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ABSTRACT

Structured illumination microscopy (SIM) is one of the most common means of achieving
a spatial resolution beyond the diffraction limit in fluorescence microscopy. The super-
resolution SIM doubles the spatial resolution of optical microscopy, which is sufficient to
visualize cellular organelles and their substructures at ~100nm. Current commercially
available SR-SIM microscopes are often unaffordable to many biological laboratories
and are relatively bulky systems covering more than one optical table. The high demand
for inexpensive compact SR-SIM microscopes leads to the development of the custom-
built systems using alternative ways of generating the striped illumination pattern
essential for the SIM reconstruction, e.g., using a digital micromirror device (DMD),
a ferroelectric liquid-crystal-on-silicon (FLCOS) microdisplay, or fiber optics. This
thesis details development of a novel custom-built structured illumination microscopy
system based on all-fiber optic components (fiberSIM). The proposed SIM system
provides promising super-resolution results confirming the concept and indicates that
fiberSIM could become the basis of a versatile “Plug&Play” illumination module with
the capability of turning any conventional microscope into the SR-SIM microscope.
Furthermore, five freely available SIM datasets with complete documentation are
introduced. This SIM data provides a benchmark essential for the further development
of reconstruction algorithms or analysis tools in SR-SIM microscopy. The final step
in the development of a custom-built SR microscope is the quantitative evaluation of
the resolution gain. In this thesis, a recently developed resolution estimation technique
based on circular average power spectral density (PSD.,) analysis is introduced. The
proposed method allows to determine the resolution limit from a single image, which
is suitable for the analysis of video sequences of a living cell. Furthermore, the most
common conventional resolution assessment techniques that are able to measure the
actual resolution limits of a microscope are discussed. The combination of a compact
low-cost SIM illumination unit with open-source reconstruction and analysis algorithms
makes SR-SIM available to any biological laboratory.

Keywords: super-resolution (SR), structured illumination microscopy (SIM), live cell
imaging, fiber optics, resolution, estimation, power spectral density (PSD), Fourier
transform.






ABSTRAKT

Mikroskopie se strukturnim osvétlenim (structured illumination microscopy — SIM)
je jednim z nejpouzivanéjsich zpusobu ve fluorescen¢ni mikroskopii, jak dosdhnout
prostorového rozliseni za hranici difrak¢niho limitu. SIM, jako metoda schopnd tzv.
superrozliSen{ (super-resolution — SR), zdvojnasobuje prostorové rozliSeni optického
mikroskopu, coz je dostatecné pro vizualizaci bunéénych organel a jejich substruktur o
velikosti ~100 nm. Soucasné komercné dostupné SR-SIM mikroskopy jsou casto finanéné
nedostupné pro mnoho biologickych laboratori a jsou relativné objemnymi systémy
pokryvajicimi vice nez jeden opticky stil. Vysokd poptavka po levnych kompaktnich
SR-SIM mikroskopech vede k vyvoji novych systému, vyuzivajicich alternativni zptsoby
generovani pruhovaného vzoru osvétleni nezbytného pro SIM rekonstrukei, napt. pomoci
digitdlniho mikrozrcadlového zafizen{ (digital micromirror device — DMD), feroelektrick-
ého mikrodispleje z tekutych krystala (ferroelectric liquid crystal on silicon — FLCOS)
nebo vlaknové optiky. Tato prace podrobné popisuje vyvoj nového SIM zafizeni vyuzi-
vajici komponenty vldknové optiky (fiberSIM). Navrhovany SIM systém poskytuje slibné
vysledky v oblasti super-resolution mikroskopie potvrzujici tento koncept a ukazuje,
ze fiberSIM by se mohl stat zdkladem pro univerzadlniho “Plug&Play” modulu schopny
promeénit jakykoli konvencéni mikroskop v SR-SIM zafizeni. Prace dale predstavuje pét
volné dostupnych SIM datovych sad s kompletni dokumentaci. Tato SIM data poskytuji
referenci nezbytnou pro dalsi vyvoj rekonstrukénich algoritmt nebo nastroji pro analyzu
v SR-SIM mikroskopii. Poslednim krokem ve vyvoji SR mikroskopu je kvantitativni
vyhodnoceni zlepSeni rozliseni. V této praci je predstavena nedavno vyvinuta technika
odhadu rozliSeni zalozena na analyze kruhové primeérované spektralni vykonové hus-
toty (circular average power spectral density — PSD,). Navrzend metoda umoziuje
urc¢it limit rozliseni z jednoho snimku, coz je vhodné pro analyzu videosekvenci zivych
bunék. Prace dale pojednéva nejpouzivanéjsi konvencni techniky hodnoceni rozliseni,
které jsou schopny mérit skuteéné meze rozliseni mikroskopu. Kombinace kompaktni
nizkonakladové osvétlovaci jednotky pro SIM s open-source algoritmy pro rekonstrukci
a analyzu zpristupniuje SR-SIM mnoha biologickym laboratoiim.

Kli¢ova slova: super-resolution (SR), mikroskopie se strukturnim osvétlenim (SIM),
zobrazovani zivych bunék, vlaknova optika, rozliseni, odhad, spektralni vykonova hustota
(PSD), Fourierova transformace.
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INTRODUCTION

Deep understanding of all processes of the world around us was always one of the biggest
priorities of mankind. Next to the other senses, vision allows us to observe, describe, or
learn how the world works. However, we have reached the limit of this unique sense
quite soon and instruments allowing us to see objects unobservable with the naked eye
(both macro- and microscopic) take an essential role in many scientific fields. From
there, observations such as galaxies far from Earth, nanostructures of the human body,
or individual molecules led to a better understanding of many important processes
and improved the quality of our lives. Although astronomical telescopes or optical
microscopes can dramatically extend the vision of the naked eye, there are many factors
setting the limits of an individual instrument. The diffraction limited optics of the
optical system and aberrations due to the propagation of light through the atmosphere
(in astronomy), or a tissue (in microscopy) are two main limiting factors decreasing the
quality of the final observation. In the last decades, a rapid development in electronics,
such as the increasing of the computation power together with the improvement of
digital imaging sensors and micro-electromechanical systems (MEMS) opened many
possibilities to build complex systems able to overcome the physical limits of the optical
instruments.

This work covers part of the field of light microscopy applied in live cell biology.
Noninvasive investigation of live cell structures is an essential part of all life science
studies. For decades, light microscopy is widely used in this field. Next to brightfield
microscopy or phase contrast microscopy, fluorescence microscopy allows the examination
of live cells by marking individual molecules with fluorescence dyes. This microscopy
technique allows us to observe the dynamics of the individual molecules in real time
in the noninvasive natural environment of the cell. Despite this benefit, the resolving
capability of modern light microscopes is about 200-300 nm in lateral dimension' > due
to diffraction of light. However, attributes of the fluorescence microscopy allow the
development of a powerful microscope techniques called super-resolution (SR) microscopy.
Many novel SR methods able to extend the resolution of an optical microscope beyond
the diffraction limit have been developed in the last few decades. SR techniques can
be divided into 4 main strategies including single molecule localization microscopy
(SMLM)* 7, super-resolution optical fluctuation imaging (SOFI)*?, stimulated emission
depletion (STED) microscopy'’:!!, and structured illumination microscopy (SIM)!?1°.
Selected fluorescence and SR, techniques are discussed in the chapters 1.2: Fluorescence
Microscopy Techniques and 2.1: Super-resolution Microscopy. Super-resolution imaging
nanostructures of a cell typically requires long image sequences (up to ~10,000 frames),
which leads to the high demand on the stability of the whole system over relatively
long time. To achieve the best possible quality of the SR reconstruction, modern
instruments typically include high-quality optics in combination with precise opto-
mechanical components fulfilling the high stability requirements. This often results in
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Figure 1: Scale of Nature. Upper scale shows representatives of the known
world from the electrons (radius ~0.001 fm) to the large galaxies (e.g., Milky
Way with size of 52,850 light years.). Group of objects observable with a
naked eye and microscopes is zoomed in the lower scale.

rather large, complex, and expensive optical systems covering one or more optical tables.
High demand for super-resolution microscopes, therefore, leads to the development of
compact, low-cost, and often custom-built SR devices that allow every laboratory to
examine live cells with the resolution below the diffraction limit.

The final resolution enhancement can be theoretically defined for each SR tech-
nique'!*16, However, every complex reconstruction method has the limitations which
do not allow reaching the theoretical resolution gain. In order to compare the efficiency
of different methods, the resolution assessment in reconstructed images is the essential
part of SR imaging. For this purpose several resolution evaluation techniques are mostly
used including full width at half maximum (FWHM) and modulation transfer function
(MTF) estimation, Fourier ring correlation (FRC)'"!®  or Fourier shell correlation
(FSC)'. Furthermore, there are several ImageJ® plugins combining some of the esti-
mation techniques such as NanoJ: A high-performance open-source super-resolution
microscopy toolbox including super-resolution quantitative image rating and reporting
of error locations (SQUIRREL) tool””:?!. Recently, Descloux et al. presented innovative
estimation method based on decorrelation analysis®?.

2Image Processing and Analysis in Java, https://imagej.nih.gov/ij/
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AIMS OF THE DOCTORAL THESIS

Commercially available super-resolution structured illumination microscopy systems
are often unaffordable for many biological laboratories investigating live cells. These
SR-SIM microscopes are usually rather bulky systems covering more than one optical
table. Based on this observation, the aims of the doctoral thesis can be divided into
three steps:

1. To provide freely available SIM datasets as a ground truth for further SIM software
development, e.g., SIM reconstruction and image quality analysis.

2. To develop a low-cost and compact SIM microscope allowing every lab to examine
live cells with the resolution bellow the diffraction limit.

3. To provide a robust resolution assessment tool able to estimate resolution in one
microscopy image, e.g., single frame of live cell video sequences.

STRUCTURE OF THE DOCTORAL THESIS

The thesis is organized in 4 chapters covering the necessary steps towards the aims with
conclusions and future outlook. State of the art followed by the author’s contribution to
the field is included in both Chapter 2 and Chapter 3). The publications of the author
are referred as “A-number” in the main text and are listed in the section Publications
of the Author Relevant to the Thesis in the end of this work. The following paragraphs
briefly introduce individual chapters:

1. Light Microscopy: Chapter introduces the fundamentals of light microscopy,
especially fluorescence microscopy, and briefly discusses modern fluorescence
techniques on the basic level. Presented microscopy techniques lay the groundwork
for all super-resolution approaches discussed in the following chapters.

2. Super-resolution Microscopy: Chapter presents the overview of the most common
super-resolution fluorescence microscopy techniques including single molecule
localization microscopy (SMLM), super-resolution optical fluctuation imaging
(SOFI), stimulated emission depletion microscopy (STED) and super-resolution
structured illumination microscopy (SR-SIM). The chapter focuses on the detailed
explanation of the structured illumination microscopy (SIM) technique and the
recent development on a low-cost and compact approach in SIM. This development
took place in close collaboration with the Biomolecular Photonics group, Bielefeld
University, Germany, with the participation of the author of this thesis. Detailed
description of the compact SIM system (fiberSIM) is major part of this chapter.
Furthermore, five freely available SIM datasets created in close collaboration with
UCCS Center for the Biofrontiers Institute, University of Colorado at Colorado
Springs, USA, are presented.
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3. Assessing Resolution in Microscopy: The most common resolution assessment
techniques and their current development are presented. The first section provides
a brief overview of the resolution limits in fluorescence microscopy. The state of
the art in the field of assessing resolution includes common techniques such as
full width at half maximum (FWHM), modulation transfer function (MTF), and
Fourier ring correlation (FRC). Furthermore, an assessing resolution technique
based on the power spectral density (PSD) analysis is presented.

4. Conclusions: The last chapter summarizes the results, relates them to the objec-
tives set in the introduction, and briefly discusses the outlook for future research.



LIGHT MICROSCOPY

This chapter introduces the fundamentals of light microscopy, especially fluorescence
microscopy, essential to address the aims of the thesis. Furthermore, modern fluorescence
techniques are introduced that lay the groundwork for all super-resolution microscopy
approaches discussed in the following chapter.

CONTENTS
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m FUNDAMENTALS OF LIGHT MICROSCOPY

The resolution of a standard light microscope is restricted by the Abbe diffraction
limit?*. Modern optical microscopes can achieve the maximum resolving capability at
~200nm"3. This resolution barrier could be overcome with an electron microscope, due
to the much smaller wavelength of an electron (typically a few picometers)?* compared
to the photons (in the range of ~380-700 nm for visible light). This allows one to
investigate nanostructures with details of the size below nanometers. However, the
minimal needed electron dose to obtain required contrast is often higher than the lethal
dose known to cause live cell death?®. Despite recent research on live cell electron
microscopy?° 27, the light microscopy, particularly fluorescence microscopy, is still the
most common choice for researchers in molecular and live cell biology.

1.1.1 FLUORESCENCE MICROSCOPY

Fluorescence microscopy is a powerful tool which provides a possibility to examine
individual fluorescent molecules. In standard light microscopy, light passes through a
sample and the observed image depends on the specimen properties of light absorption,
optical path differences, phase gradient, and refraction. In contrast to that, fluorescence
microscopy allows the visualization of single molecules that fluoresce after excitation
with light. The investigation of intracellular location, movements of macromolecules,
and molecular mechanisms of large macromolecules is possible using this technique.?

This kind of microscopy is based on tagging the molecule with fluorescent dyes to
make it visible after external excitation by laser light. Great progress in the field of
biochemistry and microscopy led to the Nobel Prize in Chemistry in 2014?% awarded
for the development of super-resolved fluorescence microscopy. Different types of
fluorescent probes, labeling methods, light excitation methods, instrumentation, and
imaging techniques make the evolution of super-resolution techniques possible. The
excitation of the stained sample with a specific illumination pattern gives the basis for
structured illumination microscopy imaging.

Fluorescence is the emission of photons by molecules whose electrons are stimulated
to a higher excitation state by an external excitation laser. Once the fluorescent
molecule absorbs an excitation photon of the wavelength A, the absorbed photon
interacts with an electron, which is then excited to a higher energy state, the excited
singlet state. The collapse of the excited electron to its initial ground state is almost
immediate. Within this energy collapse, the molecule releases the absorbed energy
as a fluorescent photon with the wavelength A;. There is some energy loss in the
process, which leads to the lower oscillation and longer wavelength of the emitted
fluorescent photon than the absorbed photon. These energy losses are typically referred
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Figure 1.1: Jablonski diagram showing energy levels occupied by an excited
electron within a fluorescent molecule (A) and an example of the spectrum
diagram (B). Fluorescent dye absorbs excitation photons (Aez = 488 nm)
with the energy of F., = hve,, where h is the Planck constant and v =
¢/ represents the photon frequency, where c is the speed of light. This
absorption excites electrons from the ground state to the excited state
(blue arrows). Excited electrons then collapse back to the ground state on
one of three following pathways. Fluorescence, where photons with lower
energy Er = hvy (higher wavelength A¢) are emitted (green arrow); internal
conversion, where no photons are emitted (black wavy arrows); or an electron
can enter the triplet state, which can make the molecule chemically reactive
(black dashed arrow). Electrons in triplet state can return to the ground
state through internal conversion or by photon emission of phosphorescence.
All black wavy arrows represent internal conversion where no photons are
emitted. Energy losses in this process (mostly transformed into heat) are
demonstrated in the graph (B) by decreasing the relative intensity of the
emission spectra. The difference between the absorption and emission
maxima is called Stokes shift.

to as vibronic states (internal conversion). The absorption and emission events occur
almost simultaneously and the whole fluorescence process typically has a duration of
picoseconds to nanoseconds. Therefore, fluorescence stops when there is no exciting
incident light. However, there are molecules in which the electron can enter the triplet
state. Then, the period between absorption and emission (at wavelength A,p) lasts
fractions of seconds to minutes. This emission process is called phosphorescence. The
molecules with electrons in this triplet state are chemically reactive®. Both situations
are illustrated in Figure 1.1.
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m FLUORESCENCE MICROSCOPY TECHNIQUES

In this section, the fundamentals of the most common fluorescence microscopy techniques
are described. These techniques include conventional widefield microscopy (hereinafter
Widefield), total internal reflection fluorescence (TIRF) microscopy, confocal microscopy,
and light sheet microscopy.

1.2.1 WIDEFIELD MICROSCOPE

A conventional widefield microscope represents the base for fluorescence microscopy. Any
other fluorescence microscopy technique is technically a modification of this fundamental
setup. In contrast to a bright-field microscope, which illuminates the sample from the
bottom with white light and observes the sample from the top, a fluorescence microscope
illuminates the sample typically with a single color light through an objective lens from
the bottom and observes it with the same objective lens from the same direction (see

Figure 1.2).

Widefield illumination is generated by focusing the excitation laser beam to the
center of the pupil plane of the objective lens. The collimated beam then illuminates the
full range of the field of view (FOV). However, the illumination has typically a Gaussian
profile over the FOVresulting in lower excitation of the fluorophores further from the
center of the FOV, thus lower fluorescence intensity at the edge of the FOV. This effect
known as “vignetting” is not that problematic in the investigation of a single cell in the
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Figure 1.2: Schematics of the conventional fluorescence microscope setup.
Widefield illumination of the sample is achieved by focusing the excitation
laser beam to the center of the pupil plane of the objective lens. Fluorescence
light is collected by the objective lens, transmitted through a dichroic mirror
and focused on the camera chip by a tube lens.P
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center of the FOV. However, it can bring a lot of difficulties in further postprocessing
of large sample imaging, where the region of interest (ROI) (larger than FOV of an
objective lens) is subdivided into multiple images. These images are then combined via
stitching to a larger FOV. Vignetting then causes inequalities in the final large image
and the stitching grid can be clearly distinctive. Furthermore, the illumination of the
whole sample does not allow a proper tissue sectioning in the axial dimension. Despite
focusing the objective lens in a single axial plane, the bright fluorescence signals from
the outside of the focal plane (out-of-focus fluorescence) increase the intensity of the
background, thus dramatically reduce the final contrast of the image.

1.2.2 ToTtAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPE

Total internal reflection fluorescence TIRF microscopy extends widefield technique by
optical sectioning and dramatic reduction of the out-of-focus fluorescence contribution
in two-dimensional microscopy imaging. The key for the TIRF illumination is a shift of
the focus point at the pupil plane of an objective lens from the center in the lateral
dimension (see Fig. 1.4). This results in the change of the incidence angle of the
illumination beam on the sample coverslip. If the incident angle 6 of the excitation
beam on the coverslip is larger than the critical angle, the light beam undergoes total
internal reflection (TIR) and does not propagate deep into the sample. The critical
angle, 6., is given by Snell’s law?’

9, = sin~ (”1) , (1.1)

UP)

A EPIFLUORESCENCE B TIRF
! EVANESCENT !
| FIELD |
¢ i
Ny !
n2 4 ,"!
/" l

| : .
| =
| !

