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Abstract

The concept of RESOLFT was introduced to break the resolution limit in fluo-
rescence microscopy, which is set by the physical phenomenon of diffraction.
It enables the separation of fluorophores inside a focal volume by driving re-
versible optical transitions between two discernible states. The family of re-
versibly switchable fluorescent proteins (RSFPs) with long-lived on- and off-
states allows for RESOLFT imaging at low light levels. Up to now, RESOLFT
involving RSFPs as fluorescent markers has been exclusively demonstrated to
enhance the resolution in the lateral dimension. In this work, a novel RSFP-
based RESOLFT microscope is presented, that, for the first time, breaks the
diffraction barrier in the axial direction by switching fluorophores in the vol-
ume of a light-sheet. It is realized with the optical arrangement of a selec-
tive plane illumination microscope (SPIM), that illuminates only a thin sec-
tion of a sample perpendicular to the detection axis and thus reduces the
overall light exposure in volume recordings. The symbiotic combination of
RSFP-based RESOLFT and SPIM, the so called RESOLFT-SPIM nanoscope,
offers highly parallelized, fast imaging of living biological specimens with low
light doses and sub-diffraction axial resolution. Compared to the diffraction-
limited SPIM analogue an improvement in axial resolution by more than a
factor of 12 is demonstrated.

Zusammenfassung

Das RESOLFT Konzept wurde entwickelt, um die physikalische Grenze der
Auflésung in der Fluoreszenzmikroskopie zu iberwinden. Es erméglicht die
Trennung von Fluoreszenzfarbstoffen in einem beugungsbegrenzten Volu-
men durch reversible licht-induzierte Uberginge zwischen unterscheidbaren
Zustinden. Reversibel schaltbare fluoreszente Proteine (RSFPs) mit langlebi-
gen An- und Aus-Zustinden erlauben RESOLFT Aufnahmen bei geringen
Lichtintensitaten. Bisher haben RESOLFT Mikroskope, die RSEPs als Fluo-
reszenzmarker verwenden, ausschliefSlich die laterale Auflosung erhoht. In
dieser Arbeit wird nun zum ersten Mal ein RSFP-basiertes RESOLFT Mi-
kroskop gezeigt, das eine axiale Aufldsung unterhalb der Beugungsgrenze
erzielt, indem Farbstoffe im Volumen eines Lichtblatts an- und ausgeschalten
werden. Es besitzt die optische Anordnung eines SPIM Mikroskops, das nur
diinne Schnitte einer Probe senkrecht zur Detektionsachse beleuchtet und
dadurch die Gesamtlichtdosis bei Aufnahmen eines Volumens reduziert. Die



Kombination eines RSFP-basierten RESOLFT Nanoskops mit einem Licht-
blatt-Mikroskop, im Folgenden RESOLFT-SPIM genannt, bietet hochgradig
parallelisierte schnelle Aufnahmen von lebenden biologischen Proben mit
geringer Lichtdosis und einer axialen Aufldsung unterhalb der Beugungs-
grenze. RESOLFT-SPIM erméglicht eine 12-fache Verbesserung der axialen
Auflosung im Vergleich zu einem beugungsbegrenzten SPIM.
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Introduction

The beauty and diversity of nature is present in a wide range of physical di-
mensions. It is found in the minute movements of atoms as well as in the
orbital courses of planets. However, only a fraction of these phenomenons
can be directly captured by our visual senses, whereas the majority is hidden
to the naked eye. Since the early age in history the strong desire to extend the
visual range to unseen dimensions has pushed forward the development of
new optical instruments.

Especially the invention of the light microscope in the 17t century has pro-
vided completely new insights in the world of the small. A light microscope
uses a lens or a combination of lenses to generate a magnified image of an
object. Further advances in optics have directed science on new courses. To-
day, the light microscope is an indispensable tool in many fields of research
including biology and medicine. It enables the direct visualization and inves-
tigation of internal structural components of living cells, tissues and whole
animals together with their function.

The ability to distinguish and separate similar neighboring objects in a sam-
ple is a characteristic property of a microscope and is called its resolution. In
order to visualize nanometer-sized constituents of a cell, also a spatial res-
olution in this range is needed. Many developments in optical microscopy
hence aim for higher resolution, ideally in all three spatial dimensions. In
this course, the theoretical description of image formation in the second half
of the 19th century is regarded as a major contribution. The German physicist
Ernst Abbe first pointed out that any two infinitesimally small objects located
closer than the resolution limit of the lens-based system appear in the image
as a single blurred entity with a finite size rather than two separable spots [1].
It is the phenomenon of diffraction that affects the propagating light waves
and sets a physical limit for the resolution. The size of the blurred spot is, be-
sides other parameters, proportional to the wavelength of the incident light.

An obvious approach to higher resolution is hence the use of electromag-
netic waves with shorter wavelengths for far-field imaging. In fact, the in-
vention of X-ray microscopy enabled resolutions below 20 nm [92, 19]. A
modern electron microscope even offers spatial resolutions in the range of
0.05 nm [95, 31]. In addition to a comparably complex sample preparation,
a major drawback of these techniques is the high-energy radiation, which is
inherently destructive to biological specimens and renders live-cell imaging
impossible. Other approaches use non-propagating evanescent light fields in-
stead of a lens and thus achieve resolutions unlimited by diffraction [9, 14].




1 Introduction

These near-field techniques resolve structures on the sub-100 nm scale, but
their applications are bound to the surface of the sample.

Although the enormous gain in resolution with these techniques oftered
many new insights in life sciences, optical microscopy has kept its central role
in this field. The reason is found in an advantage that is exclusively valid for
light microscopy: It enables non-invasive investigation of fundamental pro-
cesses that occur inside of living samples. In addition, the highly specific and
sensitive detection by tagging the objects of interest with fluorescent markers
has lead to increased attention and use of this technique. Today numerous
types of fluorescence far-field light microscopes can be found in laboratories
all over the world.

A property in which many of these types differ is the ability to resolve fea-
tures along the axis of detection, which is called optical sectioning. Multi-
photon excitation [25] or confocal detection [108] have increased the optical
sectioning capabilities of a wide-field microscope. A major drawback how-
ever remained: All of these techniques use a single lens system for coaxial
illumination and detection of the sample. As a consequence, when multiple
sections of a thick specimen are imaged, all sample planes are illuminated
although only a small volume around a single plane is detected at a time. A
solution to this issue has been found by the invention of selective plane illu-
mination microscopy (SPIM) in 2004, where an orthogonal arrangement of
lenses enabled optical sectioning with minimal light exposure of the sample
throughout the experiment [77]. This technique is of particular interest since
a parallelized readout allows for fast observation of biological specimens in
their natural setting [89, 88]. Despite the inherent increase in optical section-
ing by this objective arrangement, the axial resolution of conventional SPIM
is, as in all aforementioned lens-based light microscopy techniques, still lim-
ited by diffraction.

Up to now, only one principle exists that lifts the limiting role of diffrac-
tion and enables an at least conceptual increase in resolution to the molecular
scale or even beyond. It makes use of the inherent properties of a fluorophore.
Successively turning some of the fluorophores in a diftfraction-limited spot de-
tectable while leaving others undetectable enables sequential readout of their
signals [68]. This way, objects can be separated even at distances below the
diffraction limit. This concept was first realized in a stimulated emission de-
pletion (STED) microscope [93], which is a member of the RESOLFT family
[61, 64], with the acronym RESOLFT standing for reversible saturable optical
fluorescence transitions. In recent years, several other super-resolution tech-
niques have been invented that only differ in the way the on-off switching is
performed [13, 11, 36, 56].

Despite the success of STED, it typically requires high light intensities for
substantial improvement in resolution [54]. Especially when imaging delicate
samples where photoinduced changes need to be avoided, RESOLFT tech-
niques are preferably realized with fluorophores that lead to the same factor in



resolution improvement at much lower light intensities. The class of reversibly
switchable fluorescent proteins (RSFPs) poses a highly suitable species of flu-
orophores for this purpose [70]. The transition between the long-lived on-
and off-state of these markers requires a saturation intensity I, of about five
orders of magnitude lower than the typical on-off transition used in STED.
The imaging capabilities of RSFP-based RESOLFT have been demonstrated
in various biological applications [45, 15, 145, 46]. However, none of them
could so far benefit from an increased axial resolution below the diffraction
limit.

In this work a novel microscopy technique called RESOLFT-SPIM is pre-
sented that makes use of the advantages of far-field fluorescence microscopy
in general and combines the advantages of SPIM and RSFP-based RESOLFT
in particular. It is shown that a RESOLFT-SPIM microscope can acquire 3D
information of a cell with optical sections thinner than the limit set by diffrac-
tion. At the same time, the RESOLFT light-sheet microscope, for the first
time, offers sub-diffraction axial resolution in a RSFP-based RESOLFT nano-
scope.

The thesis itself is structured as follows: Subsequent to this introduction,
chapter 2 is intended to give an overview of the far-field fluorescence mi-
croscopy techniques that are applied in the course of this thesis. A main fo-
cus is set on the properties of RSFPs and their potential as fluorescent labels
in RESOLFT nanoscopy, the advantages of light-sheets in light microscopy
and the RESOLFT concept to overcome the diffraction barrier. Chapter 3 de-
scribes the novel work on RESOLFT-SPIM. The optical implementation and
alignment strategies are presented. A description of the imaging strategy is
followed by a detailed characterization of the setup. The imaging capabilities
of RESOLFT-SPIM are demonstrated on biological samples. The results are
summarized and discussed in chapter 4. An outlook to potential future up-
grades of RESOLFT-SPIM is presented in chapter 5.






Far-field fluorescence microscopy

In the course of the past decades, far-field fluorescence microscopy has be-
come a gold-standard tool in modern life sciences and especially in biology
[78]. This chapter is intended to give an overview of its general principles
starting with the basics of fluorescence and labeling. The second section in-
troduces the concept of image formation in the far-field and describes the
conventional diffraction-limited techniques of wide-field, confocal and light-
sheet microscopy. The principle of non-diffraction-limited microscopy with
a focus on the RESOLFT technique is explained in the last section of this
chapter.

2.1 Fluorescence and labeling

An average biological cell contains about 10 billion proteins [107]. Great ef-
forts have been made to understand their role in intracellular processes and
the dynamics of their interactions. A quantitative understanding of these pro-
cesses still poses a challenge for modern research. In order to investigate a sin-
gle protein species in a cell, it needs to be discriminated from others in its sur-
roundings. For this purpose, fluorescence microscopy makes use of selective
fluorescent markers, so called fluorophores. They can be efficiently attached
to the target molecules with high specificity. Only signals originating from
these differentiated markers are captured, unlabeled molecules remain dark.
Thus, single proteins, intracellular structures or entire cells can be observed
over time with excellent signal-to-noise ratio and visibility. Different proteins
or structures inside a specimen can be tagged with markers featuring distin-
guishable properties, which enables multi-color imaging and thus allows, for
example, to monitor protein-protein interactions. Advances in biochemistry
have led to excellent fluorophores suitable for applications in conventional
far-field fluorescence microscopy as well as in non-diffraction-limited tech-
niques. In particular, the RESOLFT-SPIM technique presented in this thesis
makes use of the inherent properties of fluorescent markers to overcome the
diffraction barrier. Therefore, a short overview of the general fluorescence
process and the most common types of fluorophores is given in this section.
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Figure 2.1: The Jablonski diagram illustrates the most important energetic states of
a fluorescent dye and the most probable transitions between them. Absorption of a
photon excites the molecule instantaneously from the ground state Sy to energetically
higher singlet states, e.g. S. Within picoseconds, the fluorophore relaxes in a radia-
tionless transition to the lowest vibrational state. It remains there for the lifetime of
few nanoseconds. With a high probability, the fluorescent dye then emits energy in
form of a photon (fluorescence) while relaxing to the ground state or one of its vibra-
tional states S;. The alternate radiationless transition from S, to the triplet state T7,
for example, is called intersystem crossing. Transitions to a state of different multi-
plicity requires a spin-flip and are thus less probable. For this reason, the triplet state
T, features an approximately 1000 times longer lifetime than S;. Photon emission
from its lowest vibrational state is called phosphorescence. Photochemical reactions
can ultimately damage the fluorophore and prevent it from signaling (photobleach-

ing).

