm (for the green channel) and 28 nm (for the blue
channel). Moreover, since due to chromatic aberration focal planes
are different for different wavelengths, we also estimated the axial shift
between the two channels. By comparing the values of the axial
positions of the beads in the two channels, we observed a linear

relation among them (as shown in Figure 6.5):

Zgreen = At Zpe b (6.9)

Therefore, by fitting the data with a linear curve we obtained the
intercept (a) and the slope (b) of the line to correct the axial shift.
Results of the linear fit are reported in Table 6.3.

Intercept (a) [nm] Slope (b) [a.u.]
98+ 13 1.013 £ 0.005

Table 6.3: Results of the linear fit used to find the axial shift between the focal planes of the
two channels.

117



6.3 Highly Inclined and Laminated Optical sheet
(HILO)

Single-molecule super-resolution microscopy relies on the precise
localization of single fluorescent emitters. Being the localization
accuracy dependent on the number of collected photons, it is of
crucial importance to minimize the background contribution. This can
be achieved by using special cameras cooled at very low temperatures
(e.g., -80°C) to minimize the thermal noise and with efficient systems
to amplify the signal for emitters (such as EMCCD cameras), and, most
importantly, by adopting illumination geometries to reduce the sample
excitation volume and, consequently, the out-of-focus fluorescence
contribution to the acquired signal. In widefield SMLM techniques
(such as STORM and PALM) there’s no intrinsic optical sectioning
provided by pinholes or focused illumination; therefore, the only way
to limit fluorescence coming from out-of-focus planes is to act on the
pattern of the excitation light, to limit the excited volume as much as
possible along the z axis. One of the most effective ways to achieve
excitation confinement is through total internal reflection (TIR)
illumination. As shown in Figure 6.6, by focusing a beam on the back
focal plane of a high-numerical aperture objective along an axis which

a i Epl
Specimen .®. HILO __ b A
Coverslip / Laser
Qil » Specimen
f Specimen
0 _plane_ B
Back | kaser Coverslip
! eam

focal +--
plane | » i X  n

TIRE fHu_o HEpi TIRY

=ll<o

@ Objective

Fluorescence image

Figure 6.6: HILO microscopy. (a) Comparison between epifluorescence (Epi), TIR and HILO
illumination; (b) Example of a sample illuminated with a thin sheet of laser beam. For
geometrical optics approximation, the thickness of the light sheet dz along the z direction is
roughly dz = R /tanf , where R is the diameter of the illuminated area at the specimen
plane and 6 the incident angle at the specimen. Image retrieved from [165].
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Figure 6.7: Beam paths of HILO microscopy before (a) and after (b) a z-directional shift of
the objective. A beam parallel to the central axis of the objective (red line) passes through the
center of the specimen plane [ed, the focal plane]. A beam focused at the back focal plane
(blue line) becomes parallel at the specimen plane. In HILO, the illumination beam always
passes through the center of the specimen plane, which means the illumination beam follows
the z-directional shift of the specimen plane. Image and caption retrieved from [165].

is parallel to the optical axis, but shifted sideways from the center by
a distance x, the beam comes out of the objective collimated and
inclined by an angle 6. If this angle is higher than the critical angle,
total internal reflection occurs at the interface between glass (the
coverslip) and water (the sample). Light no longer passes through the
second medium, but it’s back reflected and it creates an evanescent
electromagnetic field that penetrates into the less refractive material
(in this case the sample). Since this electromagnetic field decays
exponentially within ~100 nm from the interface, this practically
greatly limits the excitation volume to the section of the sample in
immediate contact with the coverslip surface [164]. Therefore,
application of TIR microscopy is limited to surfaces, thus limiting its
application to cell surface or in vitro experiments. This limitation can
be overcome by using the highly inclined and laminated optical sheet
(HILO) method, in which, the excitation is performed with a thin highly
inclined Gaussian beam. The reduced thickness and the inclination of
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the optical sheet limit the excitation volume to a “slice” of sample, thus
allowing for largely reduced background fluorescence and much
higher contrast compared to epifluorescence illumination, while
retaining the ability to image in depth along the z axis. Moreover, as
shown in Figure 6.7, since the illumination beam always passes through
the center of the specimen plane, HILO can be used to perform
scanning volumetric imaging. In conclusion, HILO is a good
compromise between epifluorescence and TIR because it allows
volumetric imaging, but with an increased signal/noise ratio of about
eightfold greater than that of epi-illumination [165]. Recent work from
our group has demonstrated that an inclined beam with subcellular
thickness of few microns can be obtained by specific beam shaping
[159] which is crucial to achieve super-resolution in thick samples,
such as expanded samples (“Single objective light sheet allows
volumetric super-resolution imaging of efflux pumps distribution in
bacterial biofilms” Vignolini T., Capitanio M., Caldini C., Gardini L. and
Pavone F. S., 2024, under revision).