Figure 1.3: Total internal reflection fluorescence TIRF principle. (A) Epiflu-
orescence typical for Widefield microscopes excites all fluorophores in the
sample, which results in bright out-of-focus fluorescence, thus low-contrast
images of an examined sample. (B) Illustration of the TIRF illumination.
If the incidence angle 6 of the excitation beam is larger than the critical
angle 6., a thin field close to the coverslip is illuminated and most of the
light is reflected back to the objective lens. The critical angle 6. is defined
by Snell’s law (Eq. 1.1) and depends on the refractive indices of the sample
and the coverslip/immersion oil, respectively.
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where ny and ng are the refractive indices of the sample and the coverslip/immersion
oil, respectively. To achieve TIR, the refractive index of the sample must be less than
the refractive index of the coverslip. The thin layer close to the coverslip exciting
the fluorophores in the sample is called the evanescent field. The thickness of this
field is typically less then 0.2 um"3". This results to very thin optical sectioning and
effective out-of-focus fluorescence elimination. Furthermore, significant signal-to-noise
ratio (SNR) improvement can be achieved by using TIRF microscopy. The higher the
numerical aperture (NA) of the objective lens, the lower gets the possible penetration
depth of the evanescent field. From Figure 1.3 is, however, obvious that deep penetration
into the sample is not possible and TIRF is limited to the 2D imaging of thin samples
stuck on the cover glass, i.e., cell samples.

The TIRF microscope setup is very similar to the widefield microscope. The main
difference is in the illumination path, where the excitation laser beam is focused on
the pupil plane of the objective with the specific lateral offset. This offset ensures the
incidence angle €, which is necessary to achieve the total internal reflection.
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Figure 1.4: Fundamental setup of total internal reflection fluorescence TIRF
microscope. Excitation laser beam is focused to the pupil plane of the
objective with a lateral shift from the center. Specific shift of the beam
results in the increasing incidence angle 6 on the coverslip, which leads to
the total internal reflection, thus very thin evanescent field in the sample
lying on the coverslip. The imaging path is exactly the same as with the
widefield microscope. TIRF brings the advantage of thin optical sectioning
and reducing the out-of-focus fluorescence from the outside of the focal
plane.p

1.2.3 LIGHT-SHEET FLUORESCENCE MICROSCOPY

Light-sheet fluorescence microscopy (LSFM) is based on an orthogonal imaging geometry
where the sample is illuminated from the side and fluorescence is collected at 90° with
a high-numerical-aperture objective lens. The excitation beam is typically generated
by the second objective lens in combination with a cylindrical lens, which results in a

10



1.2 Fluorescence Microscopy Techniques

narrow (in z direction) but wide (in x direction) illumination beam in the object plane.
Positioning the illumination beam at the focal plane of the collecting objective lens
ensures that the fluorescence excitation above and below the depth of focus is minimized.
This results in efficient optical sectioning and avoiding unnecessary illumination of the
specimen, which also helps to reduce the photobleaching (light-induced degradation)®!
of fluorophores out of the plane in focus. In comparison with TIRF which offers efficient
optical sectioning as well, LSFM allows the volumetric scanning of the specimen.
However, the illumination objective lens and collecting objective lens have to be fixed
in the perpendicular position with respect to each other (light-sheet beam must stay
in the focal plane of the collecting objective lens). Therefore, the scanning is typically
performed by moving the sample z-axis with respect to the collecting objective lens.
Recent developments in light-sheet fluorescence microscopy brought several options of
volumetric scanning without necessity of sample manipulation®?3°.

Despite excellent optical sectioning with the option of rapid 3D imaging of larger
volumes, the resolution of the final LSFM image is still dependent mostly on the detection
objective lens. The objective lens with higher numerical aperture is usually quite large,
and the working distance is typically in the range of tenths of a millimeter. Thus,
detection and illumination objective lens must be in very close configuration (almost
touching), which makes the LSFM setups very complicated to build. Furthermore, this
configuration requires both objective lenses to be immersed in the immersion medium,
which is often performed by using customized sample chambers. Manipulation of the
biological samples become very complicated and it typically requires some training to be
able operate LSFM. However, several approaches appeared to solve this difficulty®®7.

e A1
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Figure 1.5: Fundamental setup of a light-sheet fluorescence microscope LSFM.
The illumination beam (blue) is typically focused in only one direction by a
cylindrical lens (see y-z and x-y profiles in object plane) and is perpendicular
to the detection path (green). This configuration provides good optical
sectioning with relatively large field of view. Volumetric scanning can be
performed by moving the sample along the z-axis of the detection path.
Both illumination and detection objective lens have to be immersed in the
immersion medium such as water. Therefore, a specimen chamber filled
with the immersion oil is often required.”
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1.2.4 LASER ScANNING CONFOCAL MICROSCOPY

In contrast to the widefield and TIRF microscopy, the excitation laser beam in a
standard laser scanning confocal microscope (LSCM) fills the objective lens pupil plane,
which generates a focused spot in the object plane. This focal point only excites a low
number of the fluorophores mostly in the focal plane of the objective lens. Emitted light
from the excited fluorophores is collected by the same objective lens and detected using a
photodetector®®. The image of the full field of view is then obtained by scanning with a
rapid x-y scanning mirror. Confocal microscopy is capable of effective optical sectioning
mostly by placing a finite pinhole in front of the photodetector right in the focal plane of
the tube lens (see Fig. 1.6). This pinhole effectively blocks the out-of-focus fluorescence
collected by the objective lens, which leads to higher contrast in the final confocal
microscopy image. Although conventional LSCM provides 2D imaging, several confocal
approaches extending LSCM to 3D are available**~*2. Confocal microscopy can improve
the resolution by 25% and ~43% in lateral and axial dimensions, respectively. Resolution
limits are discussed in more detail in the section 1.3: Resolution in Microscopy.

In 1988, the rapid (real-time) scanning confocal microscopy using the Nipkow disk
(see Fig. 1.6B), referred as spinning-disk confocal microscopy, was introduced*®. While
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Figure 1.6: Fundamental setup of laser scanning confocal microscope LSCM
(A). The pupil plane of the objective lens is filled with the illumination laser
in order to generate a focused spot in the object plane. This spot excites a
low number of fluorophores which emit the light collected by the objective
lens. The detection of the fluorescence signals is performed by focusing
the light onto a photodetector. A finite pinhole is placed in front of the
photodetector leading to effective blocking of the out-of-focus fluorescence
collected by the objective lens. The result of this blocking is improvement
of the dynamic contrast in the final image. (B) Illustration of the Nipkow
disk used for rapid scanning confocal microscopy. Color dots represents
pinholes while the color codes each Archimedean spiral.”
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bFigure was adapted with permission from “Super-resolution microscopy demystified,” by Scher-
melleh, L., Ferrand, A., Huser, T. et al. Nat. Cell Biol. 21(1), p. 73. Copyright 2019 by Springer
Nature Limited.
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the Nipkow disk offers the scanning of multiple individual spots at the same time, it is
necessary to exchange the photodetector for a camera (typically CCD sensor). This
approach, however, brings several advantages to the concept of confocal microscopy.
Charge-coupled device (CCD) cameras have higher quantum efficiency (65-90%) than
photomultiplier tubes (~50%) or avalanche photodiodes (~40%). Furthermore, the
higher detection sensitivity reduces the imaging exposure time, resulting in higher
frame rates with equivalent image signal-to-noise ratio (SNR). Faster and more efficient
spinning disk-scanning is capable of fast confocal imaging at 10-100x the rate of con-
ventional laser scanning confocal microscope*®**. Further, the spinning-disk approach
has been shown to cause significantly less photobleaching compared to LSCM leading to
live cells imaging for considerably longer periods of time with lower risk of phototoxic
degradation®® 7.

1.2.5 SUMMARY OF THE CONVENTIONAL METHODS

Widefield fluorescence microscopy is one of the most used means for noninvasive
examination of live cell structures and dynamics. Real-time imaging of the cell dynamics
is achieved thanks to the simplicity of the widefield setup. The speed of the system only
depends on the camera frame rate. Modern high-resolution microscope objective lenses
allow biologists to observe structures with details slightly below 200 nm, depending
on emission wavelengths. However, epifluorescence in a standard widefield microscope
(Fig. 1.3A) leads to the decreasing dynamic range (contrast) due to the emission light
coming from the emitters below and above the focal plane (out-of-focus light). This
effect causes the decreasing of the resolving capability of the microscope. Increasing
the contrast, thus resolution, can be achieved by image postprocessing (deconvolution
and filtering) or by using objective lenses allowing total internal reflection fluorescence
(TIRF) illumination. TIRF is an efficient way to instantly suppress the out-of-focus
light from the observed sample, thus enhance the resolving capability of the microscope.
However, volumetric imaging is not possible since the penetration depth of the evanescent
field is typically around 100-150 nm (Fig. 1.3B)*®. Therefore, only 2D structures stuck
on the cover glass surface can be observed. Another way of real-time imaging with
good optical sectioning is the light sheet microscope. This approach also brings the
possibility of volumetric scanning. Despite the progress in optical sectioning, the light
detection in all three methods is still diffraction limited, thus the resolution varies
around 200 nm. Laser scanning confocal microscopy, however, is capable to enhance
the lateral resolution by 25% with efficient optical sectioning. Moreover, the confocal
microscope can also increase the axial resolution by ~45%%3%. Despite this method is
based on point scanning, several studies have shown the ability of real-time volumetric
scanning. Although confocal microscopy overcomes the weaknesses of the widefield, the
resolution limit is not sufficient anymore in many applications. Biologists’ demands for
higher resolution inevitably led to the invention of techniques called super-resolution
SR microscopy. Chapter 2 deals with the most common SR techniques and outlines the
current development in this field.

13
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m RESOLUTION IN MICROSCOPY

Before defining the diffraction limit in microscopy, the numerical aperture of an objective
lens has to be explained®. Figure 1.7 illustrates a diffraction limited objective lens and
its response (point spread function - PSF) to a single infinitely small light source (2D
Dirac delta function). When a point object is observed through the objective lens, the
diffraction pattern consisting of a central spot (diffraction disk) surrounded by a series
of diffraction rings can be observed. This point source diffraction pattern is referred to
as an Airy disk. The size of the Airy disk depends on the wavelength A of the light
source, the refractive index of the medium in which the lens is working (1.00 for air,
1.333 for water, and typically 1.515 for immersion oil)?, and the numerical NA aperture
of the objective lens

NA =n-sinf, (1.2)

where 6 is the half angle over which the objective lens can collect light coming from a
focused object (see Fig. 1.7B)".
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Figure 1.7: The illustration of a microscope objective lens with it’s response
(PSF) on the single point light source. (A) Two dimensional delta function
representing a single point light source. (B) A cross section of the micro-
scopes’ objective lens with the typical configuration of the inner lenses. The
illustration includes a tube lens focusing the light typically on the camera
chip. Angle 0 represents the half of the angle over which the objective
lens collects light coming from the focal plane. This angle defines the final
numerical aperture NA (see Eq. 1.2). (C) Point spread function in the shape
of Airy disk as the response of an objective lens to the 2D delta function

(A).

1.3.1 SpPATIAL RESOLUTION LIMITS

Spatial resolution, also known as resolving capability, of conventional microscopy is
limited due to the diffraction of light. Every spot of light (Fig. 1.7A) observed by the
microscope objective with a circular aperture is spread into the Airy disk (Fig. 1.7C).
The diffraction limit describes the smallest resolvable distance between two points
observed through an optical system. In 1937, German physicist Ernst Abbe defined the

14
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resolution limit as®??

0.5\
NA’
in lateral dimension. 23 years later, in 1896, Lord Rayleigh redefined the Abbe diffraction
limit to quantify the necessary separation between two Airy patterns to distinguish

them as separate entities®*’. Rayleigh diffraction limit is then defined as

0.61A
dRayleigh, lateral — ﬁa (14)

dAbbe7 lateral — (13)

in lateral dimension. Compared to the Abbe lateral diffraction limit, the higher constant
here corresponds to having a certain minimum modulation to be able to resolve the
objects. Although Rayleigh diffraction limit in lateral dimension differs from Abbe, in

the case of axial dimension, both definitions lead to the same diffraction limit3:°%:%!
2n\
dawial = NAQ, (15)

where n refers to the refractive index from Eq. 1.2.

Spatial resolution limit is often referred to as the cut-off frequency (f.) in the
Fourier domain. The cut-off frequency can be expressed as
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Figure 1.8: Simulation of point spread function (PSF) of the light microscope
with an illustration of the diffraction limit. (A) PSF model for NA =1.4,
A=520nm for green-fluorescence dye Alexa Fluor 488. (B) Example of
two indistinguishable light sources - distance between sources is below the
Abbe diffraction limit. (C) The Abbe diffraction limit definition. (D) The
Rayleigh diffraction limit definition for a microscope.
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which corresponds inversely to the Abbe diffraction limit (Eq. 1.3).

As mentioned in the Section 1.2.4, confocal microscopy can enhance the resolution
by 25% in lateral and ~43% in axial dimension. The resolution limit of the confocal
microscope can be approximated as

0.4X\
digteral = —— 1.7
wterat = o (17)
in lateral dimension, and
1.4n\
dozial = — 1.8
"7 NA2 (1.8)

in axial dimension®?%.

1.3.2 DiGITAL MIcrROSscoPY

Digital cameras play a significant role in fluorescence microscopy. Many modern
fluorescence microscopy systems use scientific-grade cameras that are designed to cover
the requirements of a specific application. High demands on the detector with respect to
sensitivity, noise, and image acquisition speed are placed in super-resolution microscopy.
In this section, mainly a suitable pixel size with respect to the digital image sampling
is discussed. To preserve the objective lens resolution during the acquisition with a
digital camera, the Nyquist—Shannon sampling theorem must be fulfilled. The spatial
sampling frequency must be at least two times the maximum spatial frequency (cut-off

Table 1.1: Digital imaging in microscopy. Example of three different digital
cameras used with two objective lenses. Green and yellow color in emission
wavelength row indicates the wavelength of the emission. Colored numbers
in the table represent fulfilling the Nyquist—Shannon sampling theorem as
following: Red - camera is not suitable for imaging in this configuration.
Orange - camera fulfills the sampling theorem, but upsampling is required
in SR-SIM reconstruction. Green - camera is well suitable for SR imaging
with no need of upsampling in SR-SIM reconstruction.

Objective lens PlanApo UPlanApo

60x1.45 100x1.50
Emission wavelength (nm)
Cut-off frequency (pum™) 5.31 4.92 5.49 5.08
Camera model Pixel size Sampling frequency

(hm) (um")

IDS UI-3270CP 3.45 8.70 8.70 14.49 14.49
PCO Edge 5.5 6.50 4.62 4.62 7.69 7.69
Camera 9.80 3.06 3.06 5.10 5.10
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Figure 1.9: Digital imaging in microscopy demonstrating the impact of
the Nyquist—Shannon sampling theorem. First column shows two- and
three-dimensional representation of the point spread function (PSF). Second
column with superscript (’) shows the line profiles along the center of the
PSF. Third column with the superscript (”) shows the modulation transfer
function of the second column. (A) Ideal PSF in high resolution close to
the analogue signal of utilizing a typical objective lens (PlanApo 60x1.45)
for the wavelength A = 546 nm.

frequency f.) given by the objective lens. Thus, the physical size of one camera pixel
must be at least two times smaller than the diffraction disk radius in the image plane
of the objective lens®. For instance, using a 60x /1.45 objective lens with an emission
wavelength A = 546 nm, cut-off frequency is equal to f, = 2-1.45/0.546 = 5.31 pm™!, the
sampling frequency must be equal to f, = 10.62um™". Considering the magnification
60x, the maximum camera pixel size equal to 60/ fs; = 5.65 pm. The pixels in modern
cameras used for biological imaging are usually smaller than ~7pm°%°% which is
sufficient in most of the SR microscopy applications.
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Table 1.1 shows results of simulations of 12 possible digital microscope configurations
resulting in the oversampling (green values), sufficient sampling for microscopy (orange
values), and undersampling (red values) which is not sufficient in digital microscopy.
Simulations were calculated for 2 objective lenses (60x1.45, and 100x1.50, see Table A.1),
2 fluorescence dyes (Atto 565, and Alexa Fluor 488), and three cameras (scientific camera
PCO Edge 5.5°2, industrial camera IDS UI-3270CP°%, and theoretical model “Camera”
using 9.8 um pixels). Results from the first column of the Table 1.1 are graphically
presented in the following Figure 1.9.
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SUPER-RESOLUTION
MICROSCOPY

This chapter presents an overview of the most common super-resolution fluorescence
microscopy techniques. The chapter focuses on the detailed explanation of the struc-
tured illumination microscopy (SIM) and the recent development on a low-cost and
compact approach in SIM. Five freely available SIM datasets suitable for further soft-
ware development of reconstruction and analysis tools are presented. Furthermore, a
detailed description of the compact SIM system (fiberSIM) is major part of this chapter.
Core findings presented in this chapter were published in Optics Express (2021)7,
and GigaScience (2019, 2018)"%45. In order to explain fundamental principles of
selected super-resolution techniques, Sections 2.1.1, 2.1.2, and 2.1.4 contain simulations
with simplified demonstration images, e.g., “cameraman.tif”, or synthetic image with
individual emitters.
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m SUPER-RESOLUTION MICROSCOPY

Super-resolution imaging in light microscopy is a powerful technique which extends the
investigation of live biological samples to the level of nanostructures. Several methods
are now available that increase the spatial resolution of fluorescence microscopy beyond
the diffraction limit. These methods can be divided into four main categories. Single
molecule localization microscopy (SMLM), super-resolution optical fluctuation imaging
(SOFT)®?, stimulated emission depletion (STED) microscopy'!, and structured illumina-
tion microscopy (SIM). SMLM approach includes, e.g, stochastic optical reconstruction
microscopy (STORM)®7, and photoactivated localization microscopy (PALM)*°. Fur-
thermore, super-resolution SIM (SR-SIM)'?) non-linear SIM (NL-SIM)'#!? optical
sectioning SIM (OS-SIM)'°, or maximum a posteriori probability SIM (MAP-SIM)>*°°
methods have become popular for the investigation of live cell dynamics in the last
decades. Despite many differences between these methods, fluorescence microscopy is
a common and key element for super-resolution imaging. In live cell imaging, it has
to be noted that in order to avoid artifacts using any of the SR microscopy method,
the acquisition time should be shorter than the time it takes for the cell structure to
move approximately one resolution length (the length equal to the diffraction limit of a
microscope)’. This assumption limits the use of some SR methods for investigation of
live cell dynamics. More details are discussed in the following sections.

2.1.1 SINGLE MOLECULE LocALizATION MicrROScoPY (SMLM)

Single molecule localization microscopy (SMLM) offers the ability to obtain super-
resolution microscopy images with a sub-diffraction-limit spatial resolution. The local-
ization precision of SMLM is given by s = A/NA, with A being the fluorescence emission
wavelength and NA the numerical aperture of the detection objective lens. Current
SMLM techniques can increase the resolving capability of an optical microscope up
to ~20nm in lateral and ~50 nm in axial dimension, more then 10-fold increase over
the classical diffraction limit'* %578, Stochastic switching individual fluorophores
(blinking) enables to distinguish the single molecules to which the fluorophores are
attached (see Fig. 2.1). To achieve a successful SMLM reconstruction, fluctuating
emitters should fulfill the following conditions: 1) Fluorescence markers should switch
between two distinguishable states, e.g., a bright/on state and a dark/off state. 2) Each
emitter switches between these two states repeatedly and in a stochastic manner. 3)
The point spread function of each emitter has to cover several camera pixels (to fulfill
the Nyquist—Shannon sampling theorem, see Section 1.5.2: Digital Microscopy). If a
sufficient number of the photons are collected (roughly the square root of the number
of photons detected), the position of an individual emitter can be determined with high
accuracy. However, localization accuracy of SMLM techniques does not directly relate
to the imaging resolution as multiple emitters in close proximity might be difficult to
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Figure 2.1: Demonstration of the SMLM image reconstruction. Single fluo-
rescent emitters (D) are localized in each image from the sequence (typically
thousands of frames) of individual stochastically blinking fluorophores (A).
(B) Point spread function PSF of the diffraction limited detection objective
lens. (C) Widefield image can be constructed by averaging the whole raw
SMLM sequence (A) over time. (E) PSF model based on the localization
precision used for the final SMLM image render (F). The scale bars in (C)
and (F) are 0.5 pm.

distinguish.