2.1.1 Basics of fluorescence

Fluorescence is the property of an atom or a molecule to emit electromag-
netic radiation in the form of light after it has absorbed light with a shorter
wavelength from another source. The processes involved in the absorption
and emission of light by a fluorophore can be explained in a semi-classical
model depicted by a Jablonski energy diagram in figure 2.1. The diagram il-
lustrates the distinct electronic and vibrational energetic states that a fluo-
rescent molecule can populate as well as the transitions between them. The
vibrational states are illustrated as thin horizontal lines on top of thicker lines
representing the electronic states. Rotational states are left out for clarity. A
fluorophore in its equilibrium electronic ground state has spin-paired elec-
trons and is thus in a singlet state Sy. Absorption of a photon with an energy
equal or higher than the band gap energy AE excites the fluorophore to an
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energetically higher electronic orbital. AE is proportional to its frequency v
and inversely proportional to its wavelength in vacuum A:

AE =hv = %, (2.1)
where h is the Planck constant and c is the speed of light in vacuum. The pro-
cess of absorption happens on a time scale of roughly 10~'* seconds, which
is too fast to permit significant motion of the nuclei in the fluorophore and
accounts for a vertical transition (Franck-Condon principle). If the absorbed
photon contains energy higher than AE, the molecule is excited to a higher
vibrational state of S;, in the diagram denoted as S}. From this state the flu-
orophore can release its energy on several different pathways. With a high
probability, the excess energy of S is turned into heat without emitting radi-
ation and the fluorophore relaxes to the lowest vibrational state. This process
is called radiationless internal conversion. With an average delay in the order
of nanoseconds, called the lifetime of S;, the molecule emits energy in form
of a photon and fluoresces. By that, it directly populates the ground state S, or
any vibrational state Sj from where it subsequently relaxes radiationlessly to
So. The photon emitted during fluorescence has less energy and thus a longer
wavelength than the absorbed photon which results in a red-shift in the wave-
length spectrum. This phenomenon, known as Stokes shift, can be experimen-
tally used to separate the emitted fluorescent light from the incoming excita-
tion light. With the help of appropriate spectral filters, the fluorescent signal
is distinguished from scattered or reflected light and contributes to an image
with excellent contrast.

The described absorption and emission process is only one example of
a pool of possible transitions between the vibrational (and rotational) sub-
states of the electronic states. From the perspective of quantum mechanics,
the intensity of such a transition is proportional to the squared overlap inte-
gral between the vibrational wavefunctions of the two states involved in the
transition. The intensity of all possible radiative transitions in a fluorophore
can be plotted as a function of wavelength resulting in the absorption and
emission spectrum specific for the fluorophore. For typical fluorophores used
in optical microscopy, they both continuously span a broad band (cf. figure
2.2). Moreover, the spectra might be influenced by the surrounding media of
the fluorophores in solution (inhomogeneous broadening in solvents).

In many cases, excitation of a fluorophore occurs without a change in elec-
tron spin-pairing which results in an excited state in the singlet system. Other
state transitions including a process called intersystem crossing compete with
the standard fluorescence emission pathway. A possible transition is the in-
tersystem crossing from S, to the lowest excited electronic triplet state T;. In
this state, the electron spins are unpaired leading to a non-zero total angu-
lar momentum. The reason for the low probability of these transitions stems
from the fact that a spin flip is needed to produce the unfavorable process of
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Figure 2.2: The absorption (light curves) and emission (dark curves) spectra of
the well-known classical fluorescent proteins EGFP (green) and mCherry (red) are
shown [79]. Fluorescent proteins are widely used markers in light-sheet microscopy.
Their reversibly photoswitchable variants rsEGFP and rsCherryRev, have very re-
cently been used in RESOLFT nanoscopy.

unpaired electrons. The direct transition from T, back to the ground state S,
also requires a spin flip which leads to a comparatively long lifetime of the
triplet state in the range of microseconds to milliseconds. Typically, the tran-
sition from T, to Sy is radiationless. Only in rare cases a photon is emitted.
This process is called phosphorescence and happens in the time range from
milliseconds to hours. Fluorophores in a triplet state often react chemically
with the molecules in their local environment, especially oxygen radicals. As
a possible negative consequence, physiological processes in living specimen
may be disturbed which can finally lead to cell death. Also, the fluorophores
may be irreversibly destroyed resulting in a lower signal. These two processes
are known as phototoxicity and photobleaching, respectively, and are regarded
as major challenges in fluorescence microscopy of biological samples. Espe-
cially for live imaging of cells, the phototoxic effects can limit fluorescence
imaging [91]. Numerous fluorescent markers are known and the number is
increasing rapidly. The following section introduces the most common types
of fluorophores and highlights their spectral properties. A particular focus
is set on fluorophores that are used as markers in SPIM and RESOLFT tech-
niques as well as the combined technique presented in this thesis.
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2.1.2 Fluorescentlabels
Synthetic Fluorescent Dyes

The importance of staining to enhance the contrast in light microscopy was
recognized in the 19t century. In 1858, Joseph von Gerlach reported that the
nucleus in brain tissue cells could be well differentiated from the cytoplasm
and intercellular substances when it is stained with carmine, a reddish sub-
stance extracted from insects [137]. Other early dyes, such as malachite green
and methylene blue were used in histology at that time. The probes provided
contrast mainly by changing the light absorption properties of different cellu-
lar structures, but they were hardly fluorescent. In 1871, the German chemist
Adolph von Baeyer synthesized the first fluorescent dye, which he named flu-
orescein and since then became one of the most popular fluorochromes ever
designed. It has a very high quantum yield, but it is one of the least photo-
stable dyes [101].

In the early 20t century, after the development of the first fluorescence
microscope, fluorescent dyes were applied to enhance the autofluorescence
of cells and tissues. A breakthrough in labeling was the development of the
immunostaining technique by Albert Coons in 1942. He was the first who
used labeled antibodies to identify pneumococcal antigens in infected tissue.
Since then, this technique has been further improved and is today a routine
tool in fluorescence microscopy and diagnostics.

In recent years, new species of fluorophores with several improved features,
such as higher quantum yield, higher photostability, and enhanced water sol-
ubility have been developed. Prominent examples are the Alexa Fluor and
the cyanine dyes. Fluorescence excitation and emission wavelength maxima
of synthetic dyes are tuned specifically to match the wavelength of available
laser sources. The number of today’s dyes is estimated to lay in the range of
hundreds covering the spectral range from ultraviolet (UV) to near-infrared.
Although the RESOLFT concept is in principal applicable to any fluorescent
molecule, the contrast in super-resolved images can be further improved by
optimized labels. Outstanding results have been shown with numerous syn-
thetic fluorescent dyes especially tuned for this purpose [156, 96]. Other real-
izations of the RESOLFT idea as well as light-sheet microscopy make use of
fluorescent proteins (FPs), another species of fluorescent markers, introduced
in the following.

Classical Fluorescent Proteins

Fluorescent proteins (FPs) are widely used fluorophores for in-vivo imaging
in fluorescence microscopy [100]. In contrast to synthetic dyes that are intro-
duced in the specimen from outside via fixation and permeabilization of the
cell membrane, FPs can be encoded genetically and expressed directly inside



10

2 Far-field fluorescence microscopy

the specimen. All FPs have a highly fluorescent group, the chromophore, that
is constrained and protected by a relatively large' p-barrel scaffold [138]. The
barrel structure stabilizes the chromophore and shields it from the chemical
environment. FPs do not require the assistance of specimen specific enzymes
or cofactors. In fact, the chromophore is autocatalytically formed out of three
aminoacids. Once the FP coding gene is introduced into a living organism,
the cells can express the FP by themselves. To tag proteins, the FP coding
sequence can be fused to their genes. The resulting fusion protein expressed
by the specimen is then inherently tagged with an FP. Observing the fusion
protein gives hint to the underlying labeled structure, localization, dynam-
ics and interactions of the protein, ideally with little or no influence on the
physiological environment.

The first fluorescent protein that has been purified, cloned and fully charac-
terized was green fluorescent protein (GFP). It was discovered by Shimomura
and coworkers in 1962 as a companion protein to aequorin, a chemilumines-
cent protein in the northern-pacific jellyfish Aequorea victoria [133]. Purified
wild-type GFP, has two absorption peaks that result from the protonation
states of the chromophore: a major peak at a wavelength of 395 nm and a mi-
nor peak at 475 nm. Its emission exhibits a peak in the lower green region of
the visible spectrum at 509 nm. The fluorescence quantum yield of wild-type
GFP is 0.79 [110]. For the discovery and the development of GFP, Osamu
Shimomura, Martin Chalfie and Roger Y. Tsien were honored with the No-
bel Prize in Chemistry in 2008 [129].

Changes of the first amino acid of the chromophore or in the fluorophore
environment modifies a variety of its physical properties [24, 131]. Via mu-
tation of non-conserved residuals a multitude of different variants of natu-
rally expressed FPs have been developed in recent years. Most commonly,
new and improved derivatives are enhanced in their brightness, protein sta-
bility, photostability, pH stability, maturation kinetics, folding kinetics, and
reduced oligomerization [131]. So far over a hundred fluorescent proteins are
known whose emission spectra span the range from blue to far-red. Promi-
nent examples besides the most widely used wild-type GFP derivate mEGFP
are BFP, CFP, YFP, RFP, and DsRed [57, 109, 148, 130]. Advances in this field
catalyzed several technical improvements on the microscope side, including
the development of light-sheet microscopy [77] that will be introduced in
section 2.4. In many super-resolution microscopy techniques the subgroup
of photoswitchable fluorescent proteins is applied as labels.

Photoactivatable and Photoconvertable Fluorescent Proteins

Photoactivatable fluorescent proteins are initially in a non-fluorescent state.
They can be turned active by absorption of light that triggers structural chan-

The B-barrel has a size of about 25 kD, which is relatively large compared to the average size
of organic fluorophores of around 1 kD.
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ges of the fluorophore [102]. Only in this state, the FPs are able to be excited
and fluoresce. The wavelength of activation differs from the excitation wave-
length and is typically shorter. For example, photoactivatable GFP (PA-GFP)
is switched by UV light to a fluorescent state, in which it can be stimulated
with light around 488 nm for green fluorescence emission [111]. Photocon-
vertable FPs have the ability to irreversibly switch from one fluorescence color
to another upon irradiation with light [3, 49]. One example is the photoacti-
vatable FP named Kaede that fluoresces in the green spectral range after exci-
tation at 480 nm. UV light induces a photoconversion that leads to emission
of red fluorescence with a maximum at 582 nm and a shoulder at 627 nm
[3]. Photoactivatable and photoconvertable FPs are mainly used to track pro-
teins over time [111, 22] or for single molecule switching methods in super-
resolution microscopy introduced in section 2.5.

Reversibly Switchable Fluorescent Proteins

The group of reversibly switchable fluorescent proteins (RSFPs) has been de-
veloped recently [103]. These FPs can be reversibly switched between a fluo-
rescent and a non-fluorescent state upon exposure to light of different wave-
lengths. The switching process in modern RSFPs can be repeated multiple
times. The structural basis of switching in conventional RSFPs is a cis-trans
isomerization of the chromophore [7, 6, 140, 44], mostly accompanied with
a change of the chromophores protonation state [127, 124].