6.4 Biological protocols

This section reports all the biological protocols used to calibrate the
optical system and prepare bacterial samples.

6.4.1 Calibration slide with multicolour fluorescent beads
Materials:

e 26x76 mm? microscope slide

e 24x40 mm? coverslip

e Double-sided tape (thickness ~ 100 ym)

e TetraSpeck™ microspheres (ThermoFisher, T7279, 0.1 pm,
blue/green/orange/dark red)

e Phosphate-buffered saline (PBS) 1x
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Figure 6.8: Two-channel chamber composed of a rectangular coverslip attached on a
microscope slide through thin strips of double-sided tape, which also delimit the channels.
Each channel has a volume of 20 pl. Solutions are fluxed into the channels by gently pipetting
through one of the open ends.

Methods:

1) Prepare a two-channel chamber as shown in Figure 6.8. Usually
only one channel is required for each solution, but with two it’s
possible to repeat the measurement under different conditions
using the same chamber.

2) Dilute microspheres 1:1000 in PBS, put 20 pl of the dilution in
one channel and wait 15 minutes.

3) Wash with 40 pl of PBS.

Once prepared, this sample can be used for several hours. To use it
for an extended period, such as several days, it is essential to seal with
silicone grease to prevent drying.

6.4.2 Sample preparation protocol for simultaneous
multicolour PALM imaging

Materials:

e E. Coli bacteria glycerol stock

e Culture medium: M9 minimal medium with added glucose
(0.4%), histidine (25 pg/ml), IPTG (50 pg/ml) and kanamycin
(50 pg/ml)

o 4% Paraformaldehyde (PFA)

o 2% Agarose

e Phosphate-buffered saline (PBS) 1x

e 26x76 mm? microscope slides

e 24x24 mm? coverslip

e Scotch tape (thickness ~ 100 pm)
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Methods:

1) Grow bacteria in 3 ml of culture medium for around 31 hours
at 37°C and 215 rpm.

2) Collect cells via centrifugation at 10000g for 2 minutes and
resuspend the pellet in 1 ml of PBS.

3) Wash once with PBS via repeated -centrifugation and
resuspension, then incubate in PFA 4% for 10 minutes.

( ) 1. Take a microscope slide and use thin strips
1 / / of scotch tape (about 300 um) to create a
- / square region of around 24x24 mm?.
( ) 2. Drop 200 pl of liquid 2% agarose in the
2 / / center of the square. If the agarose is
~ - prepared with microwave, wait 5-10 s before
( h the next step. If the agarose temperature is
3 too high when it’s covered, it will come out of
Z 2z the region and the pad won’t form properly.
b < 3. Cover with another microscope slide and
4 a

hold it down until the agarose solidifies. Be

careful not to create bubbles during the
4 ) .
/ / covering because they can create issues
during the imaging process.
4. Carefully remove the upper microscope

5 / / s

5. Carefully remove the thin strips of scotch
\ / tape.

Y4
VAN

6. Take 20 pl of bacteria suspended in PBS

6 and drop it on the surface of the solidified
\ ~/ agarose pad.
e ™
7. Wait until it dries and the bacteria are
7 completely embedded with the pad (~30
- ~ minutes).
a I
8. Cover with a 24x24 mm?2 coverslip. If the
8 agarose is too dry, put few pl of PBS to ease
the attachment of the coverslip.
o 4

Figure 6.9: Step by step instructions of the assembly protocol of an agarose pad with
embedded bacteria.
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4) Remove the fixative, wash once with PBS and then resuspend

in 1 ml of PBS.