Methods based on highly precise detection and localization of single molecules
exploit the stochastic subset of fluorophores activated during the short acquisition of
one image frame. The diffraction limited point spread functions of individual molecules
appear isolated, and their positions can be localized with high accuracy. The final super-
resolution image is composed of the individual molecule localizations from thousands of
images in the SMLM sequence. The ability to fit the point spread function of a single
emitting molecule gives its precise coordinates'®:°". However, it has to be noted that
the point spread function typically varies over the ﬁeld of view”'? which might bring
some uncertainty during the PSF fitting in the SMLM reconstruction process.

SMLM methods such as photoactivated localization microscopy (PALM, SR imaging

method reported in 2006)* ° and stochastic optical reconstruction microscopy (STORM,
also published in 2006)*°%%9 allow to explore sub-nanometer structures in a variety of
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biological systems. That significantly helped with, e.g., the discovery of the periodic
membrane skeleton structure in neurons®’, the structure of DNA at the end of the linear
chromosome®!, the elucidation of the molecular organization of chemical synapses in
the brain®?, or the architecture of the nuclear pore complex®®. These examples clearly
prove the importance and great potential of the SR techniques extending the spatial
resolution of light microscopy.

Despite the significant improvement in the spatial resolution of an optical micro-
scope, SMLM also brings disadvantages. The complex image reconstruction process
requires a careful consideration of falsely localized individual emitters due to high
label density or incorrect set of photoswitching rates. Furthermore, requirements on
specifically photoswitchable or activatable fluorescent labels (for PALM) and special
buffer conditions to make conventional dyes blinking (for STORM) are demanded for
successful SMLM imaging. To reconstruct a single SMLM image, it is necessary to
acquire thousands of camera frames. The overall length of an acquisition time then
restricts the applicability of SMLM for live-cell imaging.

2.1.2 SUPER-RESOLUTION OPTICAL FLUCTUATION IMAGING (SOFI)

Similar to the SMLM, super-resolution optical fluctuation imaging (SOFI) is SR tech-
nique based on the nonlinear statistical analysis of temporal fluorescence fluctuation
(blinking). The single stochastically blinking molecule is spatio-temporally correlated
with itself, but uncorrelated with neighboring signals. This allows one to calculate the
temporal nt" order cumulant for each pixel time trace (see Fig. 2.2 for illustration).
Cumulants are a statistical measure, similar to moments, used to describe a probability
distribution. Higher-order cumulants are a measure for non-Gaussianity®“*. The final
SOFT image is given by calculating of the temporal cumulants or spatio-temporal
cross-cumulants'%%°. Further, calculating of cross-cumulants creates a virtual pixel
between two neighboring pixels, which leads to n-fold upsampling in the SOFI image.
Determining of n'"* order cumulant for each pixel brings the spatial resolution enhance-
ment of factor \/n over the reconstructed image. Moreover, an n‘® order cumulant
does not contain information from lower orders which would degrade the resolution
enhancement® %4656 Combining SOFI with the SMLM processing method on the same
dataset reveals more information about the sample structure and properties, which can
be useful for identification of the characteristic artifacts for each method”?.

Despite the potential to be faster than SMLMS®" with the high impact on the
spatial resolution enhancement, common SOFI reconstruction still requires a sequence
of blinking emitters in the range of thousands of frames. Therefore, SOFI technique is
still limited for the investigation of nanostructures of fixed cells.
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Figure 2.2: One dimensional explanation of super-resolution optical fluc-
tuation imaging SOFIL. (A) Time traces taken from 1D line of the input
image sequence of two blinking emitters. Widefield image (E) and it’s line
profile (C) are constructed as the average of the input image sequence.
(B) 2" order cross-cumulants calculated from the intensity time traces for
all time lags and it’s zero-time lag (7 =0) (D). Note that the 2"¢ order
cross-cumulant is equivalent to cross-correlation. (F)-(H) The resulting
SOFTI images up to 4'" order. Time traces are 4-fold down-sampled for
better visualization. The figure was generated with the simulation codes
published in PLOS One vol. 11(9)°°. The scale bars in (E)-(H) are 500 nm.

2.1.3 STIMULATED EMIssION DEPLETION MicroscoPry (STED)

Stimulated emission depletion STED®Y microscopy is based on the reducing the extend
of the PSF of the excitation beam by a depletion laser beam (hereinafter STED beam)
with a ring profile (see Fig. 2.4B). The ring shape of the STED beam is created by the
vortex phase mask in the depletion laser beam path. The STED beam suppresses the
spontaneous fluorescence emission of the fluorophores except those in the middle of the
STED ring-shaped beam. This results in a dramatic reduction in the volume of excited
fluorophores close to targeting individual molecules in a live cell sample. It should be
noted that synchronized pulse lasers have to be used to achieve proper depletion. The
probability of depletion of the excitation state of the fluorophore by the stimulated
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emission increases with the intensity of the STED beam. The final diameter of the
effective fluorescence emission, which is related to the resolving capability of the STED
microscope is given by?%8

d
dSTED =~ ——, (21)

1 4_ Loz

Isat

where d is the resolution limit of the microscope objective lens, I,,q, is the intensity of
the excitation laser beam in the middle of the depletion ring (typically 0.1-1 GW /cm?),
and I,,¢ is the intensity of the depletion beam. This is the intensity when the stimulated
emission reduces the quantum efficiency of the spontaneous fluorescence by half®. This
shows that the STED microscope can theoretically achieve any resolving capability
assuming the high power depletion laser. In practice, the final resolving capability
of STED is limited to the nanometer scale by many factors, such as aberrations of
the microscope optical components, refraction of the light in the biological sample, or
photostability of fluorophores. Therefore, the lateral resolution of the STED microscope
is typically in the range of 30-80 nm.
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Figure 2.3: Simplified Jablonski diagram for describing the stimulated
emission depletion microscopy. (A) After initial stimulated absorption
(cyan wave arrow) a fluorophore is excited from the ground state to the
excited state (vertical arrow up). After internal conversion, fluorescence is
spontaneously emitted (green wave arrow). Fluorescence can be silenced
by applying stimulated emission. After the fluorophore excitation, far red-
shifted depletion light (red wave arrow) can stimulate the energy decay
into the electronic ground state (red arrow down) and a replica of the
depletion light is emitted. Stimulated depletion can thus deplete spontaneous
fluorescence when present. (B) Spectrum diagram of a fluorescence dye
Alexa Fluor 488.
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A successful STED reconstruction requires very precise temporal synchronization of
the two laser sources with different wavelengths. To reach a suitable emission depletion,
a short depletion pulse (with Age,) must follow the excitation pulse (with A.;) with
the temporal precision of 107! seconds (see Fig. 2.3, where Jablonski diagram shows
the process of the stimulated emission depletion). Furthermore, because STED is a
scanning microscopy technique, the synchronization of the two scanning mirrors (see
Fig. 2.4 has to be ensured. Once these two conditions are secured, STED microscopy
becomes a powerful SR technique which allows us to observe the nanostructures of cells.
The temporal resolution of STED varies in the range of seconds to minutes, depending
on the size of the scanned area. Therefore, this technique is not suitable for examination
of the dynamics of live cells.
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Figure 2.4: Schematics of the STED microscope with an illustration of the
effective fluorescence beam shaping. (A) Principle of the STED microscope.
Two temporally synchronized laser sources illuminate a small spot of the
sample (object plane) by changing the lateral position with two synchronized
x-y scanning mirrors. So called “donut shape” STED beam (red) is shaped
by the vortex phase mask in the depletion laser beam path. Stimulated
fluorescence emission (green) is collected by the objective lens and the light
transmitted through the dichroic mirrors is detected on the photodetector.
Final SR image is then reconstructed point-by-point in a computer. (B)
Formation of the effective fluorescence spot (green) by combination of the
excitation (blue) and depletion (red) beam profiles.*

2Figure was adapted with permission from “Super-resolution microscopy demystified,” by Scher-
melleh, L., Ferrand, A., Huser, T. et al. Nat. Cell Biol. 21(1), p. 73. Copyright 2019 by Springer
Nature Limited.
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2.1.4 STRUCTURED ILLUMINATION MicROScOPY (SIM)

Super-resolution structured illumination microscopy (SR-SIM) is one of the most
common means of achieving a spatial resolution beyond the diffraction limit with
fluorescence microscopy. In contrast to the SMLM, or SOFI techniques, SR-SIM
doubles the spatial resolution of optical microscopy, which is, however, readily sufficient
to visualize cellular organelles and their substructures well below 200 nm. Moreover,
SR-SIM provides high-speed reconstruction well suitable for living cell imaging!?14:69-71,
In addition to this, SR-SIM is a widefield imaging method, making it highly efficient in
the use of the available photon budget, while minimizing photoinduced effects, which
can be detrimental to the sample health. Furthermore, rapid imaging of individual
cells over extended periods of time with multiple color channels has been demonstrated
using this SR technique®” ™. Even high speed SIM systems utilizing real-time image
reconstruction have been developed”!>7%7*. These implementations allow biologists to
examine living cells and their dynamics at super-resolution, even during data acquisition.

In the last decade SIM has rapidly gained in popularity. Depending on the optical
setup and data processing method used, SIM can achieve effective optical sectioning
(OS-SIM'?), which greatly reduces out-of-focus light. This effect is well known in laser
scanning confocal fluorescence microscopy. SIM also performs imaging beyond the
diffraction limit in fluorescence microscopy. The most common implementation'* of the
super-resolution SIM (SR-SIM'#7%) uses laser illumination to create a high-frequency
interference fringe pattern (close to or at the resolution limit of the microscope) to
illuminate the sample. Sample information with details beyond the diffraction limit of
the microscope used is aliased into the acquired images. By acquiring multiple images
with shifting illumination patterns, a high-resolution image can be reconstructed'? 7.
Two-dimensional SR-SIM enables a two-fold resolution improvement in the lateral
dimension'?:5%7%7 If a three-dimensional (3D) illumination pattern is used, a two-fold
resolution improvement can also be realized in the axial direction'®"%77. SIM is a
powerful super-resolution method for imaging live cells because it does not require high
illumination powers, can work with most dyes and fluorescent proteins, uses efficient
widefield detection, and can achieve high imaging rates (close to real-time). SIM has
been demonstrated in several applications, including two-dimensional (2D)%7% and 3D
imaging”""®.

As interest in super-resolution imaging has increased, several alternative approaches
for SIM have been introduced that use various kinds of patterned illumination”™ %3, For
example, in multifocal structured illumination microscopy’”, a 2D array of focused laser
spots is scanned across a sample, and subsequent image processing is used to achieve
an image with improved resolution. Structured illumination methods have also been
combined with light sheet excitation, a method suitable for imaging live cells®%%4 87,
In addition to new illumination schemes, alternative data processing methods have
also been introduced®** 92, For example, a 2D method for SIM reconstruction based
on Bayesian estimation®® has been introduced. Bayesian reconstruction methods in
SIM have several potential advantages and can achieve a performance comparable to
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traditional SIM methods”’. The maximum a posteriori probability SIM (MAP-SIM)>*,
a method based on reconstruction of the SIM data using a Bayesian framework, also
allows 3D super-resolution imaging. Image restoration approaches are useful when
working with low signal levels in SIM?* and have been reviewed”®.

Currently, most 2D and 3D SR-SIM realizations are based on utilizing the interfer-
ence pattern generated by projecting the +15¢ and 0" (in the 3D case) diffraction orders
of a diffraction grating into the objective lens focal plane. 2-beam interference patterns
are typically utilized to achieve 2D resolution enhancement in the lateral direction,
while 3-beam interference patterns allow for 3D resolution enhancement'* . Taking
into account that SR-SIM is based on exciting fluorescence by interference fringes,
then other means of creating and rapidly changing such patterns can be envisioned.
Alternative ways of creating stable interference patterns, e.g., by laser beam interfer-
ometry, could also be devised and have been used in the past. Interfering waves along
the x- and y-direction created by deflecting laser beams at high incidence angles via
a prism-system to the focus plane of an inverted microscope were used to realize one
of the first SIM systems”S. Current implementations of SR-SIM devices are, however,
rather bulky systems. Two major limiting factors for high speed acquisition can be
identified. 1) In SR-SIM systems based on diffraction optics, only a fraction of the
original laser light is delivered to the sample. This limits high speed image acquisition
because the fluorescence is not excited efficiently enough to result in sufficient signal
strength at low exposure times. 2) The rate at which some electro-optic devices, such
as liquid crystal-based spatial light modulators”"?"?%, can switch between patterns is
significantly below a camera frame rate.

CONCEPT OF STRUCTURED ILLUMINATION MICROSCOPY

The SR-SIM method uses a harmonic striped illumination pattern to copy the high
frequency content to lower frequencies where it can be recovered. The harmonic pattern
illuminates a fluorescent labeled specimen with the high spatial frequency close to
or at the resolution limit (cut-off frequency) of the microscope. The high frequency
information is encoded into the observed image through aliasing (see Fig. 2.5E). The
observed sample is illuminated with a set of illumination patterns with different spatial
shifts and orientations. Three orientations and three phase shifts are used in traditional
2D SIM. The illumination pattern can be described as”’

Ipn(r) =1— acos(2mper + @n), (2.2)
where r = (z,y) is a spatial vector, « is the modulation factor, py = (p - cos@,p - sin6)
is the illumination frequency vector oriented with angle # and ¢, is n'" phase shift
(n =1...N). The phase shifts for one orientation are chosen so that the sum of all

illumination patterns cover the full sample (the step of the phase shift is 7/N). The
mathematical representation of the n'® acquired image Dy, (r) is

Do) = [S(r) - Ip.u(r)] @ H(r) + N(r), (2.3)
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where S(r) and I,,(r) are the observed specimen and harmonic illumination pattern,
respectively. H(r) is the point spread function (PSF) of the microscope optical system
and N (r) represents the additive camera noise, ® is a convolution operator. The Fourier
transform of the observed image is

Don(k) = [8(k) @ Ton(k)] - F () + N (k)

= [S(k) + 5 S(k — pa)e "

+ %S*’(k + pe)eﬂwn] . H(k) + N(k), (2.4)

where S(k) and fgn(k) are Fourier transforms of the specimen and illumination pattern,
respectively. The optical transfer function (OTF) is represented by H (k).

Equation (2.4) shows that 597,L(k) is a combination of spectral components S(k)
and S (k £ pp). Assuming that the pattern spatial frequency, orientation, and phase
shift are known, the spectral components can be separated, shifted to their proper
positions, and aligned together (see Fig. 2.5G).

SIM reconstruction is successful under two conditions. First, the OTF of an optical
system is known or can be precisely measured. Second, the shape (spatial frequency,
angle, and phase) of each illumination pattern is known. However, a drift of the
specimen during image acquisition may distort the illumination pattern properties, and
the pattern shape may vary in each image. The pattern distortion results in undesired
image reconstruction artifacts and hampers the resolution enhancement in practice.
Moreover, the high noise levels in the raw data may cause an improper shift of the
spectral components, which degrade the super-resolved image'“".
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Figure 2.5: Simulation of structured illumination microscopy (SR-SIM)
reconstruction. (A) A real sample with the high frequency content (HR).
(B) Diffraction limited image (low resolution - LR) of (A). (C) Super-
resolution (SR) image after SIM reconstruction. (D) Fourier transform
of HR image (A). Orange and purple dashed lines represent the cut-off
frequency of diffraction limited image (low resolution, fo = Pmaz) and
reconstructed image (super-resolution), respectively. (E) Low resolution
image illuminated with the striped pattern with the spatial frequency pg.
(G) Fourier transform of observed image (E) and its decomposition into
three spectral components (Sipy, So, and S_p,). Zero component (Sp)
corresponds to the low resolution image (B). Aligning these three spectral
components results in SR image with spatial resolution enhancement in one
direction. (F) Fourier space of super-resolved image (C) where the spatial
resolution is enhanced in three directions (30°, 90°, and 150°). Orange
dashed line represents the LR cut-off frequency f. = pmaz.”

bTesting image cameraman.tif has been used for illustration of the SIM reconstruction. To
approximate the fluorescence image, the original image grayscale has been inverted.
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m Live CELL SR-SIM IMAGING

Following section is mainly based on the article published in GigaScience (2019)"7.

Complete raw and processed SIM datasets from several situations in cell biology
studies are presented in this section. Both live and fixed mammalian cells as well
as fixed tissues were imaged using an alternative SIM illumination approach based
on FLCOS microdisplay®*°*>“8, Microscope setup uses either light-emitting diode
(LED) or laser illumination and a fast ferroelectric liquid crystal-on-silicon (FLCOS)
microdisplay, also known as a spatial light modulator (SLM), for SIM pattern definition.
SLMs have seen use in SIM and related applications when high-speed imaging and
flexibility in controlling the spatial and temporal properties of the illumination are
priorities®?-70-78:86,97,98,101-105 " Data analysis was performed on images reconstructed
with OS-SIM, SR-SIM, and MAP-SIM methods. All of the raw and processed data
are available on GigaDB*"?, and can be reused for testing of new SIM algorithms or
another analysis purposes. Analysis software (SIMToolbox®) is open source and freely
available®®.

2.2.1 PREPARATION OF SAMPLES FOR IMAGING

All cell lines used were maintained in Dulbecco’s modified eagle medium supple-
mented with 10% fetal calf serum, 100 U/mL penicillin, 100 U/mL streptomycin, and
L-glutamate (Invitrogen) at 37° C and 100% humidity. Cell lines used for this study in-
cluded U2-OS (human bone sarcoma, RRID:CVCL 0042), A431 (human skin carcinoma,
RRID:CVCL 0037), and HEP-G2 (human liver carcinoma, RRID:CVCL 0027).

SIM data 1, Fig. 2.8: U2-OS cells expressing lysosome-associated membrane
protein 1 labeled with green fluorescent protein (LAMP1-GFP) were grown in Petri
dishes with coverslip bottoms (MatTek, USA) for 24 hours, then imaged in full medium at
room temperature. In this experiment, microscopy system 1 (Olympus IX71, Table 2.2)
was used.

SIM data 2, Fig. 2.9: A431 cells were grown on #1.5H coverslips (Marienfeld,
Germany) for 48 hours in normal medium. The cells were washed once with phosphate-
buffered saline (PBS), pH 7.4, and then treated the cells with 511 Dil-C16 (Molecular
Probes, USA) in PBS at room temperature for 5 minutes. This probe is lipid modified
with a fluorescent dye that inserts into the plasma membrane of live mammalian cells
within a few minutes. Then the cells were washed twice with PBS, and imaged on the
SIM system in fresh PBS at room temperature using a coverslip chamber (Biotech). In
this experiment, microscopy system 3 (Leica DMi8, Table 2.2) was used.