The first protein with these properties found in the sea anemone Anemo-
nia sulcata was named asFP595 [103]. It exhibits a so called positive switching
behavior, meaning that with the same wavelength, the protein can be both, ac-
tivated and excited. In the case of asFP595, a wavelength around 480 nm is
used for this purpose. The emission is in the red range of the spectrum. With
a maximum efficiency at 450 nm the protein can be reversibly photoswitched
back to the non-fluorescent state. The fluorescent protein Dronpa, extracted
from pectinidae corals, is an example for an RSFP featuring a negative switch-
ing behavior [4, 53]. After activation with light of 405 nm wavelength, Dronpa
can be excited with light of 488 nm and fluoresces green peaking at 518 nm.
In a competing process, 488 nm light also switches the protein back into
the off-state. Dronpa variants with improved properties have been developed
via mutagenesis. Dronpa-M159T, for example, exhibits a 50 times faster off-
switching kinetics compared to the original version of Dronpa [140].

In 2008, the first monomeric red emitting RSFPs with positive (rsCherry)
and negative switching modes (rsCherryRev) have been reported [139]. Very
recently, the further improved variant rsCherryRev1.4 has been developed
and applied in microscopy [99].

Via mutagenesis, a modified version of monomeric EGFP (mEGFP) has
very recently been turned into an RSFP, that was called rsEGFP (=EGFP(Q69L,
V150, V163S, S205N, A206K)) [44]. rsEGFP provides optimal photophysi-
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Table 2.1: Comparison of EGFP, rsEGFP, rsEGFP2, and rsEGFP(N205S) in terms

of their absorption maximum in the off-state A7, the excitation maximum in the

on-state A", the emission maximum A};}*, the fluorescence quantum yield QY, the
extinction coeflicient EC, and the residual fluorescence in the off-state Ry. The values

are taken from [20, 46, 110].

Fluorescent AL A QY EC Rq
protein [nm] [nm] [nm] [norm.] [M'ecm™!] [%]
EGFP n/a 489 509 0.60 53.000 n/a
rsEGFP 396 493 510 0.36 47.000 1-2
rsEGFP2 408 478 503 0.30 61.300 3-4
rsEGFP(N205S) 407 491 510 0.45 57.000 2-3

cal properties for RESOLFT microscopy such as high brightness, fast switch-
ing, high photostability, and hardly any residual fluorescence in the off-state.
One of its variants, the monomer rsEGFP(N205S), switches to the off-state
2-5 times slower than rsEGFP at the same light intensities, but in conse-
quence emits about twice as many photons per cycle [20]. It thus provides
an improved signal-to-noise ratio in RESOLFT images. A 6.5 times® faster
oft-switching rate with otherwise similar properties compared to rsEGFP has
been shown for rsEGFP2, which was developed by mutating the switchable
mEGFP variant mEGFP(T65A) [44, 46]. In table 2.1 the spectral and physi-
cal properties of the reversibly switchable mEGFP variants are summarized
and compared to the standard non-switchable EGFP.

RSFPs have already been used as rewritable data storage media, where the
two different fluorescent states represent the zeros and ones of the binary
code [45]. Moreover, the invention of RSFPs had an extraordinary impact
in the field of super-resolution microscopy discussed in section 2.5. As mark-
ers in single marker switching (SMS) techniques, for example, RSFPs can be
switched and imaged multiple times without the need for subsequent bleach-
ing. In this terms, RSFPs outperform photoactivatable and photoconvertable
FPs [37, 5, 139]. In RESOLFT nanoscopy, RSFPs can be effectively switched
at low light intensities. This minimizes the risk of phototoxic effects. Thus,
RSFPs are ideally suited for live cell applications [45, 20, 99].

2.2 Wide-field microscopy

Wide-field microscopy, often also referred to as epifluorescence microscopy is
a traditional technique in fluorescence microscopy. Figure 2.3 shows a sketch

The difference of the off-switching rates of rsEGFP and rsEGFP2 is reduced for higher inten-
sities.
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Figure 2.3: Schematic drawing of a wide-field microscope. The essential parts of a
standard wide-field fluorescence microscope are depicted together with the illumina-
tion (blue) and detection (green) beam paths. A broadband light source illuminates
an area of the specimen, which is imaged via the objective lens onto a camera.

of a typical wide-field setup. The region of interest of a sample marked with
fluorophores is placed in the focal plane of the imaging lens, i.e. the objective
lens, and is illuminated homogeneously throughout the field of view (FOV).
Either a broadband lamp or a laser serves as light source, which is focused
into the back-focal plane of the objective. Fluorescence is collected by the
same objective lens, separated from the excitation light by a dichroic long
pass filter, and imaged on a sensitive camera in a single exposure. The image
contrast can be further improved if additional excitation and emission filters
are placed in the beam path. Typically, a combination of an objective lens and
a tube lens is used to form the image. The magnification M of this system
is defined by the ratio of the focal distances of the tube lens f;,, and of the
objective lens f,;;. The numerical aperture (NA) is defined as

NA = nsina, (2.2)

with # being the refractive index between sample and the objective lens and
« the half opening angle of the objective lens (cf. figure 2.3). The readout
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Figure 2.4: The concept of image formation with a lens and the Rayleigh criterion. a)
A point source at point P is imaged by a lens onto the image plane. Due to diffraction,
the light is spread around F and forms a three-dimensional (3D) intensity distribu-
tion, which is called the intensity PSF of the system. b) According to Rayleigh, two
point sources, e.g. above and below the object focal plane, can still be discerned in
the image space if the maximum of the intensity PSF in axial direction falls into the
first minimum of the second.

of the fluorescence signal from the sample in such an imaging system is in-
trinsically parallelized and thus faster than microscopy techniques based on
point-scanning.

2.2.1 Imaging with alens

Although a wide-field microscope consists of several lenses, we can reduce
the concept of image formation to that of an aberration-free single lens sys-
tem, illustrated in figure 2.4. Let us assume a point-like source of light, e.g.
an emitting single fluorophore in a specimen, placed at position P. It is im-
aged by an ideal thin lens to F, e.g. a planar detector on the optical axis. Due
to diffraction of light at the circular aperture of the lens, the light is spread
around F and forms a 3D intensity distribution [105], which is called inten-
sity point spread function (PSF). It is an important feature of an imaging sys-
tem and helps defining its lateral and axial resolution. In the scalar theory of
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diffraction, where polarization effects are neglected, the function describing
the intensity PSF is derived as

1 2
H(u,v) = C, / Jo(vr) e rdr (2.3)

0

Cy is a constant that normalizes H(u, v) to unity and J is the zero order Bessel-
function of the first kind. The normalized variables u and v are so called opti-
cal coordinates and relate to the spatial coordinates along the optical axis (z),

and in the lateral direction (x, y), respectively [132], as
8nnlAz (oc)
u= sin” ( — ),
A 2
2nnlAr |

v=—sing, where 1= \/x2+ )2

Here, n denotes the refractive index, A is the wavelength of light and « is the

half opening angle of a lens as defined in figure 2.3. Several assumptions have

been made to end up with equation 2.3. First, the lens is illuminated uniformly

by a plane wave. Second, F is a position in the far-field of the lens meaning that

its distance to the lens along the optical axis is much larger than the maximal

distance of the field amplitude from the optical axis. Third, the magnification

is set to M = 1. The three-dimensional PSF has a cylindrical symmetry and

is elongated along the optical axis. It is worth mentioning that the intensity

PSF in optical coordinates is fully determined by the NA and the wavelength
of light.

A more visualized image of a PSF is given by a photon optics interpretation.
Often, the intensity PSF is seen as the probability density that a photon that
originates from P arrives at a certain point (u, v) near F. Another explanation
makes use of the fact that the image formation model is space invariant and
sees H(u, v) as the probability that a photon emitted at a point near F reaches
point P. The distribution of probabilities in the focal plane leads to

1 2 2
/ Jo(vr)rdr| = (2 ]l(v)) , (2.5)
0 v

where J; is the first order Bessel-function of the first kind. The two-dimen-
sional distribution features a central disk that includes the main maximum
and is surrounded by less pronounced concentric rings. The first zero posi-
tion is found at v = 3.83, which in combination with equation 2.4 gives the
radius of the central disk, also known as the Airy disk:

3.83 A A

(2.4)

H(u=0,v) =G

The distribution along the optical axis expressed in optical coordinates can
be obtained from equation 2.3 by setting v = 0:

. u 2
H(u,v=10) = G (5121) . (2.7)
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Fluorophore Intensity PSF
Distribution

Figure 2.5: An r-z cross-section of a simulated specimen (left) is convolved with an
anisotropic PSF (center) to yield the image (right). The extent of the PSF in z is larger
than in r which results in a severe blur in the z-direction. Features that have an actual
axial distance of less than the axial resolution cannot be discerned.

The first zero of H(u, v = 0) is found at u = 47 yielding:

2n A

Az
In a biological sample the structures or proteins of interest are densely labeled
with fluorophores, so that their distribution resembles the distribution of flu-
orescent molecules. An extended image I obtained in a light microscope is
thus a 3D convolution of an object O consisting of a multitude of single fluo-
rescent emitters with the imaging PSF H defined by the detection light path:

I(u,v) = O(u,v) * H(u, v). (2.9)

For the same reasons a single light source is blurred in the image, an extended
object is similarly affected (Figure 2.5). Simultaneously stimulating the fluo-
rescence of markers in a 3D volume results in an image on the detector, e.g.
a camera that is severely deteriorated by out-of-focus light.

2.2.2 Resolution of wide-field microscopes

According to the definition of Lord Rayleigh [117], two emitters in the object
space can still be discerned in the image space if the maximum of one falls
into the first minimum of the second. The resolution along the axial direction
is always lower than along the lateral directions. In practice, the Airy disk is
often approximated by a two-dimensional Gaussian function. The error in
fitting the maximum as well as in neglecting the intensity in the side lobes is
marginal. Often, the full width at half maximum (FWHM) of the Gaussian
approximation is used to characterize the optical resolution of a microscope.

The counterpart of the PSF in the Fourier domain is called optical trans-
fer function (OTF), which is related to the PSF via a simple Fourier trans-
form. The OTF gives a measure of the transmittance of the optical system as a
function of spatial frequency. High spatial frequencies are required to resolve
small features. However, for these frequencies the amplitude of the OTF is re-
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duced e.g. by the circular aperture of the objective lens, which poses the most
fundamental resolution limiting factor of an optical microscope [48, 105].

Besides the diffraction-limited resolution, wide-field microscopy sufters
from another severe drawback. Illumination is not limited to the focal plane,
but spans the axial range of the entire sample. As a consequence, any two-
dimensional (2D) image of a thick specimen captured with this technique
contains the fluorescence signals from fluorophores located in the focal plane
and from those located in planes above and below. Often the out-of-focus
light greatly reduces the contrast of the image and can, in the worst case,
completely obscure the in-focus details [23]. This is in fact limits the broad
range usage of wide-field microscopy in studies of specimens with even mod-
erate thickness. In the last few decades, novel optical setups emerged that are
able to separate signals from small volumes around the focal plane against
background light. Among all these optical sectioning techniques, confocal
microscopy and SPIM appear to be the most powerful. They are introduced
and discussed in the following.