5) Prepare the agarose pad, drop 20 pl of bacteria and wait for it

to dry (around ~30 minutes) as shown in Figure 6.9.

Once the sample is ready it can be used for 2-3 hours before

degrading.

6.4.3 Expansion microscopy of E. Coli bacteria

Materials:

E. Coli bacteria glycerol stock

Culture medium: M9 minimal medium with added glucose
(0.4%), histidine (25 pg/ml), IPTG (50 pg/ml) and kanamycin
(50 pg/ml)

4% Paraformaldehyde (PFA)

Phosphate-buffered saline (PBS) 1x

PBSTx: 0.3% (w/v) Triton X-100 in PBS

50% Methanol in PBSTx

TAE buffer: 40 mM Tris base, 20 mM Acetic acid and 1 mM
Ethylenediaminetetraacetic acid (EDTA) in MilliQ H,O
Methacrylic Acid N-HydroxySuccinimide ester (MA-NHS)
stock solution: 1 M MA-NHS in dimethyl sulfoxide (DMSO)
Phosphate buffer: 50 mM potassium phosphate in MilliQ H,O.
Adjust pH to 4.9. This solution should be made fresh before
use.

Mutanolysin stock solution: mutanolysin 10000 u/ml in MilliQ
H,O.

Monomer solution: 2 M NaCl, 2.5% (w/w) acrylamide, 0.15%
(w/w) bisacrylamide, 8.625 % (w/w) sodium acrylate in PBS.
Gelation solution: 0.01% (v/v) 4-hydroxy-TEMPOQO, 0.2% (w/V)
ammonium  persulfate  (APS), and 02% (v/V)
tetramethylethylenediamine (TEMED) in monomer solution.
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This solution should be made fresh in ice just before the
gelation step. APS should be added at last.

Digestion buffer: 0.5% Triton X-100, 0.8 M guanidine HCI and
8 units/ml Proteinase K (ProK) in TAE buffer. Digestion buffer
without ProK can be stored at -20°C for some months. ProK
should be added just before use.

0.1% Poly-L-lysine solution

13-mm diameter coverslips

18-mm diameter coverslips

100-mm petri dishes

6-well plate

Methods:

124

1)

Grow bacteria in 5 ml of culture medium for about 31 hours at
37°C and 215 rpm.

Collect cells via centrifugation at 10000g for 2 minutes and
resuspend the pellet in 1 ml of PBS.

Wash once with PBS via repeated centrifugation and
resuspension, then incubate in PFA 4% for 10 minutes.
Replace the fixative with PBS and measure the optical density
at 600 nm (ODego). It should be within 1.8-2.1.

Remove PBS and resuspend in 1 ml of PBSTx by gentle
pipetting. Incubate cells for 30 minutes at room temperature
on a nutator to permeabilize the membrane.

Centrifuge at 2000g for 5 minutes and resuspend in 1 ml of 50%
methanol in PBSTx and agitate for 10 minutes. Do not
centrifugate at relative centrifuge force (rcf) higher than 2000g
because, due to the permeabilization, bacteria are more fragile
than before and using a higher rcf could break them. For this
reason, all the next centrifuges are at 2000g.

Remove the solution and incubate in PBSTx for 10 minutes
with agitation.



8) Remove PBSTx and digest cell walls by incubating in 1 ml of
phosphate buffer containing 320 unit/ml mutanolysin on a
rotor overnight at 37 °C.

9) Wash in PBS three times and then incubate in 1 ml of 2 mM
MA-NHS in PBS for 1 hour at room temperature to attach
chemical anchors to proteins.