Chttps://simtoolbox.github.io/
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2.2 Live Cell SR-SIM Imaging

SIM data 3, Fig. 2.10: A prepared slide was acquired (AmScope, USA) that con-
tained a sectioned rabbit testis stained with hematoxylin and eosin. In this experiment,
microscopy system 3 (Leica DMi8, Table 2.2) was used.

SIM data 4, Fig. 2.11: HEP-G2 cells expressing Dendra2-histone 4'° were grown
on #1.5H coverslips for 24 hours, then fixed for 15 minutes at room temperature with 4%
paraformaldehyde. Then the cells were permeabilized for 5 minutes at room temperature
with 0.1% triton X-100, and washed with PBS. The actin cytoskeleton of the cells
was then labeled for 1hour at room temperature with 5nM Atto 565 phalloidin, and
washing the cells with PBS followed. Finally, the coverslips were mounted on clean
slides using mowiol 4-88 (Honeywell Fluka, Germany). In this experiment, microscopy
system 1 (Olympus IX71, Table 2.2) was used.

SIM data 5, Fig. 2.12: A prepared slide was acquired (Molecular Probes, USA)
that contained bovine pulmonary endothelial (BPAE) cells stained with Alexa Fluor
488 phalloidin (to label the actin cytoskeleton) and Mitotracker CMXRos (to label
mitochondria). In this experiment, microscopy system 2 (Olympus IX83, Table 2.2)
was used. Table 2.1 summarizes the imaging parameters used for the different samples.

Table 2.1: Imaging parameters for the SR-SIM datasets.

Fig. Sample Label (structure) Numination  Exposure SIM
time system
2.8 U2-OScells LAMPI1-GFP LED 480 nm 25 ms 1
(live) (lysosomes and
membrane)
2.9  A431 cells Dil-C16 LED 530 nm 100 ms 3
(live) (membrane)
2.10 Rabbit testis Hematoxylin and LED 530 nm 200 ms 3
(fixed) eosin (structural
strain)
2.11 Hep-G2 cells Dendra2-H4 LED 480 nm 500 ms 1
(fixed) (nucleus) LED 530 nm
Atto565-phalloidin
(actin)
2.12 BPAE cells Alexa Fluor 488 Lumencor 300 ms 2
(fixed) phalloidin (actin) spectra-X
Mitotracker 470 nm
CMXRos 550 nm
(mitochondria)
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2.2.2 MICROSCOPE SETUP AND ACQUISITION

Three custom-built SIM setups based on the same general design (Fig. 2.6)%*°%:%%

were used for the data acquisition. These SIM systems were based on Olympus IX71,
Olympus 1X83, and Leica DMi8 microscopes coupled with sCMOS cameras (Andor,
Northern Ireland) under the control of the IQ3 software (Andor, Northern Ireland). The
parameters of the different microscope setups are shown in Table 2.2. In each microscope
setup, the illumination patterns are produced by high-speed FLCOS microdisplay
(SXGA-3DM, Forth Dimension Displays, 13.6 nm pixel pitch). This particular FLCOS
microdisplay has been used previously in SIM®%:7377.78,86,90,98,107-109 and in other optical
sectioning systems such as programmable array microscopy'?!0%110 The display is
illuminated by a custom-built, three-channel LED system based on high-power LEDs
(PT-54 or PT-120 with DK-114N or DK-136M controller; Luminous Devices) with
emission maxima at 460 nm, 525 nm, and 623 nm. The output of each LED is filtered
with a band pass filter (Chroma, USA), and the three wavelengths are combined with
appropriate dichroic mirrors (Chroma, USA). The light is then vertically polarized with
a linear polarizer (Edmund Optics, Ltd, UK). The microdisplay is imaged into the
microscope using an external tube lens (Table 2.2) and polarizing beam splitter cube
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Figure 2.6: Illustration of the ferroelectric liquid crystal-on-silicon (FLCOS)
based SIM setup. (A) High power LED illuminates the FLCOS microdisplay
where the desired illumination pattern is generated (C). Pattern is then
projected on the sample through the polarizing beam splitter, illumination
tube lens, dichroic mirror, and objective lens. Emission light from the
sample is then collected with the same objective lens and focused on the
camera chip with the tube lens. Blue and green paths represent excitation
and emission, respectively. (B) Detailed view on the polarizing beam splitter
and LCOS (horizontally reflected in comparison with (A)). S-polarized light
incident on the LCOS changes the polarization after the reflection to P-
polarization which is transmitted through the polarizing beam splitter. This
approach minimizes the power losses in comparison with common spatial
light modulators (SLM).
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Table 2.2: Parameters of the SR-SIM microscope systems.

Setup  Microscope Obejctive Andor INlumination
sCMOS tube lens
camera focal length

1 Olympus IX71 100x /1.4 Neo 5.5 180 mm
UPlanSApo

2 Olympus IX83 100x /1.3 Zyla 4.2+ 180 mm
UPlanFLN

3 Leica DMi8 100x/1.47 Zyla 4.2+ 200 mm

HCX PlApo TIRF

(Thorlabs, Inc., USA). With any of the setups and when using a 100x objective lens,
single microdisplay pixels are imaged into the sample with a nominal size of 136 nm,
thus as diffraction-limited spots. This is important for achieving result with the highest
resolution”. A Spectra-X light source (Lumencor, USA) was used in one experiment
(Fig. 2.12).

The LCOS microdisplay brings the advantage of creating any desired illumination
pattern (see Fig. 2.6C). In the following experiments, the illumination masks consist of
line grids of different orientations (0°, 90°, 45°, and 135°). The lines are 1 microdisplay
pixel thick (diffraction limited in the sample when using a 100X objective lens) with

%?; FFT of A
]

1500 nm

FFT of D

Figure 2.7: Example of the raw SIM data used in the imaging tissues and
cells beyond the diffraction limit with structured illumination microscopy
and Bayesian image reconstruction. (A), (B), (C), and (D) show the SIM
illumination pattern in one of the four angles used. (FFT of A, B, C, and D)
show the fast Fourier transforms of the illumination patterns over the cell
or tissue sample. Color rings in each FFT represent the spatial frequency
of the first harmonic of the illumination pattern. The scale bars are 10 pm.
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a gap of “OFF” pixels in between. The illumination line grid is shifted by one pixel
between each image acquisition to obtain a shifted illumination mask. The shift between
each image is constant, and the sum of all illumination masks resulted in homogenous
illumination. The presented optical setup, in which an incoherently illuminated mi-
crodisplay is imaged into the sample with highly corrected microscope optics, results in
much more stable SIM illumination parameters compared to conventional SIM in which
the illumination pattern is created by laser interference. The unique spatial calibration
method is used to determine the position of the patterned illumination in the sample
with very high accuracy”®. This is a spatial domain process and does not rely on the
fitting of data to a model except for the assumption that the imaging is linear and shift
invariant.
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2.2.3 DATA PROCESSING AND IMAGING CELLS AND TISSUES

All presented data were processed using SIMToolbox, an open-source, user-friendly,
and freely available program that our group developed for processing SIM data®®.
SIMToolbox, sample data, and complete documentation are freely available at the
website: simtoolbox.github.io. SIMToolboz is capable of OS-SIM'*?% SR-SIM'%7® and
MAP-SIM®* methods. Additional details about these methods can be found in the
Appendix B.

To demonstrate the utility of the presented SIM approach in imaging live cells,
U2-0S cells that had been transfected with LAMP1-GFP were imaged. LAMP1 is a
highly glycosylated protein that is found on the surface of lysosomes and in the plasma
membrane®”. Figure 2.8 shows Widefield, OS-SIM, and MAP-SIM images of U2-OS
cells expressing LAMP1-GFP and the fast Fourier transform (FFT) of each image. The
dotted circles in Fig. 2.8D-F show the approximate limit of the resolution in each image.

WIDEFIELD MAP-SIM

Figure 2.8: Imaging live U2-OS cells beyond the diffraction limit with
MAP-SIM. U2-OS cells expressing LAMP1-GFP were imaged using the
LCOS-based SIM system. Subsequent processing using OS-SIM or MAP-
SIM methods. (A) Widefield, (B) OS-SIM, (C) MAP-SIM, (D) FFT of
Widefield, (E) FFT of OS-SIM, and (F) FFT of MAP-SIM. The images
were individually scaled for presentation. The dotted circular lines indicate
the approximate resolution achieved in each image according to analysis of
the FFT. The scale bars are 10 pm.
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In addition to lysosomal expression, LAMP1-GFP is also present in high concentrations
in the plasma membrane of U2-OS cells.

A  WIDEFIELD

C SR-SIM

E

Figure 2.9: Imaging live A431 cells beyond the diffraction limit with SIM.
A431 cells labeled with Dil-C16 were imaged using the LCOS-based SIM
system. Subsequent processing using SR-SIM or MAP-SIM methods. (A)
Widefield, (C) SR-SIM, (E) MAP-SIM. (B), (D), and (F) each show a
zoom-in of the region indicated in (A). The images were individually scaled
for visualization purposes. Each is a maximum intensity projection of 3 Z
positions. The scale bars in (A), (C), and (E) are 10 pm. The scale bars in
detailed ROIs (B), (D), and (F) are 5 um.
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E

Figure 2.10: Volumetric imaging of animal tissues using the LCOS-based SIM

system and subsequent processing of OS-SIM, and MAP-SIM reconstruction.

All subfigures display a resulting volume projection with color-coded depth
in range from O pm to 9 um. Seminiferous tubule of the rabbit stained with
hematoxylin and eosin. (A), (C), and (E) Widefield, OS-SIM, and MAP-SIM
reconstruction. (B), (D), and (F) show a zoom-in of the region indicated in
(A). The images were individually scaled for visualization purposes. The
scale bars in (A), (C), and (E) are 10 pm. The scale bars in detailed ROIs
(B), (D), and (F) are 5 pm.
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A " WIDEFIELD

Figure 2.11: Imaging of fixed HEP-G2 cells expressing Dendra2-H4 (nucleus)
labeled with Atto-532 phalloidin (green). (A), (C), and (E) Widefield, OS-
SIM, and MAP-SIM reconstruction. (B), (D), and (F) show a zoom-in of the
region indicated in (A). The images were individually scaled for visualization
purposes. Each is a maximum intensity projection of 22 z-positions. The
scale bars in (A), (C), and (E) are 10 pm. The scale bars in detailed ROIs
(B), (D), and (F) are 5pum.
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A WIDEFIELD MAP-SIM

~

Figure 2.12: 2D SIM imaging of fixed BPAE cells labeled with Alexa 488-
phalloidin (actin) and mitotracker CMXRos (mitochondria). (A), and (B)
display Widefield, and MAP-SIM, respectively. The scale bars are 10 pm.

SIM results sometimes suffer from artifacts related to the illumination pattern.
The artifacts, which can be severe and are a cause for concern, can be due to several
factors, including illumination pattern phase instability and pattern distortion because
of refractive index mismatch between the sample and the immersion fluid. Presented
MAP-SIM results do not suffer from detectable patterned artifacts (Fig. 2.8C), and the
Fourier transform of the MAP-SIM result is free of noticeable spurious peaks (Fig. 2.8F).
This can be attributed to several factors, primarily the use of incoherent illumination
together with an FLCOS microdisplay for the generation of illumination patterns. This,
combined with precise synchronization of the SIM system, helps eliminate patterned
artifacts. Additional artifacts in SIM images can arise due to the detector. In sCMOS
cameras like the one used in this experiment, each pixel reads out through its own
amplifier and, as such, each pixel exhibits a different gain. While very minor, such
artifacts can be corrected using a variance stabilization method as has been introduced
for single-molecule localization microscopy'!''.

There are several other advantages to use incoherent illumination in SIM, including
removing the need for a pupil plane mask to block undesired diffraction orders. Also,
incoherent imaging of a microdisplay for pattern formation means that the pattern
spatial frequency in the sample plane does not depend on the wavelength of the light that
is used. On the other hand, in incoherent illumination, the contrast of the illumination
pattern decreases with increasing spatial frequency according to the incoherent optical
transfer function''?. In coherent illumination SIM'%'%7°  the coherent optical transfer
function applies''?, and so the pattern contrast does not decrease with increasing
spatial frequency. This means that coherent illumination SIM can more efficiently
mix high-resolution information from outside the frequency limit into the detection
pass-band of the microscope, thereby potentially achieving the resolution enhancement
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factor of 2.

The FLCOS microdisplay (and vendor-supplied microdisplay-timing program) can
display an illumination pattern and switch to the next pattern in the sequence in
1.14 ms, allowing unprocessed SIM images to be acquired at rates of approximately
875 Hz. However, such rapid imaging is not useful due to short exposure time (low SNR)
leading to the reconstructed SIM images of poor quality. Specifying the fastest possible
acquisition rate is inadequate without consideration of the resolution and SNR of the
results. Resolution analysis shown in Section 3.3.3: Power Spectral Density Analysis
Results uses measured quantities to evaluate SIM results. This analysis thereby helps
to make realistic conclusions about imaging speeds (see also Appendix Fig. A.4).
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FIBERSIM: HiGHLY CoMPACT SR-SIM MICROSCOPE
BAsep oN FIBER OPTICS

Following section is mainly based on the article published in Optics Express (2021)"!.

A particular advantage of fiber-based interferometry is the significantly lower loss in
excitation light, which is limited to the amount of light that can be coupled into a
single-mode fiber. Just this advantage alone would allow one to readily set up SR-
SIM systems with less expensive low power lasers. In addition, optical fibers readily
provide high stability, and, thus, robustness, to interferometers. They also allow for
easy and very flexible means of light delivery. Already in 2006, a standing-wave TIRF
system using the fiber optics to deliver the laser beams to the objective lens has been
introduced''®. While more recently, 2-beam interferometry using optical fibers to create
a SIM-type interference pattern in opposing light sheets has been presented?®®.

2.3.1 FIBERSIM MICROSCOPE SETUP

In this section, the development and operation of a SR-SIM microscope based on all-fiber
optic components is detailed. Single-mode fiber-optic 1x2 splitters are used to set
up coherent light paths to generate 2D interference patterns at specific illumination
angles. A microelectromechanical systems (MEMS) based fiber switch is used to rapidly
switch between different illumination angles, while the piezoelectric crystal-controlled
displacement of fiber collimators provides the phase shifting required for 2D SR-SIM
image reconstruction. This results in extremely flexible, compact, and robust SR-SIM
illumination optics. We demonstrate and analyze its ability to efficiently generate
SR-SIM illumination patterns. We also demonstrate the performance of this system by
imaging mono-layers of fluorescent beads and by analyzing the resulting images using
global metrics for determining image resolution.

To realize presented SR-SIM setup based on all-fiber optic components, a diode-
pumped solid state laser operating at a wavelength of 532nm and a power of 30 mW
is coupled into the input fiber of a 1x4 microelectromechanical systems (MEMS)
single-mode fiber switch (Sercalo AG, Switzerland). This device is designed for highly
reliable and rapid switching between 4 different output fibers. (Details about the
actual switching speed of the device are discussed in the Section 2.3.3: Performance
of the System). Three of these output fibers are used for the SR-SIM system to select
between three different angles under which the interference pattern is generated. Each
one of the output fibers is connected to a 1x2 fiber splitter (Thorlabs, Inc., USA)
and the ends of these fibers are then used to define a specific angle of illumination.
Since the current implementation does not (yet) utilize polarization maintaining fibers,
in-line fiber polarization controllers (Thorlabs, Inc., USA) are used to adjust the output
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Figure 2.13: Schematics of the fiberSIM system. A hexagonal holder holds 6
fiber collimators in 60° intervals. A combination of two fiber collimators
(L1a, and L1y) with a relative displacement of 180° are placed in equal
distance from the central axis of the hexagonal holder. Each one of these
two collimators focuses a laser beam to the back focal plane of a 60x /1.45
TIRFM objective lens (Olympus, Japan), resulting in a striped interference
pattern at the object plane of the objective lens. Three pairs of the fiber
collimators define the respective angles of illumination for the interference
pattern. Lenses 1.2 and L3 form a telescope that changes the separation
between two beams of each pair to accommodate the back focal plane of
the objective lens. The polarization of each beam (red arrow) is rotated
by pizza-shaped half-wave plates in between lenses L2 and L3. A pair of
identical dichroic mirrors ensures that the polarization state of the excitation
light is maintained. Rapid switching between pattern angles is performed
by the fast MEMS fiber switch. Displacement along the axial axis of one
collimator in a pair results in phase shifting of the illumination pattern in
the object plane. Fluorescence emission is captured by the same objective
lens and lens L4 focuses the fluorescence light to the CMOS camera chip.

polarization state and, thus, to control the output power of each fiber. The two branches
of the 1x2 fiber splitter are placed opposite each other to form a pair (see Fig. 2.13), and
each pair position is rotated by 60° with respect to each other. In total, six fiber outputs
are mounted in a custom-made hexagonal fiber holder comprised of 6 collimation units
housing a single lens for each fiber (L1,-L1¢: f=25mm).

Figure 2.13 shows an illustration of the all-fiber optic SR-SIM setup. Outfitting each
fiber with its own individual collimating lens creates flexibility for focusing patterns with
different opening angles to the back focal plane of the objective lens. This allows for free
placement of the collimating holder relative to the microscope objective lens, enabling
one to easily switch objective lenses based on the specific application. The physical
dimensions of the collimating lenses set the minimum separation between the adjacent
parallel beam pairs to 33 mm. The diameter of the back focal plane of the objective
lens (Olympus, Japan) is ~10mm. Therefore, the separation between the beams is
varied with a telescope (lenses L2: f=300mm, and L3: f=50mm). Suitable selection of
telescope lenses, and thus the separation between the beams, allows us to easily change
and adapt the pattern frequency of the 2-beam SIM microscope. The polarization state
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for each beam pair is rotated by placing a linear polarizing filter and a pizza-shaped
half-wave plate (Bolder Vision Optics, USA) between the telescope lenses. To separate
the excitation light from the fluorescence signal and maintain the polarization of the
excitation light, a pair of identical dichroic mirrors in the perpendicular arrangement is
used'?%'14 In the perpendicular arrangement the dichroic mirrors are placed such that
the first one reflects light within the plane of the optical table, while the second one
reflects light upwards (perpendicular to the optical table). Fluorescence emission from
the sample is collected by the same objective lens and the tube lens (L4: f=200mm)
focuses the light to a CMOS camera chip.

DIODE-PUMPED LASER
30 mW, 532 nm

SERCALO MEMS
1x4 FIBER SWITCH

- 60x1.45 oIL
- OBJECTIVE

# TELESCOPE, LINEAR POLARIZING FILTER,
: PIZZA-SHAPED HALF-WAVE PLATE

pEYE CMOS*
CAMERA

" IN-LINE FIBER |
H POLARIZATION B KINESIS® K-CUBE™
PIEZO CONTROLLER

Figure 2.14: Photo of the fiberSIM microscope. A diode-pumped solid state
laser is coupled into the input of a 1x4 MEMS fiber switch (B). Three
output fibers are each connected to a 1x2 fiber splitter, respectively. The
two fiber branches of each splitter are placed opposite each other to form
a pair in the hexagonal holder (D). The polarization state in every one
of the 6 single mode fibers is controlled by an in-line fiber polarization
controller (C). Dedicated collimating lenses for each fiber focus the laser
beams (green) to the back focal plane of the objective lens resulting in the
interference pattern in the object plane. The separation between the beams
is varied with a telescope. The polarization state for each beam pair is
rotated by placing a linear polarizing filter and a pizza-shaped half-wave
plate between the telescope lenses. The power of each individual beam is
adjusted by the in-line fiber polarization controllers in combination with the
linear polarizer. Fluorescence emission from a sample (yellow) is collected
by the same objective lens and the tube lens focuses the light to the CMOS
camera chip (a tube lens and CMOS camera are placed underneath the
black base plate). Scale bar in (D) is 50 mm.
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In this setup, inexpensive industry-grade CMOS camera (IDS, Germany) acquires
the raw SIM images with a frame rate up to 41 fps. Photographs of the setup as well as
the individual components are shown in Fig. 2.14. The theoretical line spacing of the
interference pattern A’ can be defined as

Aez - [ 532nm - 3mm
d 5.5 mm

where A, is the wavelength of the excitation laser, d is the distance between the
interfering beams at the back focal plane (BFP) of the objective lens, and f is the
objective lens’ principal focal length. The actual spacing of the interference line pattern
observed in the raw SIM data is ~300 nm,which corresponds to the distance between
the interfering beams at the BFP d = 5.5034 mm. This variance is caused by a minor
disalignment of the laser beams in the pair.