2.3 Confocal microscopy

Whereas a conventional wide-field microscope uniformly illuminates an area
of a specimen, scanning fluorescence microscopes excite the fluorophores in
the sample point-by-point. A confocal scanning microscope is the most widely
used variant of a scanning microscope. Originally patented by Minsky in 1957
[108], it has become a standard technique for biological imaging and recon-
struction of three dimensional structures [113] in fixed and living samples.
The principle of confocal microscopy can be explained with the schematic
drawing shown in figure 2.6. An initially collimated laser beam is focused by
an objective lens to a single focal illumination intensity PSF inside the speci-
men. Fluorescence is collected by the same objective lens using the inverted
excitation light path to the dichroic long pass filter. Subsequently, a tube lens
focuses the transmitted fluorescence light onto a pinhole exactly located in
the imaging plane. The diameter of the pinhole is typically set to the diameter
of the detection Airy disk in that plane. The pinhole blocks light originat-
ing from fluorophores outside the focal volume, that are not sharply imaged
on the focal plane of the tube lens. An avalanche photodiode (APD) or a
photomultiplier tube (PMT) on the optical axis detects the light that passes
through the opening of the pinhole. Scanning the laser beam point-by-point
across and inside the sample while simultaneously recording the collected
fluorescent light at each scan position sequentially reconstructs a 3D image.
Scanning is typically performed by changing the angle of the incident beam
in the back-focal plane of the objective lens with one galvanometric mirror or
by translating the focal spot in the first image plane with two galvanometric
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Figure 2.6: Schematic drawing of a confocal microscope. The main components and
the excitation (blue) and detection (green) beam paths of a typical confocal fluores-
cence microscope are illustrated. The sample is illuminated with a focused laser beam.
Moving the specimen through a stationary beam or the laser beam across and inside
the sample results in a sequential reconstruction of the 3D structure. The scanner is
not shown for simplicity. A pinhole effectively blocks out-of-focus light to achieve
optical sectioning.

mirrors per scan dimension. Alternatively, the specimen can be mounted on
a piezoelectric stage that moves through the stationary focal spot.

In a standard confocal microscope, the probability that a fluorophore at
a point P(u, v) in the specimen contributes to the signal on the detector de-
pends on the probability that an illuminating photon arrives at P(u, v) and
the probability that a photon emitted at P(u, v) hits the detector. Since the il-
lumination and detection are independent events, the resulting intensity PSF
of the confocal microscope H “" can be calculated by the product of the exci-
tation intensity PSF (H ;) and the detection intensity PSF (H ) at this point:

HeY (u,v) = Hyy (u,v) - H get (u,v) (2.10)

For a small pinhole, H j; (1, v) and H 4 (u, v) only differ in the wavelength
of illuminating and detected light. They can be regarded as almost identical
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since the Stokes shift for most fluorophores is in the range of only few tens
of nanometers. Therefore, the confocal intensity PSF is well approximated by
the square of a single lens PSF. Theoretically the lateral resolution is thus a
/2 better than in a wide-field microscope. In addition, the photon energy
density in an x-y plane is dependent on the position along the optical z-axis.
Fluorophores outside the central region of the confocal PSF are very unlikely
to contribute to the signal. Optical sectioning is achieved by scanning the
axially confined intensity PSF through a thick specimen.

Opver the years, several variants of confocal microscopes have been devel-
oped that differ mostly in the way lasers interact with the sample. However,
all these point-scanning setups and also conventional wide-field microscopes
suffer from a severe drawback: When acquiring an image stack along the
optical z-axis, these techniques conceptually illuminate the entire sample at
each scanning step. Laser light for fluorescence excitation passes through the
whole specimen, although only a single section is observed at a time. As a re-
sult, photobleaching of fluorophores and phototoxic changes in the specimen
often occur, which also constrains the potential of these techniques for live
cell imaging [89, 149].

2.4 Light-sheet fluorescence microscopy

In-vivo imaging of three-dimensional specimens requires careful tuning of
the imaging parameters, such as speed, spatial resolution, contrast and pho-
tosensibility. In recent years, an imaging technique called light-sheet fluores-
cence microscopy stands out by balancing most of these parameters. The basic
concept can be explained with the sketch shown in figure 2.7. In simple terms,
in a conventional light-sheet fluorescence microscope (LSFM) the excitation
light illuminates a single slice of the specimen from the side while the emitted
fluorescence light is detected from the top. Typically a laser beam is focused
only in one direction to create a thin sheet of light inside the specimen. Fluo-
rescence is detected orthogonally to the illuminated plane in a standard wide-
field setup. The focal plane of the detection objective lens has to coincide with
the illuminated volume. Only fluorescent molecules that are excited within a
volume around the focal plane contribute to the signal. Fluorophores above
and below the light-sheet are by design not illuminated and thus not stimu-
lated for fluorescence. As a result, optical sections of living or fixed specimen
are obtained in a direct and nondestructive manner without spatial filtering.
The sections are suitable to reconstruct a three-dimensional volume of the
imaged specimen. A light-sheet microscope is able to record samples ranging
from a single cell to a whole organism with outstanding contrast. The latter
is even increased for thinner sections [72].

Due to the intrinsic parallel readout of fluorescence over an entire section
of the specimen, the acquisition time is drastically reduced as compared to
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Figure 2.7: The essential parts of a fluorescence light-sheet microscope. Fluorescence
excitation (blue) and detection (green) are divided into two distinct beam paths. The
specimen is illuminated in a plane perpendicular to the detection axis. An objective
lens and standard wide-field optics image the labeled features in the sample onto
a camera. [llumination optics are chosen such that only a thin volume around the
focal plane of the detection objective is illuminated. This concept has been technically
realized in many different ways. The most common implementation creates a sheet
of laser light with the help of a cylindrical lens.
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sequential readout in point-scanning techniques. Data acquisition in light-
sheet microscopy can be extremely fast and efficient. Due to the ongoing de-
velopment of sensitive pixel-based detectors and piezoelectric stage scanners,
the advantage in imaging speed is becoming even more pronounced. Current
scientific complementary metal-oxide-semiconductor (sCMOS) cameras al-
low for acquisition of 4-5 megapixel images at speeds of up to 100 frames per
second. A recording rate of 175 million voxels/s has been reported on living
specimens [97, 147].

A light-sheet microscope provides images with a signal-to-noise ratio that
is typically one or two orders of magnitude higher than in images taken with
a 2D point-scanning microscope [90, 142]. This stems from the fact that only
thin sections of a sample are illuminated which reduces out-of-focus light.
It has a positive consequence on the imaging strategy: The photo-exposure
of the sample can be minimized without reducing the contrast in the image.
Lowering unfavorable side effects of high laser intensities such as irreversible
modifications of the sample and photobleaching of the fluorescent markers
allows for continuous imaging over a long period of time. In fact, phototoxic-
ity has been shown to be very low in light-sheet microscopy and significantly
less than in confocal or wide-field microscopy [115, 120, 122].

2.4.1 The use of light-sheets in light microscopy

Because of the aforementioned advantages, LSFM has gained popularity over
the past few years. The basic idea, however, and the first realization of a very
simple version of a light-sheet based microscope, called ultramicroscope, has
been published over 100 years ago. In 1902, Heinrich Siedentopf and Richard
Zsigmondy visualized colloidal nanometer-sized gold particles dispersed in
solution. The light-sheet was generated by illuminating a thin slit with sun-
light. It was imaged in the object plane by an objective lens at a right angle
to the direction of observation [135]. By that, the scientists were able to vi-
sualize and count moving particles in a given volume and derive their sizes.
For his advances in colloid chemistry research, including the invention of the
ultramicroscope, Zsigmondy was awarded the Nobel Prize in Chemistry in
1925.

The invention of fluorescence microscopy, the laser and lenses with the
ability to generate light-sheets, stimulated the development of more light-
sheet based techniques. However, none of them answered a biological ques-
tion at this time. It took until 1993 that the first laser-based light-sheet was
generated to excite fluorescence in biological samples [150]. Following the
example of ultramicroscopy, a technique called orthogonal-plane fluorescence
optical sectioning (OPFOS) was developed to study the anatomy of whole fluo-
rophore-stained and cleared guinea pig cochleas in optical sections. Although
several articles about LSFMs have been published in well-respected journals
at that time, all the developed methods were not considered as a real break-
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through. However, their invention laid the foundation of the most promi-
nent version of an LSFM developed in 2004: selective plane illumination mi-
croscopy (SPIM) [77]. The full live imaging potential of LSFM could be har-
vested with genetically encoded FPs, which also accelerated the development
of new LSFM techniques since then.

2.4.2 Selective plane illumination microscopy (SPIM)

This subsection gives a short overview of the principles, recent applications
and challenges of the SPIM technique. It serves as a basis for improvements
such as the super-resolution light-sheet technique presented in this thesis.

2.4.2.1 Generic SPIM setup

A generic SPIM setup consists of four fundamental parts: an illumination
beam path, a detection beam path, a specimen chamber, and a specimen
mount. A typical illumination beam path contains a continuous wave laser,
a beam expander and optics that produce a light-sheet. In modern SPIM mi-
croscopes, light-sheets are generated on two different ways: The one uses a
cylindrical lens that focuses an expanded laser beam in only one direction
into the specimen chamber or the back-focal plane of the illumination objec-
tive [77, 42]. The light-sheet and the detection objective are stationary while
the sample is moved step-wise through the focal plane. The entire field of view
is illuminated and imaged at once. Thus, the laser power of the exciting beam
that passes the rear pupil of the objective lens is distributed over the entire
sheet. A cylindrical lens is easy to place in the beam path and does not re-
quire moving components and additional electronics. The other option uses
a single or multiple beams that are moved across one specimen section within
the exposure time of the detector and thereby generate a so called virtual sheet
of light. The technique is called digital scanned laser light-sheet fluorescence
microscopy (DSLM)[90]. A DSLM applies the same energy load to the spec-
imen as LSFMs with illumination through a cylindrical lens. However, their
peak illumination power is typically up to 100 times higher [90]. Potential sat-
uration effects increase the probability of photo-bleaching and broaden the
light-sheet.

The detection beam path is typically designed as a standard wide-field mi-
croscope including an objective lens, an emission filter, and a tube lens. For
more details see section 2.2. The samples studied in LSFM are generally living
organisms such as embryos, cell colonies or individual cells. Therefore, they
need to be immobilized in front of the objectives in a way that is compati-
ble with both acquisition of high quality images with the necessary spatial
and temporal resolution and normal development of the specimen. In a stan-
dard SPIM, large biological specimen are stably embedded in a cylinder of
agarose or other optically clear, non-toxic mounting gel, that are immersed
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in water-based medium [77]. The gel protects the organism and keeps it in
position during image acquisition. In some chambers, temperature and CO,
concentration is controlled to match the natural environmental conditions
of the specimen. During typical image acquisition, a piezoelectric stage step-
wise moves the mounted specimen through the focal plane of the detection
objective. A three-dimensional stack of recorded images is thus built up layer-
by-layer.

2.4.2.2 Recent applications and technical advances of SPIM

Practical realizations of SPIM are diverse and are adapted to the sample of
interest, its size, the desired magnification, and the immersion medium [76].
Since 2004, SPIM and its variants have systematically tackled a variety of bi-
ological questions. Their applications cover a wide range on the scale of time
and specimen size. Complex dynamic processes in comparatively small struc-
tures such as nuclei in single cells, in growing cell colonies or in entire ani-
mals can be recorded within a fraction of a second and over a time period
of hours. In the first years after the invention of SPIM, many applications
mainly focused on embryonic development. In zebrafish larvae, for example,
fast developing single neurons [87, 2] or cell movements in the early stages
(89, 86, 123, 141] could be monitored at fast rates in three dimensions over
a long period of time. Furthermore, entire Drosophila embryos that develop
despite continuous laser irradiation were imaged at 30 second intervals over
a period of 24 hours [147]. Moreover, SPIM enables imaging of highly photo-
sensitive samples, such as the vasculature and neuroanatomy in mice [81, 12].
Parallelized SPIM variants that use multiple illumination and detection arms
speed up the acquisition procedure and reduce image artifacts generated by
light absorption, refraction and scattering [75, 143, 125]. Thus, individual nu-
clei inside a large specimen can be precisely tracked [97, 147]. If rotation is not
needed, especially when imaging sub-cellular structures, other optical realiza-
tions of the SPIM concept can be more favorable. In an implementation, the
water-dipping illumination and detection objectives were tilted by 45° with re-
spect to the scanner for single cell imaging and diffusion measurements [17]
and for studies of larger specimens [155]. A similar objective arrangement is
used in the RESOLFT-SPIM setup presented in this thesis.