10) Wash in PBS three times, then replace PBS with 78 pl gelation
solution® and incubate for 1 minute at 4 °C. Each sample
(bacteria pellet diluted in the gelation solution) can yield three
gels. Since gels are fragile and could easily break or get ruined
in the further steps for several different reasons it is better to
have some spare ones.

11) To ensure successful gelation, it is essential to use a humid
gelation chamber otherwise the gel will dry. To assemble it,
take a 6-well plate and place a humid piece of paper in each
well!®. Then, position a 18-mm diameter coverslip at the center
of each well, drop 26 pl of bacterial suspension in its center (as
shown in Figure 6.10) and cover it with 13-mm diameter
coverslip!!. Repeat the same steps for each well and then
incubate the 6-well plate for 2 hours at 37 °C. During gelation,
cells should mostly settle downwards, near the surface in
contact with the 18-mm diameter coverslip.

12) Carefully remove the upper coverslip from the gel and the
humid paper from each well. After repositioning the gel in its

® Be careful to remove all the PBS before resuspending the pellet with the gelation
solution. If some PBS is left, the gel won’t form properly and it will break in next
steps or it will expand non-isotropically.

19 The gelation chamber must be humid for the gel to form without drying. However,
if the chamber is too humid, the gel won’t be completely formed in 2 hours, but it
will take longer. If the gel is not properly formed, it will expand non-isotropically and
bacteria will break during the expansion process.

11t is advisable to drop the bacterial suspension in the centre of the 18-mm diameter
coverslip to prevent it from going out of the edges during the covering with the 13-
mm diameter coverslip. If some of the suspension goes out, the final gel will be
thinner and will break during next steps.
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Figure 6.10: Assembling of the gelation chamber. Each well contains a piece of humid paper
surrounded by an 18-mm diameter coverslip with 26 pl of bacterial suspension. To finalize
the chamber, put a 13-mm diameter coverslip on the top.
well, add 2.5 ml of digestion buffer with proteinase K, seal the
multi-well with parafilm to prevent evaporation and incubate
for 3 hours at 37 °C. During digestion the gel should expand by
a factor of around 1.5. For this reason, it is advisable to use a
6-well plate instead of a 12-well plate, as the gel could become
too large for the latter after digestion.
13) Transfer the gel in a 100-mm petri dish using the lower
coverslip, a needle and tweezers to facilitate the movement.
Once the gel is in position, fill the dish with MilliQ H,O and
allow the gel to expand at room temperature for 45 minutes,
changing the water every 15 minutes. Alternatively, expansion
can be performed overnight at 4 °C.
14)For sample mounting, coat the coverslip of the imaging
chamber (Figure 6.11) with 0.1% poly-L-lysine for 5 minutes.
15) Remove the expansion water from the gel and cut it in small
pieces to be imaged. Finally, take a piece of gel and gently
place it into the imaging chamber with some expansion water
to prevent drying of the gel.
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Figure 6.11: Schematic view of the imaging chamber used for Expansion-PALM acquisitions.

Once prepared, the sample in the imaging chamber can be used for

several hours.

6.5

Imaging protocols

This section includes imaging protocols used for calibration

measurements and acquisitions with biological samples.

6.5.1

Calibration scan of the field of view with fluorescent

beads and piezoelectric stage to correct for chromatic
aberrations

The calibration scan of the field of view is performed as it follows:

1)

2)

The EM gain and the exposure time of the EMCCD camera are
set respectively to 200 and 100 ms.

The scanning parameters are set to 63 (grid columns), 27 (grid
rows), 600 nm (step size). With these parameters we scan
almost the whole field of view in around 5 minutes. Other
scanning parameters are reported in Table 6.4 along with the
acquisition time. It must be noted that, acquisition time
depends not only by the number of frames and the exposure
time, but also from the scanning procedure. It takes around 80
ms to turn off the camera, move the stage in another position
and then turn the camera back on.