N = =290 nm, (2.5)

It should be noted that changes in the separation between the beams in the back
focal plane of the microscope objective lens currently require changing lens combinations
in the telescope of our fiberSIM system. Thus, it is lacking the flexibility provided by
the choice of patterns that can be projected by a SLM-based SIM system®?. We are,
however, currently developing methods that allow for the flexible adjustment of the
separation of the beams in the back focal plane, which will enable us to easily switch
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|HALF WAVE PLATES 1

Figure 2.15: Intensity and polarization control of each individual laser beam
step by step. (A) An orientation of polarization and light intensity of each
individual beam at the outputs of 6 fiber collimators (E). Length of each
magenta arrow represents the intensity of each laser beam. (B) Equalization
of x-axis vectors by rotating the polarization of each beam using in-line fiber
polarization controllers (F). (C) Linear polarizing filter (G) filters the x-axis
component of each beam which results in the equal intensity and linear
polarization of all 6 beams. (D) So called pizza-shaped half-wave plates (H)
rotates the linear polarization of all beams in the desired orientation to
achieve the maximum modulation depth of interference on the sample.
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to grazing incidence and even TIRF excitation, where the highest spatial resolution in
linear SR-SIM is achieved. Another benefit of our fiber-based SR-SIM implementation
is that in a multicolor laser excitation system, the beam separation remains the same.
Thus, incidence angles are maintained, which is rather important for TIRF and grazing
incidence SR-SIM, and this makes such implementations more straightforward.

Ultra-compact MEMS based 1x4 fiber switch (Sercalo AG, Switzerland) is utilizing
non-polarization maintaining broadband single mode fibers in the wavelength range
of 480 nm - 650 nm. It provides a fairly low cost, but high speed means of switching
light from an input fiber to four output fibers. The switching time between the four
different output fibers is ~3.5ms (details in Section 2.3.3: Performance of the System).
Careful control of the polarization of interfering beams is critical for achieving a high
pattern modulation depth. To control the polarization of the beams emitted from the
non-polarization maintaining fibers, an in-line fiber polarization controller (Thorlabs,
Inc., USA) is used for each optical fiber. These controllers in combination with the linear
polarizing filter allow us to adjust the power of each individual beam (see Fig. 2.15).
The pizza-shaped half-wave plate (Bolder Vision Optics, USA) placed directly behind
the linear polarizing filter set the correct polarization for each beam pair to maximize
the interference modulation depth. Being able to adjust the power of each beam is
especially useful to compensate the different coupling efficiencies of the different fiber
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Figure 2.16: Example of the intensity profiles of the individual laser beams
focused to the back focal plane of the microscope objective lens in front of
and behind in-line fiber polarization controller based adjustments. (A) The
image is the sum of three individual images (one image = one angle) where
the intensities of the focus of each beam are not yet controlled. (B) The
same image as shown in (A) after individual adjustment of the polarization
state within each optical fiber by the in-line fiber polarization controller.
The red, green and blue lines represent the line profiles acquired for each
angle in the image, at 0°, 60°, and 120°, respectively. Line profiles are shown
shifted along the x-axis with a step size of 240 pm to avoid overlapping of
the peaks for better comparison. The field of view is limited by the physical
size of the camera sensor (7.093 mm x 5.320mm), thus the line profiles are
limited to 6 mm despite the diameter of the back focal plane of the objective
lens being ~10 mm. The scale bars are 1 mm.
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switch outputs and the coupling ratio tolerance of the 1x2 fiber splitters. In order to
ensure that the intensities of all 6 beams are set equally, a CMOS camera can be placed
at the position of the back focal plane instead of the objective lens. Figure 2.16 shows
an example of a measurement of the beam intensities in front of and behind intensity
adjustment with the in-line fiber polarization controllers.

2.3.2 PHASE-SHIFTING ACCURACY OF THE ILLUMINATION PATTERN

Shifting the phase of the interference pattern is achieved with a piezoelectric crystal
(piezo). The open-loop piezo is a part of the hexagonal fiber collimator assembly, which
is split in two opposing halves. One half, containing 3 fibers and their corresponding
collimating lenses, can glide on metal rods in along the optical axis and is pulled
against the piezo by a spring. By applying a voltage to the piezo, the piezo translates
this half of the assembly against the stationary other half, resulting in a defined path
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Figure 2.17: Measurement of the interference pattern phase shift induced by
open-loop piezoelectric displacement of the fiber collimators. The graphs
show a dependence of the pattern phase on the voltage applied to the
piezoelectric crystal. (A) The phase curves were obtained by conducting
the experiment in 30 cycles by applying a voltage between 0V to 150V
with a step size of 2V to the piezo crystal. (B) The mean (orange line) and
the standard deviation (light orange area) of the measurements. The linear
regression (black line) fits the average data in the range between 65V to
120 V where the average phase shift exhibits an almost linear dependence on
voltage. Black dashed lines indicate the ideal phase shifts of patterns (with
3w /2 offset) utilized for the subsequent SR-SIM image reconstruction. The
standard deviation of each phase shift is indicated by a colored error bar
(red, green, and blue). This step size is equal to 27/3 to cover the entire
field of view with 3 phase steps.
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length difference (phase shift). In this initial implementation, we use an inexpensive
piezoelectric crystal (Thorlabs, Inc., USA) operated in open-loop mode to achieve the
spatial displacement of one of the fibers in each pair by up to 2 pm. Since the piezo does
not contain a feedback sensor to monitor its length change, the corresponding phase
changes, and in particular its reproducibility, need to be calibrated a priori. Precise
knowledge of the phase of the SR-SIM illumination pattern is a rather critical parameter
for accurate image reconstruction. If the phase estimation, which is typically conducted
by analyzing raw SR-SIM images®>!'1>116 is not sufficiently precise, then artifacts, i.e.
line breaks, are created during image reconstruction. Such artifacts can also occur if
the phase estimation is conducted only once on an initial raw image set, and it is then
assumed that the phase shift is reproducible for images acquired at a later time point.
These artifacts can be avoided either by accurately determining the phase shift for
every raw image individually or by ensuring a very high degree of reproducibility, e.g.
by using a piezo with a capacitive feedback sensor.

The presented fiberSIM system uses the first method, while also ensuring that
the inexpensive piezo is operated in a highly linear range of the induced phase shifts.
Figure 2.17 shows the dependence of the phase shift on the applied voltage of the
piezo in the full range from 0V to 150 V. To examine the reproducibility of the phase
shift, the experiment was performed in 30 consecutive cycles, which are shown in
Fig. 2.17A. The average of the 30 individual curves and the standard deviation shown
in Fig. 2.17B illustrate the nonlinearity of the piezo displacement over the full voltage
range. However, in the region from approximately 65V to 120V the curve is sufficiently
linear to generate the equidistant phase shift over 27 as needed for successful artifact-free
image reconstruction. The three dashed lines show the voltage points which were chosen
for the three phase shifts required for successful SR-SIM image reconstruction. Please
note that the displacements in the curves shown in Fig. 2.17A indicate a consistent
unilateral long-term phase shift between the first and the last measurement of the cycle.
This is currently the main source of uncertainty between the phase shifts. Improving the
mechanical and thermal stiffness of the setup should allow us to further and drastically
reduce this uncertainty.

2.3.3 PERFORMANCE OF THE SYSTEM

In this section, the fiberSIM system performance is demonstrated. To examine the speed
of our SR-SIM system, two experiments were performed. The duration that it takes for
the MEMS fiber switch to switch between output fibers (controlling the illumination
pattern rotation) and the time that it takes the piezo-electric element to shift between
discrete phase settings were measured. A free-space biased photo detector (Si detector
DET10A, Thorlabs, Inc., USA) in combination with a digital oscilloscope was used for
detecting the incidence light of the fiber collimators. The oscilloscope input is equipped
with a load resistor Rjoqq = 1 MQ and the photo detector has a junction capacitance
C; = 6 pF. This configuration leads to the photo detector time response ¢, equal to
13.2 ps, which is sufficient for our measurements, as can be seen below.
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Figure 2.18: Illustration of the interference pattern phase shift speed mea-
surement. (A) Experimental setup based on the 6-beam collimator holder
(Fig. 2.13, or Fig. 2.14D), focusing lens L2 (f=1000mm), photo detector
with a pinhole with diameter of 20 pm, and digital oscilloscope. Two colli-
mated beams (with a distance d between each other equal to 4.3 mm) behind
the lens L2 interfere in the focal plane f7,. Line spacing of the interference
pattern was equal to A’ =532nm-1 m/4.2mm =125 pm (see Eq. 2.5). (B)
Detailed view at the pinhole placed in front of the photodetector with the
interference pattern. Red arrows in (A) and (B) indicate the interference
pattern phase shift. Images of the interference pattern on a camera chip in
the position of the photodetector with the phase equal to 0: maximum inten-
sity of the sinusoidal pattern (C), and phase equal to 7: minimum intensity
of the sinusoidal pattern (D). One half of the image displays full interference
pattern, while the second half represents the light passing through 20 pm
pinhole (white circle in the center of the dashed detail) placed right in front
of the camera chip (this imitate the situation with the photodetector instead
of the camera). The scale bars are 10 pm.

The time response between OFF and ON states of the fiber switch (see Fig. 2.19B)
was measured by placing the photo detector directly in front of one of the six output
collimators. For the measurement of the phase shifting speed, one pair of fiber collimator
lenses focuses the beams to the negative focal plane of a f=1000 mm lens. Distance
between these two laser beams was equal to 4.2 mm. This creates a coarse interference
pattern (from the equation 2.5, the line spacing was equal to ~125 pm) in the positive
focal plane where the photo detector with a pinhole with diameter of 20 um is placed.
This configuration allows us to sample the sinusoidal pattern with 6.25 samples over 27.
To ensure the maximum intensity difference on the photo detector, a phase shift of 17
resulting in a change from maximum intensity to a local minimum of the sinusoidal
pattern. The smaller phase step of 27/3 as required for the pattern displacement in
SR-SIM will, thus, only be faster.

If we consider that 3 angles in conjunction with 3 phase shifts per angle are required

to reconstruct a 2D SR-SIM image, then the time required for switching these 9 patterns
is equal to 39 ms. This corresponds to 3 phase shifts (3 x 6 ms) and 6 switches of the
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angle (6 x 3.5ms) - 3 remaining angle switches are executed simultaneously with the
phase shift (see Fig. 2.19C). The theoretical maximum SR-SIM image rate can then
reach ~26 fps. The inexpensive industrial CMOS camera (IDS, Germany), which we
utilized, can run at a rate of up to 41fps. Acquisition of 9 consecutive images reduces
the actual frame rate down to ~4.5 fps, which makes the camera image acquisition time
(~25ms) the only speed limitation of the fiber-based SR-SIM illumination unit. The
current setup can run up to ~4 SR images per second. If sliding window reconstruction
is utilized''”, then this frame rate increases to ~34 fps. Currently, the relatively long
distance between the hexagonal collimator and the objective lens, as required by the
long telescope (f2+fr3 =350mm), in combination with the telescope magnification
(fLa/fLs =6x), restricts the effective field of view (FOV) of the illumination unit to
13.25 pm x13.25 pm. This unit is, however, designed for flexibility, so that a larger FOV
can be achieved by utilizing different lens sets.
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Figure 2.19: Speed measurements of the electro-mechanical components in
the setup and timing diagram of the current SR-SIM raw data acquisition.
(A) Measurement of the time required for a phase shift of 1w, where the
horizontal dashed lines represent the maximum and minimum photo detector
response, thus the maximum and minimum intensities of the sinusoidal
line pattern. (B) Measurement of the time required for the MEMS fiber
switch to switch from OFF to ON state. In both graphs, negligible ringing
can be observed. (C) Timing diagram representing an acquisition of one
raw dataset of 9 images (3 angles x 3 phases) required for 2D SR-SIM
reconstruction.
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m THE POTENTIAL OF SIM IN LIVE CELL BIOLOGY

Structured illumination has proven great potential in many biological applications.
Therefore, further development of this technique is in place. Recently published rapid
SIM microscope allowing real-time imaging with doubled resolution fastSIM ™% is a
representative example of a progress in SIM imaging. Moreover, the dual iterative SIM
(SIM?)'*® brings a 3D multicolor imaging tool with improved spatiotemporal resolution
of 60-100nm in lateral and <200 nm in axial dimension. SR-SIM imaging has been
limited to single cells due to image quality degradation caused by optical aberrations
in thick samples. Imaging deep into live organisms then becomes a very challenging
task. Several approaches of deep SIM imaging have been presented, which are able to
effectively compensate aberrations in thick samples!'%20,

Furthermore, the interesting combination of SIM with other techniques can profit
from each other. Although SIM is capable of effective optical sectioning, TIRF can
enhance the modulation depth of SIM illumination pattern, which allows imaging
of the samples with lower fluorescence. Moreover, TIRF-SIM maximizes the lateral
resolution enhancement by shifting the illumination pattern frequency to the limit
of the objective lens'?'. Brunstein and coworkers utilized a compact Michelson-type
interferometer to achieve total internal reflection fluorescence excitation SIM (TIRF-SIM)
along three lateral directions'??. Similarly, Cnossen et al. used an interferometric 2-
beam SIM system to demonstrate a 2-fold improvement in the localization of single
fluorescent molecules in a mechanism they called SIMFLUX'?1:12%, Together with
SIMFLUX, structured illumination based point localization estimator (SIMPLE)!?*
have shown the increase in the SMLM precision to ~5nm. While optical fiber-based
interferometers have, however, been utilized extensively to set up optical coherence
tomography (OCT) instruments'?>'?°) they are currently underrepresented in SR-
SIM microscopy, although such systems can offer some significant advantages. SIM
illumination pattern generated by line-scanning has shown promising results even in
an unmodified two-photon microscope®*. All these examples prove that structured
illumination microscopy has great potential in biomedical research and deserves further
development.
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The most common resolution assessment techniques and their current development
are presented in the following chapter. The first section provides a brief overview of
the resolution limits in fluorescence microscopy. The state of the art in the field of
assessing resolution. Furthermore, an assessing resolution technique based on the power
spectral density (PSD) analysis is presented. Parts of this chapter were published in
the impacted journal GigaScience (2019)"?, or presented at international conferences
SPIE Optics+Photonics (2019, 2018)"°“%, SPIE Photonics Prague’’, and IEEE
International Conference Radioelektronika (2018)*1".
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ASSESSING RESOLUTION IN MICROSCOPY

3.1 ASSESSING RESOLUTION IN MICROSCOPY

Theoretical resolution limits of an optical microscope have been defined as it is described
in the Section 1.3: Resolution in Microscopy. However, the actual resolution of a
microscope image is affected by many factors, including the sample preparation, optical
aberrations in the system, or a human factor that can cause, for instance, a slight
defocus, thus losing the maximum resolution capability of the microscope. Therefore,
an accurate resolution assessing tool is essential for the evaluation of the microscope
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Figure 3.1: Visualization of the spatial (A) and temporal (B) resolution
limits of a conventional and SR microscopy techniques. Owvals indicate
the theoretical resolution in z, y, and z dimension of each microscope
technique in optimal conditions. Red, green, and blue areas demonstrate
the dependence of the resolution on the wavelength. The temporal resolution
in (B) corresponds to the acquisition speed based on the lowest exposure
time required to image a single plane with a comparable signal-to-noise
ratio. The diagrams show that in order to increase the spatial resolution
down to nano-scales, the temporal resolution has to be sacrificed, and vice
versa. A good compromise is the SIM which doubles the resolution of the
microscope with the rapid (close to real-time) acquisition’.
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3.2 Conventional Assessment Methods

image quality, especially in the super-resolution microscopy where the SR image can
be degraded by improper settings of the reconstruction algorithm. In this chapter, the
most common methods for estimation the resolution limit of the microscope system
are discussed and the current development of the methods focused on the resolution
estimation from a single image (video frame) is detailed. To get a better idea of the
resolution limits in modern microscopy, Figure 3.1 visualises the spatial and temporal

resolution limits of the most common conventional and SR microscopy techniques'.

m CONVENTIONAL ASSESSMENT METHODS

Conventional resolution assessment methods could be divided into two strategies.
Measurement of image features in the spatial domain or using image Fourier transform
analysis. The first approach is based on the measurement of full width at half maximum
(FWHM), which requires one point source of light e.g. fluorescence beads. The FWHM
is calculated from the line profile of the observed object. This line profile is usually
fitted with a Gaussian distribution, which improves the sensitivity of measurement”®.
The resolution of an optical microscope can be characterized by the modulation transfer
function (MTF). MTF is the magnitude response of the optical system to sinusoidal
functions of different spatial frequencies and phase shifts. Generally, the MTF is a
decreasing function of spatial frequency in Fourier domain. However, the MTF is often
calculated from the image in spatial domain using calibration target with the periodic
pattern®'?”. Both FWHM and MTF approaches are well suitable for the evaluation
of the microscope system resolution limits, however, calibrated samples (fluorescence
beads or special resolution targets) are required. The reconstruction quality of any SR
technique is often affected by the observed sample structure in cell biology. Therefore,
an approach able to evaluate the resolution directly from the images of the real cell
sample is essential. Resolution assessment methods based on Fourier transform analysis
are frequently used in different variants'®°%'?® to determine the resolution in the
reconstructed image. Nevertheless, the accurate estimation in live cell biology is still
a challenging task. The Fourier ring correlation (FRC) provides an effective tool for
measuring the resolution of SMLM images'®'?. Despite FRC measure provides reliable
resolution estimate of fixed samples (e.g. SMLM, or fluorescent beads) this approach
in not applicable in live cell microscopy (further explanation in Section 3.2.8: Fourier
Ring Correlation). In 2019, Descloux et al. introduced a novel parameter-free image
resolution estimation approach based on image decorrelation analysis?> which provides
promising results from a single image of a live cell. However, estimation of the resolution
in the live cell video sequences is still very challenging task and further development in
the field of resolution assessment in SR microscopy is essential.