2.4.2.3 Spatial resolution of SPIM

The PSF of a SPIM is described by the product of the illumination and de-
tection PSE The lateral extent of the PSF of a conventional SPIM is mainly
given by the detection optics and thus equivalent to a wide-field microscope.
According to equation 2.6 the spot size of a single emitter on the camera is
inversely proportional to the NA of the detection objective. It ranges between
240 and 1000 nm for water-dipping objectives [30].
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Figure 2.8: Sketch of a light-sheet and its dimensions. Along the optical axis of illu-
mination, y, the light-sheet features a hyperbolic shape in the x- and z-direction. The
position of minimal waist in each direction is typically set to the center of the FOV
of detection. The boundaries of the FOV are defined by the Rayleigh-range distance
from the center where the light-sheet is approximately /2 thicker than in the middle.
Because of a comparably large Rayleigh range in the x-axis, the FOV in this direction
is almost homogeneously illuminated. The FOV in the y-axis is mainly determined
by the illumination NA and is typically shorter for thin light-sheets in a conventional
SPIM. The volume highlighted in green marks the effective detection volume.

Since illumination and detection are separated in SPIM and oriented per-
pendicularly, the extent of the PSF along the detection axis is dominated by
the lateral extent of the illumination PSE i.e. the light sheet thickness. If the
light-sheet is thicker than the axial extent of the detection PSF, the axial reso-
lution is determined by the NA of the detection objective. An ideal light-sheet
is as thin as possible and excites fluorescent molecules only in the focal plane
of the detection objective.

In the following, some of the optical parameters of a SPIM setup including
its resolution are derived from the paraxial Helmholtz equation,

0U(x,y,2)

ViU(x,y,z) —i2k 9

= 0. (2.11)

Here, it is assumed that light propagates along the y-axis. Furthermore, V2 =
0%/ 0x* + 0* | D7* is the transverse part of the Laplace operator, U(x, y, z) is the
complex amplitude of a paraxial wave, k = 271/ is the wave vector, A is the
wavelength of light in vacuum, and 7 is the refractive index. Besides the sim-
ple Gaussian beam solution, another eigenfunction of this partial differential
equation is the elliptical Gaussian-beam:

U(x y Z) _ A wx,O wZ,O e*<%+%+’¢(’€y}&z>> (2 12)
' ) — 40 . s .
V wx(y) V w:(y)

where Ay is the amplitude of the paraxial wave and ¢ is the phase part of
the wavefunction. The parameters w, , and w,( denote the beam radii at the
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thinnest position of the Gaussian beam profile along the x- and z-axis, re-
spectively. In the following they are referred to as the beam waists in x- and
z-direction. Along the illumination axis y, the radii of the beam diverge in a
hyperbolic shape and can be expressed as a function of the distance from the
beam waist:

2 2
wy(y) = weot |1+ (L) and  w,(y) = w04/l + ( J ) . (2.13)
Jx,0 Yz0

The distance to the center at which the beam waist is increased by a /2 is
called the Rayleigh range. In x- and z-direction it is denoted as y, , and y;,
respectively, and connected to the corresponding beam waist radii by:

2
T,

)

2
oy,
T

The light intensity of an elliptical Gaussian beam at a particular position in
the sample is described by:

I(x,y,z) = U(xa%z) : U*(X,)GZ)

Yro = and y,o = (2.14)

6_2( 2 2 ) (2.15)
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Such elliptic Gaussian beams are used for light-sheet illumination in SPIM.
An example is sketched in figure 2.8. The minimal light-sheet thickness w_
gives a measure for the maximal axial resolution of a SPIM microscope ac-
cording to the Rayleigh criterion. It can be expressed in terms of the NA of
an illumination objective by

2 A

- mNA
In the course of this thesis, w, is often converted to a FWHM value by Az =
V21In2 w, . The position of minimal waist is typically aligned with the center
of the FOV of detection. The boundaries of the FOV of detection are defined
by the Rayleigh range distances in either direction from the center. The ef-
fective FOV of the microscope thus depends on the width of the elliptical
Gaussian beam in x- and z-direction along the optical axis:

(2.16)
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2mnw3
FOV, =2y,o = 3
2.17
2nnwl, 8n A (2.17)
FOV}, = 2)/270 = 1 = ;W

The FOV in the x-direction can be controlled by the focal length of the cylin-
drical lens. It is typically larger than the physical size of the camera chip pro-
jected in the system of the sample. The FOV in the y-direction is strongly
dependent on the illumination NA.
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Towards higher resolution in SPIM

The resolution of SPIM is pushed to the diffraction limit by using the full
aperture of the implemented illumination objective. An illumination NA of
0.8, for example, was reported to generate a Gaussian beam light-sheet with
an axial FWHM of 410 £ 10 nm [17]. The main drawback of using high NA
illumination in SPIM is the limited FOV in y-direction, which was derived
in equation 2.17. In fact, the thin light-sheet in the example has a reported
Rayleigh range as short as 1.9 um and thus a FOV limited to 3.8 um. For
most biological structures a larger FOV is required, which in turn lowers the
axial resolution of the conventional SPIM setup.

An approach to overcome the compromise between a large FOV and ax-
ial resolution in SPIM makes use of scanned Bessel beams for diffraction-
limited excitation with a thin virtual light-sheet. Bessel beams are so called
self-reconstructing beams [40] and known for many decades [27]. In contrast
to the hyperbolic shape of Gaussian beams, the width of the central spot of a
single Bessel beam cross section can be regarded as constant over a relatively
large distance along the optical axis. For this reason, Bessel beams have been
successfully applied in SPIM setups for homogeneous light-sheet illumina-
tion over a large FOV [33, 32, 114, 39]. Bessel-beam light-sheets generated
with an illumination NA of 0.34 that feature a Rayleigh range of 50 pm have
been reported [33]. The main drawback of Bessel beam excitation is the en-
ergy the beam disposes by its side lobes [26]. These add up during the scan
and broaden the light-sheet in the axial direction. As a consequence, fluo-
rescent markers are illuminated not only within the central part of the light-
sheet cross-section, but also away from the focal plane. The additional light
dose contributes to photobleaching and phototoxic effects outside of the focal
plane of detection. In fact, scanned Gaussian beams are reported to be supe-
rior to scanned Bessel beams in terms of photobleaching caused by the exci-
tation light[114]. Two-photon Bessel-beam excitation for reduced side lobes
in combination with a structured illumination-based approach was reported
to result in a near-isotropic, diffraction-limited resolution of about 300 nm
[114]. The main disadvantage of this method is the longer data acquisition
time and the reduced contrast due to the background fluorescence gener-
ated by the remaining side lobes. The combination of Bessel-beam light-sheet
excitation and a method called super-resolution structured illumination mi-
croscopy (SR-SIM) [52] improved the contrast in images of thick biological
samples [39]. The axial resolution, however, was not further increased.

2,5 Optical nanoscopy

All the aforementioned techniques are, due to diftraction, limited in their abil-
ity to spatially resolve features that are located at a distance closer than about
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half the wavelength of the utilized light. In 1994, for the first time, a funda-
mental idea and practicable concept was introduced that describes how the
diffraction limit in fluorescence microscopy can be broken with propagating
light using standard lenses [68]. Five years later, the first realization of this
concept in form of a STED microscope has finally proven that a spatial resolu-
tion beyond the diffraction barrier can indeed be achieved also in the far-field
[93]. Since then, multiple super-resolution methods have emerged which all
base on the same concept and mainly differ in their theoretical and experi-
mental complexity, the achievable resolution, and biocompatibility. They are
called optical nanoscopes. This section gives an overview of the basic princi-
ple that enables an at least conceptual increase in resolution of a lens-based
light microscope to the molecular scale or even beyond. A focus is set on the
RESOLFT instruments relevant for this thesis.

2.5.1 The concept of breaking the diffraction barrier

All optical nanoscopy techniques that have been realized up to now sepa-
rate otherwise indistinguishable fluorophores by switching them in a light-
controlled manner between two discernible states, i.e. a signaling on-state
and a non-signaling off-state. The switching process is used to separate sig-
nals originating from on-state fluorophores in time. As a consequence, they
can be sequentially recorded. If their coordinate is known, the recorded sig-
nals can be assembled to an image with a resolution below the limit set by
diffraction.

The pool of possible states and their transitions is large [65, 63, 61, 64].
Exploiting transitions between the basic electronic states, such as the sin-
glet ground S, and excited state S; and the triplet state T;, but also between
charged states, chemical states, and conformational states has led to numer-
ous realizations of the described concept. Multiple powerful optical nano-
scopy techniques have been developed in the last two decades. According
to the way the switching and readout it performed, these techniques can be
classified in RESOLFT microscopy and SMS microscopy. For completeness a
short overview of the later is given. Then, the RESOLFT techniques are dis-
cussed in detail.

2.5.2 Single marker switching techniques

Stochastic SMS microscopes, switch a small subset of fluorescent markers
between a signaling and a non-signaling state in a stochastic manner and
thus randomly in space. Having recorded the signals originating from the ac-
tive subset, the fluorophores are switched off again or bleached and the next
randomly distributed subset is activated in the sample and readout. The se-
paration and localization procedure is repeated many times. The image ac-
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quisition ends when ideally all fluorescent markers in the sample have been
switched on at least once and have contributed to the final image [73]. If the
subset of on-state markers is sparse enough to clearly separate their diftfraction-
limited fluorescence spots on the detector, their actual position is then esti-
mated by mathematical post-processing, typically, by fitting a 2D Gaussian
function to the intensity distribution of each single spot [136, 116]. The lo-
calization precision is dependent on the number of photons detected from a
fluorophore during the exposure time of the detector and the background sig-
nal of the image [146]. The super-resolution image in the stochastic switching
and readout regime is obtained by plotting a histogram of estimated positions
on a sampling grid. The first realizations of SMS microscopy were photoacti-
vated localization microscopy (PALM) [13] and stochastic optical reconstruc-
tion microscopy (STORM) [121]. These techniques only work with a limited
number of fluorophore species such as photoactivatable or photoswitchable
proteins or photochromic compounds. ground state depletion followed by
individual molecule return (GSDIM) [36] or direct STORM (dSTORM) [56]
extend the concept to conventional organic fluorescent markers. Also quan-
tum dots have been used as markers in SMS microscopes [71]. Typical SMS
microscopes routinely achieve lateral resolutions in the focal plane of 30 nm,
which is approximately a 8-fold improvement as compared to wide-field mi-
croscopes. Recently, the position of a single emitter has been estimated with
an accuracy below 10 nm in all spatial directions [134]. One of the major
drawbacks of all SMS techniques is their very low throughput since mole-
cules are likely to be excited several times. Long data-collection times limit
their application for fast developing living specimen.