The 552 laser is turned on at 0.8 mW (~34 W/cm? out of the
objective) and the sample is explored to find a region with one
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or few isolated beads. The algorithm we developed to find the
transformation function can identify the reference bead and
discard the others if farer than 100 nm. However, if there are
many beads it could happen that they occupy the same position
at different timings and, when the image of the grid is
reconstructed, their localizations are closer than 100 nm. This
could lead the algorithm to select the wrong localization
consequently compromising the accuracy of the

transformation function.

Once the region of interest is selected, the 488 is turned on at
the same power of 552 and the acquisition starts. We have
developed an automated LabVIEW program that for each
frame record the image, turn off the camera, move the stage in
the next position, turn the camera back on. Once all the frames
have been recorded, the camera is stopped and the lasers are

turned off.
PSS coumns  Rows [P Namberof  Acauiion
100 380 160 1 60800 182.3
200 190 80 1 15200 45.6
300 127 53 1 6731 20.2
400 95 40 1 3800 11.4
500 76 32 1 2432 7.3
600 63 27 1 1701 5.1
700 54 23 1 1242 3.7
800 48 20 1 960 2.9
900 42 18 1 756 2.3
1000 38 16 1 608 18

Table 6.4: Scanning parameters for different scanning step sizes covering a field of view of
around 38 x 16 ym?.
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6.5.2

Simultaneous multicolour PALM imaging of E. Coli

bacteria

Simultaneous multicolour acquisition was performed as it follows:

1)

2)

The EM gain and the exposure time of the EMCCD camera are
set respectively to 4 and 80 ms.

The halogen lamp is turned on to select the region of interest
(ROI) of the sample. It’s suggested to avoid having bacteria
near the edges of the field of view because chromatic
aberrations correction won’t work over there and thus those
localizations will be excluded during post-processing.

Once the ROI has been selected, the halogen lamp is turned
off, the gain of the EMCCD camera is set to 400 and the
illumination configuration of the lasers is set to HILO to
maximize the signal to noise ratio.

The 488-nm laser is turned on at 3.56 mW (corresponding to
~200 W/cm? out of the objective), PAGFP is activated and
around 10-20 frames are acquired. These initial frames of
PAGFP acquisition will be used to assess and correct crosstalk.
This approach is chosen as the initial frames tend to be densely
populated, making it challenging to localize single molecules
accurately. By adopting this strategy, we avoid losing any
valuable localizations of PAGFP and discard only those that
would likely be excluded anyway due to their densely
populated nature.

405-nm and 552-nm lasers are turned on at 80 nW and 9 mW
respectively (corresponding to ~5 mW/cm? and ~500 W/cm?
out of the objective)) PAmCherryl is activated and the
simultaneous multicolour imaging starts. Each acquisition lasts
about 2000 frames (including the first 20 frames with only
PAGFP activated) as, by that point, PAGFP is fully
photobleached and further localizations cannot be recorded.
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6.5.3 Expansion-PALM microscopy of E. Coli bacteria

Expansion-PALM multicolour acquisition was performed as it follows:
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1)

2)

The EM gain and the exposure time of the EMCCD camera are
set respectively to 400 and 80 ms.

The slit in the excitation path placed after the circular iris
(shown in Figure 2.11) is partially closed to select only a fraction
of the field of view (about 10 x 20 ym?). In fact, it has been
demonstrated by Gardini et al. [159] that when using HILO
illumination, reducing the thickness of the excitation beam,
leads to an increase the resolution of the image. This is possible
because by reducing the thickness of the beam, a thinner slice
of the sample is excited, the background signal produced by
the out-of-focus light decreases and thus the overall signal to
noise ratio increases.

Since expanded bacteria are transparent and cannot be seen
with brightfield, to find the plane where bacteria are placed all
the lasers are turned on simultaneously at the same laser
powers used for non-expanded bacteria (section 6.5.2).

Once the plane has been identified, the field of view is changed
and the acquisition starts. Each acquisition lasts about 1000
frames. Expansion chemical treatment reduces the number of
fluorescent proteins as well as their intensity. As a
consequence, Ex-PALM acquisitions last less compared to
PALM acquisitions and are not affected by crosstalk.
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