In the following sections, the most common resolution assessing methods are
discussed and the current development is presented.
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ASSESSING RESOLUTION IN MICROSCOPY

3.2.1 FuLL WIDTH AT HALF MAXIMUM

The full width at half maximum (FWHM) is typically measured from individual
fluorescent beads with the size below the diffraction limit of the system. This method
is widely used to determine the resolving capability of the optical system due to the
close connection with the Abbe diffraction limit. To determine the FWHM with
higher precision, Gaussian function is fit to the horizontal and vertical line profiles
of a fluorescent bead. The standard deviation ¢ of the Gaussian fit model directly
leads to the FWHM of 2v/21n2¢°%. This resolution estimation approach is robust and
provides very credible results under two conditions. First, the size of the fluorescent
beads has to be below the diffraction limit of the system to be sure that the response
to the light point source corresponds to the PSF. Second, the user has to ensure that
the sample of fluorescent beads contains the individual isolated beads at which the
FWHM is measured. When both conditions are fulfilled, the individual beads used for
the measurement have to be selected manually.
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Figure 3.2: Illustration of how full width at half maximum relates to Abbe
diffraction limit. Gray line represents the PSF of the system. Red and
green lines represent line profiles of two fluorescent beads imaged with the

diffraction limited system. Beads are in the distance of the Abbe diffraction
limit, which corresponds to the FWHM of the PSF.

Figure 3.3 shows the FWHM measurements step by step. Manually selected
individual beads on which the FWHM was measured are highlighted by white squares
in the Fig. 3.3A. The improvement of the lateral resolution in both dimensions can be
observed in the subfigures (B) and (C). Multiple gray lines in Fig. 3.3D and E represent
x- and y-line profiles of individual beads from (A). The Gaussian fit model (red and
cyan) is then applied to the average of all line profiles. From this model, the average
FWHM value was determined. Although FWHM measurement offers a very accurate
estimation of the resolution limit of an optical microscope, it has to be noted that
the PSF shape typically varies over the full range of field of view*'". Furthermore,
resolution estimation in cell structures is not possible since individual light emitters are
required.

54



3.2 Conventional Assessment Methods

a3
NG
E
Zn
xz
O w
z5
00 0.0
00 05 1000 05 1.0
LENGTH (um) LENGTH (um)
LINE PROFILES LINE PROFILES
) E
3 — GAUSSIAN FIT GAUSSIAN FIT
s 1.0 11.0 1
et
» 0.8 10.8
4
w
2 0.6 10.6
s > <>
£04 FWHM 10.4 FWHM
z 294nm 198 nm
0.2 10.2

0.0 : - : 0.0 : - .
-325 -150 0 150 325 -325 -150 0 150 325
LENGTH (nm) LENGTH (nm)

Figure 3.3: FWHM measurement demonstrated on fluorescent beads using
FLCOS SIM system. (A) Widefield image (red) and SR~-SIM reconstructed
image (cyan) of the fluorescence beads with the size of 100nm. White
dashed box defines the region of interest detailed in (B) and (C). Horizontal
and vertical normalized intensity profiles of the selected fluorescent bead
are plotted in (B) and (C) to demonstrate the resolution enhancement in
both lateral directions. Grey lines in (D) and (E) correspond to the x- and
y-line profiles of all individual beads marked with white box in (A). The
Gaussian fit model is applied on the average of all grey line profiles. The
standard deviation of this model corresponds directly to the FWHM. The
scale bar in (A) is 10 pm. The scale bars in (B) and (C) are 2 pm.

3.2.2 MODULATION TRANSFER FUNCTION

One of the most important parameters in optical microscopy is the resolution and the
related modulation transfer function (MTF). The MTF gives the information about
the contrast that the optical system can achieve depending on the spatial frequency.
The spatial frequency where the MTF drops to zero (for noiseless images) is called
cut-off frequency. It corresponds to the resolution of the optical system?®!277132 A
straightforward way to measure the MTF is to acquire an image of an ideal point
light source that creates an Airy disk in the image plane of the optical systems. This
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ASSESSING RESOLUTION IN MICROSCOPY

shape corresponds to the point spread function (PSF) of the optical system. Using
the Fourier transform the optical transfer function (OTF) is calculated. The module
of OTF corresponds to the MTF. The main limitation of this method is the complex
realization of a close to ideal point light source. However, this approach is often used in
fluorescence microscopy by imaging an individual fluorescent bead. In the following
sections, the two most common methods of the MTF evaluation are detailed.

RESOLUTION TARGET

Several types of resolution test charts are used in optical microscopy (e.g., 1951 USAF,
or Siemens star resolution target). These charts contain a set of precisely manufactured
patterns with an increasing spatial frequency. These patterns are usually dark (black)
and bright (white) stripes oriented in the horizontal and vertical direction (see Fig. 3.4B
and C). The modulation transfer function (MTF) is then given by the contrast of each
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Figure 3.4: Example of the histogram evaluation approach in a brightfield
microscope. (A) Resolution target designed for brightfield microscopy.
Close details of the resolution target are shown in (B) and (C). (D) Image
histogram of the region of interest (yellow dashed box in (C)). The cyan
line represents the histogram of the input image while the black dashed
line shows the Gaussian fit. The cyan dashed lines point out the Gaussian
distributions mean values. Inin and In., are determined as the average
of the pixels belonging to the cyan area below and above the mean values,
respectively. (E) MTF results for three wavelengths. Red, green, and blue
cross marks represent the contrast measured in the individual stripe patterns.
These MTF points are fitted by smoothing splines for better visualization.
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pattern with a certain frequency as the following!?%:13°

I(E)maz—I(k)min
I(k)maz+1(k)min
MTF (k) = £heeetBmin (3.1)
Lynt+Tvik
where (k) ae /min Tepresents the maximum/minimum intensity in line pair with
corresponding spatial frequency k = (k;, ky). Lyne and Iy are constants with the
highest and the lowest intensity value of the measured image, respectively.

To increase the accuracy of the image values readout, the semi-automated statistical
approach based on histogram evaluation can be used. Assuming that the region of
interest (yellow dashed ROI in Fig. 3.4C) only consists of black and white areas blurred
by PSF, the two major peaks can be observed in the image histogram (Fig. 3.4D). In the
ideal case, these histogram peaks have a shape close to the Gaussian distribution. The
histogram evaluation exploits the mean values of the Gaussian distribution (dashed cyan
lines) to determine the area where the maximum and minimum values are estimated
(light cyan areas in Fig. 3.4D). The final values I,,;, and I, are then calculated as
the average of all pixels within this area. With the increasing spatial frequency of the
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Figure 3.5: MTF measurement using Argo-SIM monitoring slide (Argolight,
France). (A) Overview of the whole slide containing 14 different patterns.
(B) IHlustration of the 45° oriented Pattern E — gradually spaced pairs of
36 nm-long lines which spacing gradually increases, from 80 to 340 nm, with
a step of 20 nm and it’s real widefield and SR-SIM image (C). Line profiles in
(D) correspond to the ROI (dashed white box) in (C). Modulation transfer
functions of the widefield and SR-SIM images are plotted in the graph (E).
The scale bar in (C) is 10 pm.
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ASSESSING RESOLUTION IN MICROSCOPY

stripe patterns, the contrast drops to zero. Wavelength dependency can be observed on
the MTF diagram (Fig. 3.4E).

A slightly different approach of the MTF determination brought French company
Argolight. Precisely manufactured Argo-SIM? monitoring slide consists of 14 different
patterns designed to check the stability of the characteristics of the microscope system.
Pattern E contains pairs of 36 pm-long lines with spacing that gradually increases from
80 to 340 nm, with a step of 20nm. The MTF is then calculated using Eq. 3.1, where
the I(k)maz is defined by the average of the maximum intensities of neighbouring lines
in pair and I(k) corresponds the minimum intensity in between these two lines (see
Fig. 3.5D).

INDIVIDUAL FLUORESCENCE BEAD

Modulation transfer function represents the absolute value of the optical transfer function
(OTF) which corresponds to the Fourier transform of the optical system response (point
spread function - PSF) to an infinitely small light source (see Section 1.3: Resolution
in Microscopy). Assuming a diffraction limit of the microscope ~300nm, and SR-SIM
doubling this resolution limit, a fluorescent bead with the diameter of 100 nm suits for
the following experiment. The fluorescent bead smaller than the diffraction limit of
the microscope appears as the system PSF on the image plane of the objective lens.
Absolute value of the PSF’s Fourier transform results in desired MTF. Measuring the
MTF from a single fluorescent bead can be quite inaccurate since the shape of one PSF

— —
€ € —— WIDEFIELD
= S SR-SIM
N L - =
325nm c c
© ~
© )
o SRR

1.0 20 3.0 4.0 5.0 6.0 7.0
SPATIAL FREQUENCY (um™)

Figure 3.6: MTF measurement using individual fluorescence beads. (A)
Widefield image (red) and SR-SIM reconstructed image (cyan) of the fluores-
cence beads with the size of 100nm. (B) All modulation transfer functions
are calculated by circular averaging the magnitude of the Fourier transform
of individual beads marked with a white box in (A). Red and cyan MTF
lines display the average MTF for each microscopy technique, widefield
and SR-SIM. Light areas around these MTF lines represent different MTFs
measured over the full field of view. The scale bar is 10 pm.

dhttps://argolight.com /products/argo-sim/
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3.2 Conventional Assessment Methods

can be affected by several factors, e.g., low signal-to-noise ratio, presence of a second
bead closer than the diffraction limit, or optical aberrations in the system. Therefore,
selecting a subset of isolated individual beads distributed over the field of view (white
boxes in Fig. 3.6A) is recommended. Subsequent averaging of the MTFs provides more
accurate measurement. Variance of the MTFs over the field of view can be seen in the

Fig. 3.6B, where the light red and cyan area display all overlapping MTF's calculated
from all selected beads.

EDGE SPREAD FUNCTION

Any sharp knife-edge where the light intensity drops from the maximum (bright) to
minimum (dark) is blurred by the optical system PSF (see Fig. 3.7). The steepness
(gradient) of such intensity edge increases with the better resolving capability of the
system. The line profile perpendicular to this knife-edge is called edge spread function
ESF which contains 1D information about the PSF of the system. The first derivative
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Figure 3.7: MTF measured from the edge spread function (ESF). (A) The
sharp knife-edge of the resolution target was imaged with the UPlanFLN
40% /0.75 air/dry objective lens in a brightfield mode using three wavelengths
(473 nm, 546 nm, and 650 nm). (B) The averages of the edge spread functions
over the height of the edge from (A) with the first derivatives of ESFs, thus
line spread functions (LSF, dashed dark lines). (C) The modulation transfer

functions as the absolute values of the Fourier transform of each LSF. The
scale bars are 10 pm.
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of the ESF results in the line spread function LSF which can be considered as one
dimensional PSF. The MTF corresponds then to the absolute value of the Fourier
transform of LSF'33. In order to reduce noise in the image, it is appropriate to use
the averaging of multiple line profiles over the length of the edge. However, any shift
between the ESF line profiles results in degradation of the edge sharpness, thus devaluing
the MTF measurements. Therefore, it is necessary to ensure the individual ESF line
profiles are not shifted relative to each other.

Edge spread function experiment was performed usingUPlanFLN 40x /0.75 air/dry
objective lens mounted in the IX71 bright-field microscope (Olympus, Japan). Three
illumination single bandpass filters were used with the center wavelength of 473 nm,
546 nm, and 650 nm, respectively, to image the sharp edge of the resolution target.
Rayleigh resolution limits (Eq. 1.4 in the Section 1.3.1) of the microscope setup for each
illumination wavelength are equal to d =385 nm, 444 nm, and 529 nm, respectively.

ESF approach can be also applied to cell samples instead of precisely manufactured

testing slides. However, one condition has to be fulfilled. The gradient of the edge
must be higher than the gradient of the system point spread function. Therefore, the
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Figure 3.8: FWHM measured from the edge spread function (ESF). (A)
Widefield image (red) and MAP-SIM reconstructed image (green) of the U2-
OS cell. White dashed box in (A) marks the details in (B) and (C), where
the dashed white lines with arrows show the edge spread functions (dark
red and green) plotted in (D) and (E). Gaussian functions (black dashed
lines) fit the line spread functions (red and green) in order to determine the
full width at half maximum (FWHM).
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selection of the proper edge is usually a manual task. The advantage of this method is
that there is no need to use any special test pattern'®’. Moreover, the FWHM can be
calculated from the line spread function directly (Fig. 3.8).

3.2.3 FoOURIER RING CORRELATION

Fourier ring correlation FRC evaluates the similarity of two stochastically independent
images of the same observed scene in frequency space to determine the resolution
threshold. These two identical observations differ only in noise content. In 2013,
Banterle et al. have shown the FRC can be applied to SR data'®. In order to generate
two identical images I1(x,y) and Iz(x,y) the raw SMLM dataset is usually split into
two subsets (e.g. first subset contains odd frames and second subset consists of even
frames). The SMLM reconstruction method is then applied to both datasets, resulting
in two identical images with different noise content. Another way how to get these two
stochastically independent images is an acquisition of the one fixed sample twice in
minimum delay between acquisition. The FRC is then calculated as

> 11(a,0)T2(q.0)"
\/Ze\ll 0.0 3, |i0.0)

FRC(q)

(3.2)
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Figure 3.9: Fourier ring correlation (FRC) measurement on fluorescent beads.
(A) Widefield image (red) and SR-SIM reconstructed image (cyan) of the
fluorescence beads with the size of 100nm. (B) FRC calculated from two
consecutively acquired images of fluorescent beads. Dashed lines illustrate
linear slope of the FRC decline, where the cut-off frequency is estimated.
The threshold value for determining the cut-off frequency is 1/7, which
is the most appropriate value for microscopy images'®*'*°. The spatial
frequency is normalized by the sampling rate fs = 1/(2 - pps) = 7.69 pm™,
where pps = 65 nm is a projected pixel size given by the physical size of the
pixels on the camera sensor (6.50 pm) and the magnification of the objective
lens in combination with the tube lens (100x). The scale bar is 10 pm.
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where I(g,0) is complex Fourier transform of the image I(x,y) with polar coordinates
(frequency g and angle #). Symbol * denotes complex conjugate. The FRC curve reaches
1 for low frequencies close to DC component, whereas for high spatial frequencies the
FRC decays to 0. The cut-off frequency is determined as the frequency where the FRC
curve drops below fixed threshold 1/7, which has been experimentally determined as
the most appropriate value for microscopy images'34 13,

Recently, Laine et al. have presented NanoJ - a high-performance open-source
super-resolution microscopy toolbox??, which contains a resolution assessing tool called
NanoJ-SQUIRREL (super-resolution quantitative image rating and reporting of error
locations). This tool provides complex image quality measurement including mapping
of FRC resolution across an image.

3.2.4 SuUMMARY OF THE CONVENTIONAL ASSESSMENT METHODS

Conventional methods for assessing the resolution described above typically provide
a reliable and accurate estimation of the resolution limits of the microscopy system.
However, specific samples, e.g., precisely manufactured resolution charts or fluorescent
beads, are required for these measurements. The exception might be the Fourier ring
correlation, which can measure the resolution directly from the cell sample. Nevertheless,
two observations of the same static sample are essential for the accurate measurement.
Any spatial change within the sample during the acquisition decreases the resolution
limit and devalues the measurement. Moreover, the final resolution in the image of a live
cell is strongly affected by the cell structure. Therefore, these methods do not seem to
be well suited for resolution measurements within live cell imaging, where the evaluation
resolution of a single image (video frame) is essential. Recently, Descloux et al. have
introduced an image resolution assessment method based on decorrelation analysis®?,
which brings a novel approach of assessing the resolution limit of a single image. Further
development of robust resolution assessment methods in SR-SIM microscopy is still
necessary.

CIRCULAR AVERAGE POWER SPECTRAL DENSITY

In this section, a quantitative evaluation of the resolution enhancement based on the
circular average power spectral density (PSD.,) analysis is presented. PSD describes
the distribution of the power of a signal with respect to its frequency. The PSD of an
image I(r) is the squared magnitude of its Fourier transform, that can be written as

PSD(k) = |Z {I(r)}|" (3-3)
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3.3 Circular Average Power Spectral Density

where .# represents the Fourier transform, r = [r;,r,] indices individual pixels of
the 2D image, respectively, and k = [k;, k,] are coordinates in the discrete frequency
domain. The circular average PSD (PSDy,) is then calculated in polar coordinates with
frequency ¢ and angle 6 as

PSD.a(q) = 10 - logy, (j\lf > PSD(q, 9)) (3.4)
9 9

which averages PSD at spatial frequency g. N, is the number of spectral coefficients at
a particular frequency q.

Assuming a noiseless case, the cut-off frequency is equal to the spatial frequency at
which PSD., drops to zero. In practice, PSD., contains non-zero values over the whole
frequency range caused by noise. The signal-to-noise ratio (SNR) in Fourier space is
generally very close to the cut-off frequency, which makes precise determination of the
cut-off frequency very challenging. Therefore, the spectral subtraction method”” is
used before the cut-off frequency estimation. Assuming additive noise in the frequency
domain, PSD, after the spectral subtraction is equal to

?S\Dca(q) ~ PSDca(Q) —E HN(Q)H (35)

where PSD.,, 1§S\D0a, and E [|[N(q)|] represent the noisy signal, the desired signal, and
the noise spectrum estimate, respectively. The noise spectrum |N(g)| is estimated from
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Figure 3.10: Explanation of the circular average power spectral density ap-
proach. (A) Two dimensional power spectral density (PSD) of the widefield
(red) and MAP-SIM image. White dashed lines represent the Cartesian
coordinates, and yellow arrows represent the polar coordinates in the fre-
quency domain. The theoretical diffraction limit of the microscope ~250 nm
is marked with the white dashed circle. (B) Normalized PSDc, curves are
defined as an average of the 2D PSDs (A) over the 6 in the polar coordinates.
Detailed view on the higher frequencies (dashed box) shows the area of PSDc,
where the noise used in the noise subtraction step is estimated. The spatial
frequency is normalized by the sampling rate fs = 1/(2 - pps) = 7.69 pm™,
where pps = 65 nm is a projected pixel size given by the physical size of the
pixels on the camera sensor (6.50 pm) and the magnification of the objective
lens in combination with the tube lens (100x).
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ASSESSING RESOLUTION IN MICROSCOPY

the parts of PSD., signal where only noise is present. Assuming that the PSD., at
the last 5% of the highest frequencies does not contain any useful information, the
frequency threshold varies over the range (0.95 - ¢naz; Gmaz) for the noise estimation.
The average cut-off frequency with the variance is given by this iterative measurement.
The ¢maqz is equal to

qs 1

2 2.pps’

dmazx =

(3.6)

where ¢s and pps are the sampling frequency and the projected pixel size, respectively.
The resolution limit then corresponds to the frequency for which the PTS\DCa drops below
5%. Compared to the threshold 1/7 = 0.143, used in Fourier ring correlation method
(Section 3.2.3), experimentally determined threshold 0.05 provides the most accurate
results after the noise subtraction step.

3.3.1 ESTIMATION IN DIFFERENT FOURIER SPACE SECTORS

Structure of the cell sample may affect the resolution measurements in different angles,
e.g., SIM reconstruction using only one angle of illumination pattern. Standard PSD.,
calculates the circular average of the Fourier transform along 27. It leads to suppressing
the potential maximum cut-off frequency achieved by averaging both the maximum
and minimum f.. To avoid this, the Fourier space can be divided into several sectors
by the angle 8. The number of averaged points over the circle in the Fourier space is

B ' ' ' SECTOR 0° [Sector 135°
0.488 0.676
266 nm 192nm

\
R i <

\ .

0.0 . . . . . : . :
00 01 02 03 04 O5 06 07 08 09 10
NORMALIZED SPATIAL FREQUENCY (a.u.)