2.5.3 RESOLFT techniques

In RESOLFT techniques the center of the region where a detectable signal
is generated is known at any time during image acquisition. It is predefined
at coordinate z, by applying an appropriate light pattern that features one
or multiple intensity zeros. Typically, the peak of the excitation intensity dis-
tribution overlaps with the intensity zero of the off-switching light pattern.
This pattern then switches the fluorophores in the surrounding of z, to a non-
signaling state and keeps them in this state during the time of readout at z,
even if they are still illuminated with excitation light. Only few fluorescent
markers within a small region around z, remain in the signaling on-state and
contribute to the signal.

The concept of RESOLFT has been realized in numerous microscopy tech-
niques, which mainly differ in the reversible optical transitions they use [61,
66, 70]. The first and most prominent example is STED[68], which uses the
most basic transition between the fluorescent singlet state S; and the ground
state Sy to achieve sub-diffraction resolution. SPEM[59], also called SSIM[50],
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employs the same basic states. GSD[67] makes use of transitions between the
singlet state and a long-lived non-signaling triplet state.

The main advantage of RESOLFT is that the acquired raw data already con-
tains sub-diffraction spatial information. As a consequence, super-resolution
images are obtained without any mathematical post-processing such as filter-
ing, fitting and plotting. Moreover, in multicolor RESOLFT imaging, signals
originating from the same zero-intensity position of the illumination light
pattern are aligned by design. This is especially interesting for experiments
where collocalization of various objects is studied. Another advantageous as-
pect of the RESOLFT concept is the broad range of fluorescent markers that
can be used. In principle there are no restrictions in the selection of fluo-
rophore species. A significant improvement of resolution has been achieved
with synthetic dye markers as well as FPs. A RESOLFT technique that uses
members of the RSFP family as fluorescent markers is presented in this thesis.

2,5.3.1 Creation of off-switching patterns by phase modulation

In RESOLFT nanoscopes, the light pattern featuring at least one intensity-
zero can be generated by a standing wave [59, 70] or by manipulating the
phase of the wavefront of the switch-off laser beam before it hits the back-
focal plane of the illumination objective lens [85, 84]. In a majority of current
RESOLEFT setups phase plates are implemented to manipulate the incoming
beam. Depending on the optical realization of the RESOLFT concept, differ-
ent phase plate types can be inserted into the beam path. Figure 2.9 shows
the sketch of two prominent examples together with their orthogonal cross-
sections through the center of the resulting light distribution.

In RESOLFT setups that aim for a resolution improvement in one dimen-
sion, the zero-intensity profile is generated with a so called half-moon phase
plate. It is often implemented with two 10 mm thick glass flats mounted side-
by-side with one flat being tilted about an axis perpendicular to the touching
faces. This assembly as a whole can be tilted about the same axis. The off-
switching beam passes through the optic axis which passes both the touching
faces and the axis of tilt. For a fixed relative angle of the flats, a particular
common tilt angle can be found such that the phase of one half of the in-
cident beam is retarded by 7 relative to the other half as depicted in figure
2.9a. During focusing each radial position of the beam cross section inter-
feres destructively with its mirror-counterpart on the other half of the beam.
Linearly polarized light in the direction parallel to the mid-line of the phase
plate halves theoretically results in a absolute zero-intensity line. Light po-
larized perpendicular to the mid-line fills up the zero-intensity region and
reduces the brightness of the image by switching off fluorophores that are sup-
posed to contribute to the signal. As shown in the orthogonal slices through
the resulting PSF, the zero-pattern is not limited to the focal plane but rather
ranges to infinity along the axial direction.
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Figure 2.9: Two well-established RESOLFT phase plates and the simulation of the
resulting light intensity pattern. a) A half-moon phase plate retards the phase of one
half of the incident beam by 7 relative to the other half. In the focal plane an illumi-
nation pattern with a zero-intensity line is created that leads to a resolution improve-
ment in one dimension. b) RESOLFT setups aiming for improved resolution in both
lateral dimensions typically use a toroidal shaped illumination pattern that is created
in the focal plane by transmission through a vortex phase plate.

?

Point-scanning RESOLFT techniques typically use a 2D switch-off pattern
in the object focal plane to achieve resolution enhancement in both lateral
dimensions [66, 64]. The most practical shape of such a pattern has a radial
symmetry in the x-y plane and is extended in the axial direction. It can be
generated by shifting the phase of a circularly polarized incident wavefront
in a full helical turn continuously from 0 to 27, e.g. with a vortex phase plate
depicted in figure 2.9b. Due to destructive interference of all radial mirror-
parts of the beam cross-section, the focal spot has a central zero-region. It
is surrounded by a toroidal intensity distribution that resembles a doughnut.
Vortex phase plates are typically made of a glass substrate that is coated with
a polymer or MgF,. The thickness of the coating defines the phase difference
that is applied to the transmitted beam.

The switch-off light patterns applied in RESOLFT nanoscopy so far have a
zero- or one-dimensional intensity zero region. In this thesis, a technique is
presented that makes use of a pattern with a 2D zero-intensity area.

2.5.3.2 Theory based on a two-state model

In the following, a general expression for the resolution of RESOLFT micro-
scopes is derived on the basis of a two-state model [65, 61, 152, 54]. Let us
imagine a fluorophore with two distinct states, a bright signaling state A and
a dark non-signaling state B, as depicted in figure 2.10a. The transition from
A to B is driven by light and occurs with a rate kag = y 0ap L1, Where 045
is the cross-section of the transition process, y = A/hc is the inverse photon
energy with the wavelength A, the vacuum speed of light ¢ and the Planck’s
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constant /1, and I4p is the light intensity that drives the transition. The reverse
transition from B to A with a rate kg4 can also be induced by light or by any
other process such as a chemical or thermal reaction. The relative population
of A and B, in the following referred to as N, and Nj, change over time ¢ and
can be expressed in a differential equation by

dNy __dNy
dt dt

- - _kABNA +kBA NB. (218)
Because of particle conservation, the relative populations add up to one, i.e.
N4+Ng = 1. Without loss of generality, we can assume that all fluorophores
are initially in the signaling state A. The solution of equation 2.18 is then

—_ ksa + kas o (kaptkpa)t
kag +kpa  kap + kpa

Na(t) (2.19)
This general equation can be simplified by approximations suitable for the
applied mechanism of molecular switching. In the case of RESOLFT experi-
ments with RSFPs as shown in this thesis, states A and B are long-lived states.
The transition from B to A is thus mainly light-driven so that its rate can be
well approximated by kgs = y 0pa L. Equation 2.19 is rewritten using the
definitions of the transition rates k45 and kg, leading to

Na()= — 284 948 y(omrtom) Lt (2.20)

OABp+ 0pa  Oap+ Opa

One can see that for an applied light energy y Iipt > (045 + 0pa) ', the rel-
ative population Ny reaches an equilibrium state N5° = 04 (045 + 0pa) .
The efficiency of the off-switching process thus solely depends on the ratio
of the cross-sections. Ideally, the wavelength of the continuous wave light
that drives the transition from A to B is chosen such that the wavelength-
dependent cross-sections relate as 045 >> 034. In this case, the residual fluo-
rescence of the equilibrium state can be neglected. The relative population of
state A is then given by

N, = ¢ Kt = gmvouslant, (2.21)

It can be deduced from this equation that principally all on-state fluorophores
can be switched to their off-state. For a certain fixed illumination time ¢ = t,¢,
the remaining fraction of on-state fluorophores only depends on the applied
light intensity I4g. A characteristic light intensity can be defined at which one
half of the on-state population N, is switched to the off-state B. This intensity
is called the saturation intensity I, and is here expressed as

In2

Loy ' = ——.
Y 0B toff

(2.22)
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I, can be considered as the intensity that is required to outperform the com-
peting reverse transition to the on-state. Inserting definition 2.22 in equation
2.21 leads to the expression

—In2 148®

NA(IAB(Z)) =€ fsat (223)

For a fixed t,, the ratio between the driving intensity distribution I, with its
maximum intensity I and I, influences N, and Nj as shown in figure 2.10b.
For I > I, virtually all fluorophores are switched to state B.

In the RESOLFT-SPIM setup presented in this thesis, the fluorophores are
switched to state B with an oft-switching pattern featuring an intensity zero at
2y that is centrally aligned to an excitation light distribution. The remaining
distribution of on-state fluorophores at time ¢, forms the so-called effective
PSF h,; with a peak position at z. It is calculated by the point-wise product
of the normalized diffraction-limited excitation PSF h,,, and the relative on-
state population at a time ¢,

heﬁ(z, I) = I’lexc(Z) : NA (hoﬁ(Z) Itoﬁ), (2.24)

where h,(z) is the normalized off-switching intensity distribution. The axial
resolution of the RESOLFT-SPIM microscope is defined as the FWHM Az
of the effective PSF. In order to derive an expression for Az, the excitation
PSF is approximated by a Gaussian with a FWHM d, along the z-axis in the
illumination focal plane:

hewe(z) = e 402", (2.25)

The relative on-state population at a position z in the sample depends on the
oft-switching intensity distribution at this position, which can be well approx-
imated by a parabola at regions close to zy [35]:

hoy(z) = 4a* 2. (2.26)

Here a is a parameter that depends on the NA and the wavelength used for
illumination. Together with equations 2.23, 2.25, and 2.26 we can calculate
the effective PSF in equation 2.24 as

—4ln2(£)?  —4In2qa* L 2
heﬁ[(z’I) = e n (dz) - e nea Isatz

—41n2(di2+a2%>zz (227)
pr— e 'z sat .

As it can be seen from this equation, the effective PSF has again a Gaussian
shape. Its FWHM is then derived to

)1 d,

1 ~1/2
Az=| —+a — = .
(dﬁ Ism> V1+d:a?l/L,

(2.28)
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Figure 2.10: Simple two-state model with a signaling state A and a non-signaling
state B. a) Initially all molecules are in state A. The transition from A to B is driven by
light. b) The relative population of state A (N4) and B (Np) depends on the applied
light intensity that drives the transition from A to B. ¢) The resolution of a RESOLFT
microscope is increased by spatially limiting the number of fluorophores in state A
with light. The FWHM of the remaining spot can be controlled by changing the ratio
of I and I, Here, curves with the following parameters are shown: (I) I = I, (IT)
I = 10 Ly, (III) I = 30 Isy, (IV) I = 100 Iy, Some parts of the figure have been
redrawn from reference [69].
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In figure 2.10c the dependency of Az on the ratio of I and I is illustrated.
The FWHM of the effective PSF clearly reaches sub-diffraction dimensions
for intensities I > I,,.

According to equation 2.28, infinitely high resolution can be obtained in
theory. In practice, however, the achievable resolution critically depends on
the photophysical and photochemical properties of the fluorophores used.
While the number of required photons for a super-resolution image based on
RESOLFT can theoretically be as low as one, the number of switching cycles
the fluorophores undergo without contributing to the imaging signal during
image acquisition is high. For an m-fold resolution improvement in one di-
mension, a fluorophore needs to cycle approximately m times. The number
of cycles is raised to a higher power when more dimensions with increased
resolution are required. In the worst case, fluorophores sufter from switching
fatigue and cannot contribute to the signal anymore. Typically, the lateral res-
olution in images of biological structures resolved with a standard STED mi-
croscope, the prototype of a RESOLFT microscope, ranges from 20 to 40 nm
[47, 43, 21]. The highest lateral resolution of just a few nanometers has been
reported for individual diamond nitrogen vacancy centers inside a solid im-
mersion lens [154].