Figure 3.11: PSD, averaged within 4 equally distributed sectors. (A) Power
spectral density of the SR-SIM reconstruction using only one illumination
pattern angle which results in uneven estimation of the resolution enhance-
ment over 360°. Transparent colored areas in (A) highlight the sector
the resolution was measured in. The radius of each sector represents the
cut-off frequency estimated using the PSDc, method. Vertical lines in (B)
represent the cut-off frequencies, thus resolution limits, of each normalized
PSDc. measured in different sectors. The spatial frequency is normalized
by the sampling rate fs = 1/(2-pps) = 7.69 pm™, where pps = 65nm is a
projected pixel size given by the physical size of the pixels on the camera
sensor (6.50 pm) and the magnification of the objective lens in combination
with the tube lens (100x).
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3.3 Circular Average Power Spectral Density

much lower closer to the zero frequency. However, frequencies higher then 0.5 - f, are
important for determining the cut-off frequency where the number of averaged points is
high enough even in reducing the averaged sector. Sectors are equally divided by N,
where the sector angle limits are defined as

" 9(n—1)-1,2n—1) (3.7)

O, = -
2N

3.3.2 WELCH'S METHOD FOR SPECTRAL DENSITY ESTIMATION

Welch’s power spectrum estimation is a classical non-parametric method, which makes no
assumption on image data generation. This estimation technique can reduce the variance
in the spectral estimate!'%'37, which is essential for cut-off frequency determination.
Reducing the variance in the periodogram, an estimate of the spectral density of a
signal'*®, involves three main steps. First, assume a 1D data sequence s(z) is subdivided
into L segments as

si(z) = s(x +1iD), x=0,1,...,.M -1

3.8
i=01,...,L—1 (38)

where M is the length of each segment, D is the segment shift, and ¢D corresponds to
the starting point for i-th segment. If D = M /2, there is 50% segments overlap.

Then, for each i-th segment, the periodogram is computed as

2

M—-1
PO = IF (s = | 3 si@hulae 77| | (3.9)
x=0

where F represents Fourier transform (fast Fourier transform - FFT - for discrete
signals), U is a normalization factor for the power in the window function w(n) and is
calculated as

U= Y w(x) (3.10)

The final Welch’s power spectrum estimate is the average of all periodograms'3°:

PO(f). (3.11)

Welch’s PSD approach only works correctly with stationary signals. This condition
allows to achieve noise suppression in the power spectral density estimate. To fulfill the
stationarity of the measured image, we assume a single cell in the middle of the image

65



ASSESSING RESOLUTION IN MICROSCOPY

Y
AVERAGE OF PERIODOGRAMS

J

Figure 3.12: Welch’s method for power spectral density estimation in 2D. (A)
Observed live cell image. (B) The final average of periodograms illustration.
Periodograms are calculated using Eq. 3.12. The scale bar is 10 pm.

surrounded with a noise background (Fig. 3.12). This assumption allows us to define
2D discrete periodograms

PY) (k] = |F {si [r] w[r]}]”

1 |M=1N-t ) 2
=7 |20 22 silrlulrle et %) (3.12)
re=07,=0
with normalization factor
M—1N-1
U= w?(r), (3.13)

where r = [r;, 7] indices the individual pixels of 2D image, respectively, and k = [k, k,]
are coordinates in the discrete frequency domain.

Final smooth 2D-Welch’s power spectral density estimate is then achieved by

substitution of 2D-periodograms into the Eq. 3.11. In the experiments, 2-dimensional
fast Fourier transform (2D FFT) was used, utilizing MATLAB'? build-in function.
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Figure 3.13: Results of the smoothing using Welch’s method. (A) and (D)
are 3-dimensional representation of the power spectral densities of Widefield
and MAP-SIM images, respectively. (B) and (E) show the periodograms of
the same image as (A) and (D) after applying the Welch’s method. Images
(C) and (F) show the 2-dimensional representation of images (A), (B), (D),
and (E).

E F MAP-SIM

67



ASSESSING RESOLUTION IN MICROSCOPY

3.3.3 POWER SPECTRAL DENSITY ANALYSIS RESULTS

The performance of the resolution assessment method based on the power spectral
density analysis was tested on several datasets representing different scenarios, e.g., live
cell video sequence, multiplane (3D) imaging, or SIM data reconstructed only in one
direction. PSD., estimates resolution in a single 2D image, therefore, all data sequences
(video, or 3D dataset) were processed frame by frame. The following figures display the
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Figure 3.14: The results of PSD., measurement on the video sequence of
live U2-OS cell (SIM data 1 in the Section 2.2) expressing LAMP1-GFP.
(D) The evolution of resolution in the video sequence of live cell measured
with PSDca. The power spectral density lines in (E)-(G) represent the
PSDc. analysis of the first frame of the video sequence (A)-(C). Light areas
around the lines correspond to the PSDc, lines of the full video sequence
(362 frames, 99.275s). The spatial frequency is normalized by the sampling
rate fs = 1/(2 - pps) = 7.69 pm™, where pps = 65nm is a projected pixel
size given by the physical size of the pixels on the camera sensor (6.50 pm)
and the magnification of the objective lens in combination with the tube
lens (100x).
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3.3 Circular Average Power Spectral Density

results of individual measurements.

Figure 3.14 shows the result of the PSD., measurement of ~100s long video of live
HEP-G2 cell. Experiment includes widefield, OS-SIM, and MAP-SIM video sequences
(Fig. 3.14A-C) presented in the Section 2.2 as SIM data 4. Fig. 3.14D displays the
dependence of the resolution on the time. Widefield and OS-SIM show slow degradation
of the resolution caused mostly by the photobleaching (light-induced degradation)®!
of the fluorophores leading to lower signal-to-noise ratio (SNR). However, MAP-SIM
reconstruction is able to restore details even with bad SNR conditions and keep the
resolution very stable over time.
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Figure 3.15: The results of PSD., measurement on the 3D image stack
of the HEP-G2 cell (SIM data 4 in the Section 2.2) expressing actin
(red) and nucleus (green). (A) Representative ROIs showing 5 z-planes
with the step of 1 um through the cell (dashed vertical lines in (B) mark
individual z-planes). (B) The dependence of the resolution on the depth.
The measurement was performed on each z-plane image of the 3D stack
individually. The PSD., curves for all z-planes are shown in (C) and (D),
where the transparent areas represent all PSD., curves across the 3D stack.
Red and green (both bright and dark) curves show the PSDc, of the z-plane
equal to 2pm (approximately the center of the cell). The spatial frequency
is normalized by the sampling rate fs = 1/(2 - pps) = 7.69um™, where
pps = 65nm is a projected pixel size given by the physical size of the pixels
on the camera sensor (6.50 pm) and the magnification of the objective lens
in combination with the tube lens (100x). The scale bar is 10 pm.
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SIM dataset 4 (from the Section 2.2) represents the volumetric imaging of the
fixed cell. The whole 3D stack consists of 2D images acquired by scanning in the axial
direction with the step of 200 nm. Actin (red) and nucleus (green) were acquired using
LCOS-based SIM microscope running in multicolor imaging mode. The PSD., method
gives the resolution estimate for each z-plane individually, resulting in the resolution
dependence over the cell volume (see Fig. 3.15B). Figure 3.15A shows images of 5
z-planes (both Widefield and MAP-SIM reconstruction) in the range of 4 pm. These
z-planes are marked in the Fig. 3.15B with dashed lines. Effective out-of-focus light
suppression using MAP-SIM reconstruction can be observed in the cell images, which
also results in the constant resolution enhancement close to the sampling of the image
(~140nm for Actin and ~145nm for Nucleus).

An excellent example of the importance of the PSD., analysis of individual sectors
in Fourier space separately is SIM dataset 3 from the Section 2.2, where the SIM
reconstruction was performed with the pattern of only one angle. Two dimensional
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Figure 3.16: The results of the PSD., measurements on the sectioned rabbit
testis stained with hematoxylin and eosin (SIM data 3 in the Section 2.2).
PSD.. was measured in 4 sectors with the step of 45° to illustrate the
measurement on uneven PSD. SR-SIM image was reconstructed using only
one angle of illumination pattern resulting in resolution enhancement in
one direction. The differences in the resolution in (E) are caused by the
structure of the image, however, more significant difference in (F) is caused
by the SR-SIM reconstruction. The spatial frequency is normalized by
the sampling rate fs = 1/(2- pps) = 7.69um™", where pps = 65nm is a
projected pixel size given by the physical size of the pixels on the camera
sensor (6.50 pm) and the magnification of the objective lens in combination
with the tube lens (100x). The scale bars are 10 pm.
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3.3 Circular Average Power Spectral Density

power spectral density in the Fig. 3.16D shows the resolution enhancement mostly in the
horizontal direction while almost no enhancement in the vertical direction. Calculating
the circular average over the full range would lead to the degradation of the actual
maximum resolution of the image. Assuming an equal resolution limit over all angles in
the widefield image (Fig. 3.16A), the resolution deviation (Fig. 3.16E) is mainly caused
by the structure of the tissue sample.
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Figure 3.17: Comparison of PSD., with image decorrelation analysis. A
13.25pm x13.25 pm FOV of the widefield, MAP-SIM and SR-SIM recon-
structed images (A)-(C), respectively. Determination of the global spatial
resolution in image data using power spectral density analysis (PSDca) (E)
and image decorrelation analysis (imDecorr®?) (F). (D) Sections of the 2D
Fourier transform of the images (A)-(C). The resolution limit of each imag-
ing technique was determined with PSD., and the decorrelation method
((E) and (F)). The spatial frequency is normalized by the sampling rate
fs =1/(2-pps) = 9.66 um™, where pps = 51.75nm is a projected pixel size
given by the physical size of the pixels on the camera sensor (3.45pm) and
the magnification of the objective lens in combination with the tube lens
(66.666x). All resolution assessing methods indicate an improvement in the
reconstructed SR-SIM images by almost a factor of 2. The scale bars are
5pm.
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Performance of the presented power spectral density analysis (PSD.,) was com-
pared with another recently published resolution assessment method based on image
decorrelation analysis (imDecorr)??. The figure 3.17 shows the results of the resolution
estimation in the image of fluorescence beads with the diameter of 200nm. Beads
were imaged with the fiberSIM microscope and reconstructed with SIM reconstruction
tools SIMToolboz>® and fairSIM**" (for more details see Section 2.3: fiberSIM: Highly
Compact SR-SIM Microscope Based on Fiber Optics). In this case, both approaches,
PSD., and imDecorr, assume the even resolution enhancement in all lateral directions
(see Section 3.3.1), thus determine one representative resolution estimate. Despite dif-
ferent estimation approaches, both methods give very similar results. Almost two-fold
enhancement in the resolution of the widefield fluorescence microscope can be achieved
by using SR-SIM reconstruction (see Fig. 3.17).
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CONCLUSIONS

The chapter summarizes the content of the dissertation, discusses achieved results,
current developments, and future outlook with respect to ongoing projects.
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CONCLUSIONS

Structured illumination microscopy is one of the most popular means in live cell biology
to overcome the diffraction limit of a fluorescence microscope. Current commercially
available super-resolution SIM (SR-SIM) microscopes are complex and often bulky
systems whose high initial costs reduce their affordability. Therefore, a development
of the compact low-cost SR-SIM systems making this technology available to every
biological laboratory is essential.

Highly compact SR-SIM microscope based on fiber optics presented in this work
shows the high potential of using fiber optics to dramatically reduce the size of the
excitation part of the SIM microscope with high laser power efficiency. Further, custom-
built SR-SIM systems requires suitable software able to successfully reconstruct the SIM
data. Although there are open-source reconstruction tools available, e.g. SIMToolboz®,
or fairSIME, further software development is necessary.

Freely available SIM datasets are suitable for the software development and opti-
mization of reconstruction and analysis tools. Therefore, we provide a fully documented
SIM dataset® acquired with the custom-built SIM microscope based on the non-coherent
illumination source and FLCOS microdisplay. Such a development of a compact
SIM microscope system requires a robust method of quantitative evaluation of the
reconstruction quality.

One of the most important metrics is the resolution gain of the SIM system. There
are several conventional resolution assessment techniques that require specific resolution
charts or fluorescence beads to evaluate the resolution limit of the microscope. However,
assessing the resolution from a single image of a living cell is a more challenging task.
Recently, a few novel approaches measuring the resolution from a single image were
introduced, including the circular average power spectral density (PSDe,) analysis pre-
sented in the thesis. The combination of freely available SIM reconstruction and analysis
software enables more efficient development of custom-built SIM systems, making this
super-resolution technique more affordable to any living cell biology laboratory.

m SUMMARY

The thesis is divided into three parts, covering the theoretical light microscopy back-
ground, followed by an overview of modern super-resolution microscopy techniques,
including the current instrument development. The last part deals with the resolution
assessment important to the quantitative evaluation of the resolution gain while using
super-resolution microscopy.

¢https://simtoolbox.github.io/
fhttps://www.fairsim.org/
ghttp://gigadb.org/dataset /100514
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4.2 Contributions

Chapter 1 introduces the fundamentals of light microscopy, especially fluorescence
microscopy. Most common modern fluorescence microscopy techniques are discussed
that lay the groundwork for all super-resolution microscopy approaches described in the
following chapter. Furthermore, the diffraction limit, one of the most limiting factors in
fluorescence microscopy, is detailed and followed by the

Chapter 2 introduces a general overview of the most common super-resolution
techniques with the focus on structured illumination microscopy (SR-SIM). Detailed
explanation of how SR-SIM technique recovers high resolution information beyond a
diffraction limited widefield microscope is followed by a close look at the current devel-
opment in the field of SIM microscopy. Freely available SIM datasets fully documented
in this work are suitable for further software development of reconstruction and analysis
tools as well as bring a benchmark for further development of custom-built SIM devices.

A novel approach for 2-beam structured illumination microscopy using an all-fiber
optical implementation is presented in Chapter 2, Section 2.3. The highly compact
design and flexibility of this SR-SIM device, while also maintaining the robustness
required for interferometry, were achieved by using a microelectromechanical systems
(MEMS) based fiber switch for rapid pattern angle switching in combination with
1x2 fiber splitters and a piezoelectric crystal for pattern phase shifting. By suitable
selection of the telescope magnification, the pattern period can be flexibly adjusted
from a coarse interference pattern up to the highest possible pattern frequency. A single
pattern frequency was demonstrated as a proof-of-concept by utilizing very cost-efficient
components, such as an industry-grade CMOS camera, which currently limits the
maximum frame rate of the system.

The most common resolution assessment techniques in light microscopy, especially
fluorescence microscopy, are introduced and discussed in Chapter 3. The chapter provides
a broad overview of methods for determining the resolution limits of a microscope often
used during the development or calibration of the system. Precisely manufactured
testing charts or fluorescence beads are required to provide accurate resolution limit
measurements using these methods. Therefore, a robust method for assessing the
resolution directly from the image of a biological sample is essential in super-resolution
microscopy. Such a method quantitatively determines the resolution gain of a particular
SR imaging technique. The current development of such assessment methods is discussed
in the chapter, including a detailed description of the circular average power spectral
density (PSD.,) analysis approach.

m CONTRIBUTIONS

The author’s contributions to the field of super-resolution microscopy are listed below
and put in the context of the aims stated in the introduction.

75



CONCLUSIONS

1. Freely available SIM datasets
The datasets introduced in Chapter 2, Section 2.2 offer a suitable benchmark
for the development SIM reconstruction algorithms to compare the results with
those presented here, including the Bayesian method MAP-SIM. Furthermore,
data may be utilized in other ways, e.g., single-particle tracking experiments in
LAMP1-GFP cells (see Appendix B.2).

2. Highly compact, low-cost illumination unit for SR-SIM
The proposed fiber optics-based super-resolution SIM equipment demonstrated in
Chapter 2, Section 2.3 provides very promising imaging results indicating that
this device could become the basis of a versatile “Plug&Play” illumination module
with the capability of turning any conventional microscope body into a SR-SIM
microscope.

3. Performance evaluation based on spatial resolution assessment

An algorithm for assessing the resolution of a single image of a living cell based
on circular average power spectral density (PSDc,) analysis has been proposed. A
detailed description of the method is included, followed by the comparison of the
results obtained from resolution assessment using the proposed PSD., method
and selected conventional approaches. A comprehensive overview of the most
common conventional resolution assessment methods used in light microscopy,
discussed in Chapter 3, may help with the choice of the proper method for a
particular application.

m FUTURE WORK

The fiberSIM approach allows for the rather straightforward realization of multi-color
SIM imaging in the future. Currently, the next generation of the fiberSIM device is
under development, allowing the user to easily change the illumination pattern line
spacing, thus the resolution enhancement factor up to TIRF mode. Furthermore, adding
a center illumination beam to the current 2D fiberSIM turns the new device into the
3D SR-SIM system.

Broad overview of resolution assessment methods, including circular average power
spectral density (PSD.,) analysis, lies the base to create a complex set of functions
suitable for resolution assessment in structured illumination microscopy. Further analysis
of the reconstruction quality, such as quantitative determination of the most common
SIM reconstruction artifacts can provide an essential feedback in the development of a
custom-built SIM system. Implementation of these analysis functions can provide a
comprehensive toolbox to complement existing open-source SIM reconstruction means
SIM Toolbox".

bhttps://simtoolbox.github.io/
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EQUIPMENT AND MATERIALS

List of major optical components, optomechanical components, electronics, and chemi-
cals used in this work.

Table A.1: Table of optical components, optomechanical components, and
electronics listed in the work excluding standard lenses and mirrors. Sorted
alphabetically by the item name.

Item Part number Producer  Description

AU Uno Rev3 Arduino An open-source microcontroller board
based on the Microchip ATmega328P
microcontroller

BPF1 ET460/36m Chroma Band pass filter, center wavelength of
460 nm, width 36 nm

BPF2 ET473/24m Chroma Band pass filter, center wavelength of
473 nm, width 24 nm

BPF3 ET525/20m Chroma Band pass filter, center wavelength of
525 nm, width 20 nm

BPF4 ET546/10x Chroma Band pass filter, center wavelength of
546 nm, width 10 nm

BPF5 ET625/30m Chroma Band pass filter, center wavelength of
625 nm, width 30 nm

BPF5 ET650/45x Chroma Band pass filter, center wavelength of
650 nm, width 45 nm

LDM1 T505lpxr Chroma Low pass dichroic mirror, edge
wavelength 505 nm

LDM2 T600lpxr Chroma Low pass dichroic mirror, edge

wavelength of 600 nm

Continued on next page
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EQUIPMENT AND MATERIALS

Table A.1 — continued from previous page

Item Part number Producer  Description
LDM3 FF538-FDIO1 Semrock Low pass dichroic mirror, edge
wavelength of 538 nm
Caml Neo 5.5 Andor Scientific CMOS camera
Cam?2 Zyla 4.2+ Andor Scientific CMOS camera
Cam3 Edge 5.5 PCO Scientific CMOS camera
Cam4 UI-3270CP IDS Industrial CMOS camera
FLCOS SXGA-3DM ForthDD  Fast switching reflective SLM
FOC TW470R5F1 Thorlabs  1x2 wideband fiber optic coupler,
50:50 split ratio
FPC CPC900 Thorlabs  In-line fiber optic polarization
controller
FS SN1x4-9N Sercalo Fast opto-mechanical switch based on
micromechanical mirrors
HWP AHWP3 BVO VIS achromatic half-wave retarder
K-CUBE KPZ101 Thorlabs  K-Cube piezo controller
LED1 LP-54 Luminus  Monochromatic high power LED
LED2 LP-120 Luminus  Monochromatic high power LED
MS1 IX71 Olympus Inverted microscope system
MS2 IX83 Olympus  Inverted microscope system
MS3 DMi8 Leica Inverted microscope system
Obj1 PlanApo Olympus  Apochromat oil objective lens
60x/1.45
Obj2 UPlanApo Olympus  Apochromat oil objective lens for
100x /1.50 super-resolution
Obj3 UPlanSApo Olympus  Super apochromat oil objective lens
100x /1.4
Obj4 UPlanFLN Olympus  Semi-apochromat oil objective lens
100% /1.3
Obj5 UPlanFLN Olympus  Semi-apochromat air/dry objective
40%/0.75 lens
Obj6 HCX PLAPO Leica Apochromat TIRF oil objective lens

TIRF 100x /1.47

Continued on next page
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https://en.ids-imaging.com/store/ui-3270cp-rev-2.html
https://www.forthdd.com/tag/sxga-3dm/
https://www.thorlabs.com/thorproduct.cfm?partnumber=TW470R5F1
https://www.thorlabs.com/thorproduct.cfm?partnumber=CPC900
https://www.sercalo.com/products/mems-switches-products/sl
https://boldervision.com/waveplates/ahwp3/
https://www.thorlabs.com/thorproduct.cfm?partnumber=KPZ101
https://www.luminus.com/products/color/monochromatic-cob
https://www.luminus.com/products/color/monochromatic-cob
https://www.olympus-lifescience.com/data/olympusmicro/brochures/pdfs/ix71.pdf
https://www.olympus-lifescience.com/en/microscopes/inverted/ix83/
https://www.leica-microsystems.com/products/light-microscopes/p/leica-dmi8/
https://www.olympus-lifescience.com/en/objectives/plapon-sc/
https://www.olympus-lifescience.com/en/objectives/plapon-sc/
https://www.olympus-lifescience.com/en/objectives/tirf-hr/
https://www.olympus-lifescience.com/en/objectives/tirf-hr/
https://www.olympus-lifescience.com/en/objectives/uplsapo/
https://www.olympus-lifescience.com/en/objectives/uplsapo/
https://www.olympus-lifescience.com/en/objectives/uplfln/
https://www.olympus-lifescience.com/en/objectives/uplfln/
https://www.olympus-lifescience.com/en/objectives/uplfln/
https://www.olympus-lifescience.com/en/objectives/uplfln/
https://www.leica-microsystems.com/objectivefinder/objective/506318/
https://www.leica-microsystems.com/objectivefinder/objective/506318/

Table A.1 — continued from previous page

Ttem Part number Producer  Description

PC PA4GEH5W Thorlabs  Piezo chip, 150V, 2 um displacement,
7 X 7X2mm

PS TPS002 Thorlabs  +£15V/5V power supply unit for
K-Cube piezo controller

SiDET DET10A Thorlabs  Si detector, wavelength range

200-1100 nm, 1ns rise time

Table A.2: Table of chemicals mentioned in the thesis. Sorted alphabetically
by the item name.

Item

Description

Alexa Fluor™ 488
Atto 565

Eosin

Fetal bovine serum

Hematoxylin
LAMP1-GFP
MitoTracker Red

CMXRos
Mowiol 4-88

Paraformaldehyde

Green-fluorescent dye with excitation of 488 nm

A fluorescent label belonging to the class of rhodamine
dyes with excitation in the range 545-575 nm

Red fluorescent dye that is a bromine derivative of
fluorescein

A byproduct of harvesting cattle for the meatpacking
industry used as a supplement to basal growth medium in
cell culture applications

Naturally derived dye extracted from heartwood of the
logwood tree

Fusion construct of lysosomal associated membrane protein
1 and green fluorescent protein

Red-fluorescent dye that stains mitochondria in live cells

Water soluble hydrocolloid mucoadhesive based on
polyvinyl alcohol used as an embedding medium for
preserving stained cell dishes

Formaldehyde polymer used for applications requiring a
formaldehyde solution without stabilising additives

Continued on next page
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https://www.thorlabs.de/thorproduct.cfm?partnumber=PA4GEH5W
https://www.thorlabs.com/thorproduct.cfm?partnumber=TPS002
https://www.thorlabs.de/thorproduct.cfm?partnumber=DET10A
https://www.thermofisher.com/de/en/home/life-science/cell-analysis/fluorophores/alexa-fluor-488.html
https://www.atto-tec.com/product_info.php?info=p104_atto-565.html
https://www.sigmaaldrich.com/product/sial/e4009?gclid=CjwKCAjwh5qLBhALEiwAioods7y9nUAFq6N7kjwmkJYI5asuZUejpqSL2UTEBOH2vN7nSj8O0MDztRoC5t8QAvD_BwE
https://www.thermofisher.com/de/en/home/life-science/cell-culture/mammalian-cell-culture/fbs.html
https://www.sigmaaldrich.com/product/sigma/h9627?gclid=CjwKCAjwh5qLBhALEiwAioods6bQCHGp7CZKjsyFRix9KNx4rLlAPkCdKImEZeL98k8hH1pGTySC7hoCjjsQAvD_BwE
https://www.thermofisher.com/order/catalog/product/C10507#/C10507
https://www.thermofisher.com/order/catalog/product/M7512#/M7512
https://www.thermofisher.com/order/catalog/product/M7512#/M7512
https://www.sigmaaldrich.com/product/aldrich/81381?gclid=CjwKCAjwh5qLBhALEiwAioods6LwVm7hps-TcENLJI5o12Xw3gmljv8OZ5Jadx7u5YmLxb7CxjgumBoCzRgQAvD_BwE
https://www.sigmaaldrich.com/substance/paraformaldehyde3003asmonomer30525894?context=product

EQUIPMENT AND MATERIALS

Table A.2 — continued from previous page

Item Description

PBS Phosphate-buffered saline is a balanced salt solution
providing an environment that helps to maintain the
structural and physiological integrity of cells

Penicillin, Antibiotics used to prevent bacterial contamination in cell

streptomycin, and
L-glutamate

Phalloidin

Triton X-100

cultures due to their effective combined action against
gram-positive and gram-negative bacteria

Bicyclic peptide commonly used in imaging applications to
selectively label F-actin in cells

Detergent used in laboratories to permeabilize the
membranes of living cells
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https://www.thermofisher.com/de/en/home/life-science/cell-culture/mammalian-cell-culture/reagents/balanced-salt-solutions.html
https://www.thermofisher.com/order/catalog/product/10378016?SID=srch-srp-10378016#/10378016?SID=srch-srp-10378016
https://www.thermofisher.com/order/catalog/product/10378016?SID=srch-srp-10378016#/10378016?SID=srch-srp-10378016
https://www.thermofisher.com/order/catalog/product/10378016?SID=srch-srp-10378016#/10378016?SID=srch-srp-10378016
https://www.thermofisher.com/de/en/home/life-science/cell-analysis/cell-structure/cytoskeleton/phalloidin-and-phalloidin-conjugates-for-staining-actin.html
https://www.thermofisher.com/order/catalog/product/HFH10?SID=srch-srp-HFH10#/HFH10?SID=srch-srp-HFH10

Live CELL MAP-SIM

m 0S-SIM AND MAP-SIM

In this section, the combination of the optical sectioning SIM (OS-SIM) with the
maximum a posteriori probability SIM (MAP-SIM) is described in detail.

B.1.1 OPTICAL SECTIONING SIM

Several data processing methods are possible for generating optically sectioned images
from SIM data (OS-SIM)“®*4!. The most familiar implementation of this technique was
introduced in 1997 by Mark Neil'®. Their method works by projecting a line illumination
pattern onto a sample, followed by the acquisition of a set of three widefield images
with the pattern shifted by relative spatial phases 0, 27/3, and 47/3. An optically
sectioned image can be recovered computationally as

los—sim = [(Il — L)+ (I - I3)* + (I, — 13)2]1/2 ) (B.1)

where Ips_gra is optically sectioned image, and I, I5, and I3 are the three images
acquired with different pattern positions (sometimes referred as square law method). If
the sum of the individual SIM patterns results in homogeneous illumination, as is the
case in FLCOS based SIM setups, a widefield image can be recovered from SIM data as
an average of all images:

N
1
Iwidefield = ~ E 1. (B.2)
n=1

This is the approach of generating the Widefield images in the thesis.

15,9

In this study, a method known as homodyne detection'??%!#! has been used for
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optical sectioning SIM.

Ios—siv =

i[nexp (27TZ]T\ZT>| . (B.3)
n=1

It was previously shown that this processing method offers results with better optical
sectioning than the square law method of Eq. (B.2)%.

B.1.2 MaAXiMUM A POSTERIORI PROBABILITY ESTIMATION SIM

Image acquisition in structured illumination microscopy for SIM with maximum a
posteriori probability estimation can be described as™

Yyr = HMpx + ny, (B.4)

where M}, represents the k — th illumination pattern, y; denotes a low-resolution (LR)
image acquired using the k — th illumination pattern, x is an unknown, high-resolution
(HR) image, and ny, is additive noise. H is a matrix describing the convolution between
the HR image and the point spread function (PSF) of the system. The position of
the illumination patterns in the camera images were determined using a calibrated
camera according to our previous work”®. The PSF is represented as an Airy disk,
which Fourier transform leads to an optical transfer function (OTF) of the form!'?

OTF(f) = % [20051 (J{) — sin (2(:051 (J{)ﬂ , (B.5)

where f is the spatial frequency. The cut-off frequency f. is estimated by calculating
the radial average of the power spectral density (PSD) of a Widefield image of 100 nm
fluorescent beads.

. . 54 .80 .0 149—144 . . . . .
Using a Bayesian approach®®8%:90,142-144 " high_resolution image estimation can be
expressed as a minimization of a cost function according to

K
THR_MAP = argmin lz lyr — HMz|® + )\F(a:)] . (B.6)
® k=1

The cost function in Eq. (B.6) consists of two terms. The first term describes the
mean square error between the estimated HR image and the observed LR images. The
second term is a regularization term. To ensure positivity and promote a smoothness
condition on the HR image, algorithm relies on quadratic regularization composed of
finite difference approximations of the first order derivative at each pixel location'*?

Ple) = 3 |(A); + (Awe)?] (B7)

where Ay, and A, are the finite difference operators along the horizontal and vertical
direction of an image, respectively, and (-); denotes the i — th element of a vector. The
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B.1 OS-SIM and MAP-SIM

contribution of T'(x) is controlled by the parameter A\ a small positive constant defining
the strength of the regularization (typically A = 0.01). Algorithm solves Eq. (B.6) using
gradient descent methods.

B.1.3 SPECTRAL MERGING

MAP estimation of high resolution images obtained with structured illumination enables
reconstruction of high resolution images (HR-MAP) with details unresolvable in a
widefield microscope. However, MAP estimation as described above does not suppress
out of focus light. On the other hand, the homodyne detection method used in the
optical sectioning SIM (OS-SIM)*%-%%

Ios—siv = TLr—HOM =

i yrexp (mf{) ’ (B.8)

k=1

provides images (LR-HOM) with optical sectioning but with only a slight improvement
in lateral resolution. Noting that the unwanted out of focus light is dominant at low
spatial frequencies, MAP-SIM algorithm merges the LR-HOM and HR-MAP images in
the frequency domain to obtain the final HR image (MAP-SIM). Frequency domain
Gaussian low pass filtering is applied to the LR-HOM image and a complementary high
pass filter is applied to the HR-MAP image. Weighting scheme used in the spectral
merging can be described by

2
TMAP-SIM = ./."1{ (1 — ﬂ)f{mLR_HO]VI}e;pp (21;-2)

+ BF{xur-mar} (1 —exp (;;_22)) }7

where F, F~! denotes the Fourier transform operator and its inverse, respectively. f
is the spatial frequency, o is the standard deviation of the Gaussian filter, and 3 is a

Low PAss
FILTER

A £y B

PSD(f)
PSD(f)

I

fe !

Figure A.1: Schematic of spectral merging step in MAP-SIM reconstruction
algorithm. (A) Spatial frequencies in Fourier space, where f. is the cut off
frequency for a widefield microscope. (B) Power spectral density (PSD)
in relation to the spatial frequency. (C) Blending frequency spectra of
high resolution MAP (HR-MAP) estimation and the homodyne detection
(LR-HOM) using low and high pass filters.
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weighting coefficient (usually 8 = 0.85). A circularly symmetric cosine bell apodizing
function is used to shape the final MAP-SIM spectrum before the final inverse Fourier
transform. The spectral merging method is shown schematically in the Fig. A.1.

m ExAMPLE OF DATA RE-USE

Using the optical sectioning effect of SIM allows tracking of low signal to background
ratio particles in LAMP1-GFP cells. Single particle tracking (SPT) is a computer
enhanced microscopy method used to track the motion of biological molecules or
vesicles'*%"148 In SPT, a particle trajectory is obtained from position coordinates
over a series of time steps. There are three basic steps in single particle tracking
analysis'*?. The first is detection of the particles in the raw data. This may be regarded
as segmentation or feature detection. The second step is localization of the particle,
usually accomplished by fitting a small region of interest (7x7 pixels in the experiment
presented here) to a two-dimensional Gaussian function. The third step is to link the
localizations together from one frame to the next to create a particle trajectory which is
as long as possible. These three steps combine to determine whether a particle can be
successfully tracked. If a particle is not detected in every frame through the sequence,
the trajectory will be truncated at the point where the particle was lost. MAP-SIM

Figure A.2: Example of the single-particle tracking in LAMP1-GFP cell.
(A) MAP-SIM image from Fig. 2.8C after subtraction of the average of the
stack of images. (B) LAMP1-GFP particle trajectory (132 frames) within
the boxed region in (A). The particle exhibits confined diffusion followed by
directed movement. The scale bar is 5pum in (A) and 1pm in (B).
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B.2 Example of Data Re-use

offers very high optical sectioning ability”*. Because of this, the signal to background
ratio (SBR) of the particles is higher, and the particles are thereby much easier to detect
in the images. Single particle tracking algorithm'°” used in this work is state of the art,
however, in this particular case, it is unable to detect dim, faster moving particles in
the widefield data consistently enough to be able to build a trajectory longer than a
few frames. However, using MAP-SIM allows to successfully track these particles.

In this experiment, the trajectories of single LAMP1-GFP particles (lysosomes, en-
dosomes, or other vesicles containing LAMP1-GFP), were obtained by a SPT algorithm
implemented in MATLAB'5’. The intensity average of the reconstructed Widefield or
MAP-SIM image stack was subtracted from each individual image within the stack to
reduce sSCMOS camera-induced fixed pattern noise and for feature enhancement (shown
in Fig. A.2A). Single particle trajectories were determined from the processed data
sets by selecting the initial starting particle coordinates by hand. Gaussian fitting of
the imaged particle, and building trajectories from coordinates based on determining
the probability of finding a diffusing particle in two dimensions at a given distance
from its starting point after a given time'°’. The particles were tracked for at least
12 up to a maximum of 132 time steps of 250 ms each. Fig. A.2B shows an example
trajectory of a tracked particle. After this process of building uninterrupted trajectories,

18 'A u)15 'B " 7 'c
1.6 w 67
141 MAP-SIM :_: MAP-SIM "_: 5| MAP-SIM
“‘E 1.2 ¢ 101 g
510 R 24
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Figure A.3: MSD plot of LAMP1-GFP particle trajectories obtained from
MAP-SIM (A - 60 trajectories) and Widefield (D - 39 trajectories) image
sequence. (B) and (E) show histograms of particle hop speeds computed for
the average distance traveled during the time lag At =250ms. (C) and (F)
are histograms of the signal to background ratio calculated for each particle
that was tracked in the MAP-SIM (C) and Widefield (F) data.
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the mean-squared displacement (MSD), was calculated. The MSD is a measure of the
average speed a particle travels and is calculated for each time difference At in the
track. The MSD plot was computed up to nAt < 1/4 of the total number of acquired
time frames, where n is the number of available displacements of a given duration nAt
in the track record'*%:1°0,

In total, 60 LAMP1-GFP particles were tracked in the MAP-SIM image sequence
taken from Fig. 2.8 presented in the Chapter 2, section 2.2. Figure A.3A describes the
corresponding MSD plots and Fig. A.3B shows a histogram of the number of particles
with a given hop speed computed from the average distance traveled during the shortest
lag time (At = 250 ms). The same experiment was performed in the widefield image
sequence to track the same particles using the same initial particle coordinates and
tracking algorithm. All algorithm settings were kept identical between the two data
sets (MAP-SIM and Widefield) except for the size of the point spread function. Of the
60 particles tracked in MAP-SIM, 39 particles (65%) were successfully tracked in the
Widefield data. Figure A.3D depicts the corresponding MSD plots obtained from the
Widefield single particle trajectories and Fig. A.3E shows a histogram of the number
of particles with a given hop speed. Comparing the MAP-SIM MSD plot, Fig. A.3A,
to the Widefield MSD plot, Fig. A.3D, it is evident that fast moving LAMP1-GFP
particles, represented by steeper MSD curves, cannot be tracked as successfully in the
Widefield data. As noted above, MAP-SIM increased the SBR of the particles we
attempted to track. This is shown in Figs. A.3C and A.3F. To determine the SBR. of
the particles, a region of interest (ROI) around each particle (9x9 pixels) was evaluated.
The local SBR was determined as the ratio between the maximum (average of the 5%
of the highest pixel values) and minimum (average of the 5% of the lowest pixel values)
in the region. To analyze single particle tracking (SPT) experiments, we used custom
routines'”’-*% in MATLAB using DIPimage'®'.

m How ExPoSURE TIME AFFECTS RESOLUTION

As noted in the main part of the thesis, the FLCOS microdisplay (and vendor-supplied
microdisplay-timing program) used in the SIM setup can display an illumination pattern
and switch to the next pattern in the sequence in 1.14 ms. This allows unprocessed SIM
images to be acquired at rates of approximately 875 Hz. An exposure time of about
1ms would be needed to achieve this imaging rate. However, such rapid imaging is not
useful if the reconstructed SIM images are of poor quality, for example if they suffer
from low signal-to-noise ratios (SNR). Specifying the fastest possible acquisition rate is
thus inadequate without consideration of the resolution and SNR of the results.

Figure A.4 demonstrates the effect of varying the camera exposure time on PSD.,

and thus on the spatial resolution. We imaged LAMPI1-GFP cells and varied the
camera exposure time from 10 ms to 100 ms per one SIM sub-image. Low signal-to-noise
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B.3 How Exposure Time Affects Resolution

ratios (in this case due to a short exposure time) causes a loss of fine details and thus
a reduction in effective resolution as estimated by power spectral density analysis™®.
These findings are not surprising, but the relationship between SNR (and therefore
exposure times and usable imaging rates) and image resolution is typically not discussed
in the SIM literature. This effect sometimes leads to very high noise and lower effective
resolution when trying to push SIM imaging rates.
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Figure A.4: Resolution assessment in images acquired with different exposure
times for Widefield, OS-SIM, and MAP-SIM. A lower signal-to-noise ratio
(SNR), due to the shorter exposure time, leads to a loss of the fine details,
thus a reduction in the resolution. The scale bars are 5 pm.
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