2.5.3.3 RESOLFT with switchable proteins

Light-structuring techniques like STED and saturated structured illumina-
tion microscopy (SSIM) [50] typically apply light intensities in the range of
MW/cm? to GW/cm? to effectively switch off a large region. Especially when
imaging delicate samples where photoinduced changes need to be avoided,
these techniques are preferably realized with fluorophores that lead to the
same factor in resolution improvement at much lower light intensities. The
class of reversibly switchable fluorescent proteins introduced in section 2.1.2
poses a highly suitable species of fluorophores for this purpose. The transi-
tion between the metastable on- and off-state of these markers requires a
saturation intensity I, of about 5 orders of magnitude lower than the typ-
ical on-off transition used in SSIM or STED. Moreover, the suitable spectral
properties, fast switching kinetics, and high photostability of recently devel-
oped yellow-green emitting RSFPs like rsEGFP [45], rsEGFP2 [46], Dronpa
M159T [145, 140] and Dreiklang [15] compared to early RSFPs have enabled
RESOLFT nanoscopy in living cells or tissues. In order to further reduce
the imaging time, methods have been reported which parallelize the con-
ventional point-scanning RSFP-based RESOLFT technique. An approach us-
ing a one-dimensional standing-wave pattern [128, 118] could achieve a lat-
eral resolution of less than 50 nm but requires additional rotation of the pat-
tern [118], which slows down the imaging speed. Parallelization of the RSFP
RESOLFT concept with an illumination pattern having more than 100,000
intensity minima enabled imaging of large fields (up to 150 pm) within a few
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seconds and in principle unlimited lateral resolution [20]. In this example, the
slower switching variant of rsEGFP has been used. Novel red-emitting RSFPs
enabled multi-channel RESOLFT images and colocalisation studies by us-
ing two spectrally distinct RSFPs [99]. A two-color RESOLFT approach with
the novel RSFP rsCherryRevl.4 in combination with yellow-green emitting
RSFPs has been demonstrated in a point-scanning and a parallelized manner.

2.5.4 Imaging with sub-diffraction axial resolution

In their first implementation, most of the imaging techniques discussed in
the previous sections have provided resolution improvements mainly in the
lateral direction. Setups that push the axial resolution below the diffraction
limit have been developed more recently. One example is the 4Pi microscope
that coherently uses two opposing lenses [62, 51, 10, 28, 29]. It requires ex-
ternal control of the phase of the counter propagating waves and data post-
processing to remove interference effects. 4Pi microscopy can be combined
with STED [126] or SMS microscopes [134, 8, 157] to further improve the
resolution [60]. In a single lens 3D STED approach, an annular phase plate
creates a relatively low-intensity toroidal lateral pattern with additional high-
intensity lobes above and below the central minimum [94]. To get a more
balanced intensity distribution, the annular phase plate is often implemented
in combination with a vortex phase plate [58, 55, 153]. Recently, a three-
dimensional segmented wave plate has been developed mainly for the reason
of compactness of the setup [119]. Stochastic methods make use of multi-
focal planes [74, 82] or additional optics that break the axial symmetry of the
detection PSF [83, 74, 112]. A 3D structured illumination microscopy (SIM)
method which doubles the lateral and axial resolution with true optical sec-
tioning has been presented in 2008 [52]. So far, no approach increasing the
axial resolution of a RSFP-based RESOLFT setup has been reported, yet.

In general, super-resolution methods that improve the axial resolution of
a microscope are often limited in their routine application in biological re-
search. The main reasons are found in the technical complexity and increased
photobleaching, especially for single lens based imaging techniques.

The RESOLFT concept in form of a STED-based realization has been used
to break the diffraction barrier along a light-sheet’s detection axis. In 2011, a
Gaussian excitation beam was overlapped with a double-sheet depleting laser
beam on either side of the focal plane to perform on/off switching [38]. Due
to scattering and possibly additional aberrations caused by the diftference be-
tween excitation and STED lasers wavelength, the maximal achievable reso-
lution in biological specimen was limited even in fixed samples. The stained
actin network of a fixed zebrafish was imaged at a relatively slow rate of 2 Hz
with an increase in resolution by 30% axially and 17% laterally compared to
the conventional light-sheet mode. A successful application of STED-SPIM
to live cells or living organisms has not been reported.
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In a very recent and only theoretical approach the combination of STED-
SPIM with Bessel-beam illumination was proposed [158]. According to the
reported simulations an increase in axial resolution by a factor of 4.8 com-
pared to the conventional SPIM microscope is achievable with an average
depletion power of 1 W. However, if highly sensitive cellular structures and
their subtle changes are to be examined, then any potential disturbances of
the structure and its physiological environment should be avoided. The high
average STED laser power required for substantial sub-diffraction resolution
with this technique provides strong incentives for developing a coordinate-
targeted approach for low-power operation. A solution is presented in the
following.



RESOLFT-SPIM

In this chapter, a new far-field fluorescence microscopy technique is presented,
that combines the advantages of RSFP-based RESOLFT nanoscopy and SPIM.
It offers sub-diffraction axial resolution for a RESOLFT nanoscope employ-
ing RSFPs as fluorescent markers. At the same time, it improves the axial
resolution with respect to conventional light-sheet microscopy by reducing
the light-sheet thickness below the diffraction limit. The basic concept of
RESOLFT-SPIM is explained in the first section of this chapter. Then, the
optical setup is described in detail along with setup-specific alignment strate-
gies. Thereafter, the setup is characterized especially in terms of its resolving
power, the available FOV and the resolution in dense samples. Finally, the
imaging capabilities of RESOLFT-SPIM are demonstrated in biological ap-
plications in comparison to conventional SPIM.

3.1 Basic concept

In this thesis a new far-field fluorescence microscopy technique is presented.
It exploits the super-resolution imaging capabilities of RSFP-based RESOLFT
together with the optical sectioning properties of SPIM, and is therefore called
RESOLFT-SPIM. It makes use of long-lived dark and fluorescent states pro-
vided by reversibly switchable fluorophores to gain sub-diftraction axial res-
olution with light intensities of several orders of magnitude lower than in
STED. In combination with SPIM, a light-sheet with an effective thickness
below the diffraction limit enables detailed non-invasive imaging of living
specimens in three dimensions without disturbing their physiological envi-
ronment.

The new RESOLFT-SPIM concept is illustrated in figure 3.1. Let us assume
a living specimen, for example a cell, that grows on a coverslip attached to
a movable platform in the RESOLFT-SPIM microscope. The specimen ex-
presses fusion proteins composed of at least one RSFP and a target protein.
The illumination of the sample is placed at a right angle to the detection as
it is usually implemented in SPIM setups. A Gaussian activation laser is fo-
cused by a cylindrical lens into the back-aperture of an illumination objec-
tive. As a consequence, a light-sheet is formed which ideally coincides with
the focal plane of the detection objective. The laser light activates RSFPs in a
small volume around this focal plane. In the sketch, these RSFPs are marked
with white dots. The thickness of the activated area is dependent on the NA of
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Figure 3.1: The RESOLFT-SPIM concept. a) A living specimen expressing RSFPs is
grown on a coverslip, which was mounted on a movable platform. The specimen is
illuminated perpendicular to the detection axis. b) RSFPs in a thin section of the sam-
ple are switched from their initial off-state to the on-state by an activation light-sheet.
None of the fluorophores outside the illuminated volume is affected by the laser light.
¢) A light-sheet featuring a central zero-intensity plane effectively switches off acti-
vated RSFPs above and below the detection focal plane. For negative switching RSFPs,
this is a competing process to fluorescence (green arrows). Applying off-switching
light intensities above the saturation intensity of the RSFPs, only fluorophores within
a slice of sub-diffraction thickness remain activated. d) They can be readout by a
third light-sheet and contribute to the RESOLFT-SPIM image. Then, the platform is
moved to the next scan position for another illumination cycle.

the illumination objective. Regions outside the illuminated volume above and
below the focal plane are not activated. After a short exposure with the first
laser, a second Gaussian laser beam with a slightly red-shifted wavelength is
focused by the same cylindrical and objective lens into the sample. With a
half-moon phase plate, the second order transversal Gaussian mode is gener-
ated. Consequently, the light-sheet features a two-dimensional zero-intensity
area. Ideally, both laser beams exactly overlap so that the plane of maximal
exposure with the activation laser coincides with the intensity minimum of
the second laser. At positions in the sample where the off-switching intensity
is larger than the saturation intensity of the RSFPs, it is most likely that ac-
tivated RSFPs are switched to the deactivated state. In a negative switching
mode, fluorescence is stimulated by the same wavelength which also deacti-
vates the RSFPs. Since this emitted light mainly originates from out-of-focus
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regions it is ideally not detected by the wide-field setup. After the deactivation
process, only a thin layer around the focal plane remains activated. Its thick-
ness is dependent on the oft-switching laser intensity applied to the sample
according to the considerations in section 2.5. In a third illumination step,
the remaining activated RSFPs are readout by a Gaussian TEM,, light-sheet
with a photon energy that excites the fluorophores, i.e. equal or similar to that
of the second laser. Fluorophores in a volume with an axial extent below the
diffraction limit emit fluorescence light and contribute to the image-forming
signal. Ideally, after several excitation and emission cycles leading to a high
signal to noise ratio in the image, the fluorophores are switched back to the
deactivated state. These illumination processes are repeated for each plane of
the sample, that is stepwise moved through the stationary light-sheets. An im-
age stack is built up containing detailed 3D information about the specimen
with in principle diffraction-unlimited resolution.

3.2 Optical implementation

This section describes the technical realization of the RESOLFT-SPIM con-
cept. First, the optical layout is shown and explained. Then, the control of
the electronic devices in the setup is described. At the end of this section, the
alignment strategies together with new setup specific alignment tools are pre-
sented.

3.2.1 Optical layout

The concept of RESOLFT-SPIM has been realized in a novel optical setup. It
consists of four essential parts: an illumination unit, a detection unit, a spec-
imen chamber and a stage scanner. In the following, each of these parts is
described in detail. In addition, the objective arrangement is motivated. Fig-
ure 3.2 shows a schematic drawing of the essential optical components and
the beam paths of the new setup.

3.2.1.1 Illlumination unit

For illumination, three fast switching® continuous-wave diode lasers are im-
plemented. Their wavelengths are adapted to the spectral properties of the re-
cent RSFPs called rsEGFP, rsEGFP2, rsEGFP(N205S), and Dronpa-M159T.
For activation a UV laser (iBeam Smart 405-60, Toptica, Germany) with a
wavelength of 405 nm and a maximal power of 60 mW is used. In the fol-
lowing this laser is referred to as the activation laser. The second diode laser
emits at a wavelength of 488 nm (iBeam Smart PT488-50, Toptica Photon-
ics, Grifelfing, Germany). It is implemented to generate the off-switching

1 The rise- and falltime of the laser enable signal is below 1 ps.
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Figure 3.2: Diagram of the optical components and the beam paths of the RESOLFT-
SPIM setup. Three fiber-coupled continuous-wave diode lasers are used for activa-
tion (purple), off-switching, and readout (both blue) of RSFPs. The off-switching
light pattern is generated by a half-moon phase plate (PP) in the beam path of the
off-switching laser. A cylindrical lens (CL) focuses the combined and extended laser
beams into the back-focal plane of the illumination objective. Light sheets are formed
and illuminate the sample (S). Fluorescence (green) is collected by an objective lens
perpendicular to the illumination axis, filtered by two bandpass filters (BPF) and
imaged with a tube lens (TL) onto an sSCMOS camera. A CCD camera records the
cross-sections of the laser beams if a pellicle (PL) and a removable mirror (RM) are
inserted in the beam path. Another CCD camera images the light-sheets perpendic-
ular to both objective axes.
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light pattern in the sample and is in the following called the off-switching
laser. It has a maximal output power of 50 mW. After the oft-switching pro-
cess, the remaining activated RSFPs are read out with a third laser (LuxX
488-60, Omicron-Laserage, Rodgau, Germany), in the following referred to
as the readout laser with a nominal wavelength of 488 nm and a maximal
power of 60 mW. The lasers are spectrally cleaned with narrow bandpass fil-
ters (CF1: FF02-482/18-25, CF2: FF01-406/15-25, Semrock, Rochester, NY).
For distortion-free Gaussian light-sheets, the beam profiles of all three lasers
are cleaned up by sending the light through single-mode fibers. Only the
oft-switching laser has been directly fiber coupled by the manufacturer. The
activation and the readout lasers are coupled into polarization maintaining
single-mode fibers (PMF2, PMF3: PM460-HP, Thorlabs, Newton, NJ) with
achromatic lenses (f1,, f1; = 10 mm). The coupling efficiency was about 60%
for either laser. Half-wave plates adjust the polarization of each laser to the
fast axis of the utilized fiber.

At the fiber output, the beam diameter of each laser is independently con-
trolled with achromatic lenses (f; ;= 13 mm, f;4 = 13 mm, f;5 = 16 mm). Po-
tential longitudinal chromatic aberrations in the focal plane can thus be com-
pensated by slight defocussing of these lenses. The off-switching intensity pat-
tern is generated by a half-moon phase plate that is placed in the path of the
collimated off-switching laser beam (cf. figure 3.3). It consists of two quartz
blocks mounted in parallel on a multi-axis positioner (LP-1A, Newport Cor-
poration, Irvine, CA). The blocks are tilted with respect to each other to gen-
erate a phase difference between the beam halves. Figure 3.3b illustrates their
implementation in the setup. The modified beam is subsequently combined
with the beam path of the readout laser by a 50:50 beam splitting cube (BS013,
Thorlabs, Newton, NJ). A dichroic mirror (Di02-R442, Semrock, Rochester,
NY) merges the expanded UV beam with the readout and the off-switching
laser. A common home-built beam expander consisting of two achromatic
lenses (fig = 60 mm, f;9 = 200 mm) adjusts the beam widths to the pupil
diameter of the water-dipping illumination objective.

The polarization state of the laser beams is controlled by a Glan-Thompson
prism (G-T: PGT 1.10, B. Halle, Berlin, Germany) and a half-wave plate (1/2).
Additional half-wave plates are placed at each fiber output in order to maxi-
mize the transmission of the laser lines through the Glan-Thompson prism.
In the setup, the polarization is oriented parallel to the focal plane of the detec-
tion since the zero-intensity area of the off-switching pattern is very sensitive
to polarization. Vector components oriented perpendicular to the light-sheet
fill up the zero-intensity area. Also the polarization of the activation and the
readout lasers are adjusted to the light-sheet plane in order to increase the
probability that the same similarly oriented dipoles are addressed. As a bonus,
light-sheets that are linearly polarized parallel to the focal plane are up to 5%
thinner.

41



42

3 RESOLFT-SPIM

Figure 3.3: Mounting and positioning of the half-moon phase plate. a) The half-
moon phase plate consisting of two glass flats mounted side-by-side with one flat
being tilted about an axis perpendicular to the touching faces. This assembly as a
whole can be tilted about the same axis. b) The oft-switching beam passes through
the optic axis which passes both the touching faces and the axis of tilt. For a fixed
relative angle of the flats, a particular common tilt angle can be found such that the
phase of one half of the incident beam is retarded by 7 relative to the other half. The
phase plate is rotated by 30° to account for the angle of the illumination objective.

A cylindrical lens (f ¢, = 150 mm) focuses the collinear beams into the back-
aperture of the illumination objective, which then generates a light-sheet atan
angle of 3 = 30° with respect to the horizontal plane. Additional beam paths
for alignment are shown in the diagram in figure 3.2. They can be accessed
with aremovable mirror (RM) and a pellicle (PL: BP145B1, Thorlabs, Newton,
NJ). Their purpose is explained in section 3.2.3.

3.2.1.2 Arrangement of objective lenses

As described before, the illumination objective generates a light-sheet that
encloses an angle of 30° with the horizontal plane. The detection objective is
oriented perpendicular to the x-y plane of the light-sheet and consequently
has an angle of 60° with respect to the specimen. The angle has been chosen
such that for any commercially available water-dipping detection objective
lens the maximum aperture can be used for collection of fluorescence light.
Also, undesired artifacts potentially caused by direct reflections of the illumi-
nation laser light on the surface of the coverslip are reduced.

Figure 3.4 illustrates the geometric arrangements of potential illumination
and detection objectives for RESOLFT-SPIM. All objective lenses considered
here are made for water-dipping applications. Their internal optics are cor-
rected for aberration-free light transition in water-based medium with a re-
fractive index close to 1.333. If a biological specimen requires a comparably
large FOV, a 10x illumination objective lens with an NA of 0.3 is preferred. In
the RESOLFT-SPIM setup, it can be combined with any other water-dipping
detection objective lens with an NA of less or equal to 0.8 without further
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Figure 3.4: Possible combinations of objective lenses for RESOLFT-SPIM. a) A
10x/0.3 NA illumination objective lens generates a light-sheet with a comparably
large FOV. In this thesis, it is used in combination with a 40x/0.8 NA objective lens
for biological applications. b) A combination of two 40x/0.8 NA objective lenses
is preferably used for alignment and the characterization of the setup. It creates
the thinnest diffraction-limited light-sheet for reasonably high detection NA. ¢) A
25x/1.1 NA detection objective lens can in principle be used in combination with low
NA illumination. Due to geometry constraints, an offset of the light-sheet is needed
so that it coincides with the detection focal plane.

considerations (cf. figure 3.4a). Due to geometry constraints, the highest pos-
sible NA for illumination is set to 0.8 for a reasonably high detection NA of
0.8. Figure 3.4b shows a simulation of this objective arrangement. For an illu-
mination focal point in the center of the detection focal plane, the objectives
are almost touching. This arrangement is advantageous over low NA illumi-
nation, if samples in a small volume need to be imaged with high intensities.
Even in the conventional SPIM mode this combination provides higher ax-
ial and (in some cases) lateral resolution than a confocal microscope [30].
Both combinations are used in this thesis. Recently, a 25x/1.1 NA detection
objective has become available. If this objective lens is positioned as close as
possible to any illumination objective, a light-sheet created on axis does not
coincide with the detection focal plane. In order to still use this high NA ob-
jective in combination with a 10x/0.3 NA illumination objective lens in the
RESOLFT-SPIM setup, the detection objective needs to be moved upwards
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Figure 3.5: Monolithic objective mount unit for RESOLFT-SPIM. The illumination
objective lens creates a light-sheet that hits the sample in the specimen chamber at
an angle of 30°. Fluorescence is collected by a detection objective lens perpendicular
to the illumination axis. Both lenses are mounted on the same aluminum block to
reduce thermal drifts. They are translated along their optical axis with linear stages.
For lateral positioning of the objective lenses a flexure is used (highlighted by a white
dashed frame). The inset shows a CAD drawing and the translation axis of the flexure.
The imaging medium can be heated with a silicon coated foil, that is placed in the
specimen chamber. The temperature is controlled by a sensor in the medium.

along its optical axis. In addition, the light-sheets require an offset of about
500 pm towards the front lens of the 25x/1.1 NA objective.

The illumination and detection objectives are held by a monolithic objec-
tive mount unit that is connected to the breadboard by a kinematic mount
consisting of a system of balls, vee-grooves and magnets and can be lifted for
conveniently replacing the sample or the objectives (cf. figure 3.5). The objec-
tive lenses can be moved along their optical axis by linear stages (M-SDS40
Precision, Newport Corporation, Irvine, CA). The relative lateral position of
the objectives can be precisely adjusted with a home-build flexure design. A
fine adjustment screw presses laterally on an aluminum piece holding the de-
tection objective. As a consequence, this piece which is connected to a mono-
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lithic flexure only translates in the desired lateral direction. The chosen design
ensures a pure translation without rotation of the objective lens.

3.2.1.3 Detection unit

The detection objective is part of a wide-field microscope consisting of two
identical emission band-pass filters (FF03-525/50-25, Semrock, Rochester,
NY) and a tube lens (f1; = 300 mm, Nikon, Tokyo, Japan) focusing the fluo-
rescence onto one of two tested fast SCMOS cameras (Neo sCMOS, Andor,
Belfast, UK and ORCA-Flash4.0 V2, Hamamatsu, Herrsching, Germany). The
implemented camera chips contain 2560 x 2160 and 2048 x 2048 pixels, re-
spectively, each with a pixel size of 6.5 pm. The ORCA-Flash camera used for
the biological applications presented in this thesis is a prototype of the com-
mercial version. It was characterized in terms of gain, offset and dark counts
of each pixel by the manufacturer. The resulting correction tables for each
pixel are considered in the post-processing of the recorded image stack.

In the rolling shutter mode of the camera, the readout time of the camera
chip is proportional to the number of readout lines. For an optimal RESOLFT-
SPIM imaging speed, the implemented camera is rotated by 3 so that the read-
outlines of the sensor are aligned along the x-direction. A cropped FOV along
the y-direction thus considerably shortens the required readout time and in-
creases the overall frame rate. The setup is designed in a fashion that no kine-
matic mirror or lens mounts are needed in the detection path for aligning the
fluorescence to the center of the camera FOV.

3.2.1.4 Specimen chamber

In this thesis, the concept of RESOLFT-SPIM is demonstrated on small bio-
logical specimens like single cells or cell colonies. The sample is usually at-
tached to the surface of a standard round glass coverslip with a diameter® of
5 mm. For imaging it is clipped onto a platform on the bottom of a water-
filled specimen chamber with a total volume of 40 ml. Figure 3.6a shows a
CAD drawing of the cuboid-shaped chamber. The platform and the cham-
ber itself is made of polyetheretherketone (PEEK). PEEK is a strong and stiff
plastic material with a linear thermal expansion coefficient of 47-107¢/K. It is
often used in applications where stable performance at elevated temperatures
is required. In addition, PEEK exhibits excellent resistance to a wide range of
chemicals, i.e. ethanol and acetone as well as resistance to hot water-based
liquids. Moreover, this highly biocompatible material is used for orthopedic
and spinal implants [98]. In one side of the chamber, a glass window is in-
serted through which the light-sheets can be imaged from the side. This is
particularly useful for alignment of the setup, as described in section 3.2.3.

The maximal diameter of the coverslip is limited by the distance between the front lenses of
the objectives in the sample region.
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Figure 3.6: Specimen chamber for RESOLFT-SPIM. a) A standard round coverslip
(2 =5mm) with the sample is placed on a platform in the center of the cuboid-
shaped specimen chamber made of PEEK. An imaging medium containing essential
non-fluorescent additives for cell growth and HEPES buffer, and a temperature con-
trol adapt the conditions in the chamber to the physiological environment of living
specimens. A glass window on one side is used for alignment described in section
3.2.3.b) The light-sheet reflection on a tiny mirror placed at 15° with respect to the
horizontal plane is used to measure the stability of the chamber. A displacement of
less than 0.7 um in 60 minutes is extracted from the plot.

To accurately and reproducibly align the longer horizontal axis of the speci-
men chamber relative to scan direction, its lateral movement is kinematically
constrained by a system of balls and vee-grooves. Tiny magnets on the bot-
tom plate of the chamber keep it on top of an aluminum plate attached to the
stage scanner but at the same time allow an easy removal of the chamber to
exchange the specimen. To compensate tilts of the coverslip with respect to
the horizontal plane, the entire chamber can be elevated by a fine adjustment
screw in the aluminum plate on one side.

For measurements testing the stability of the microscope and further anal-
ysis and adjustment of the light-sheet parameters (cf. section 3.2.3), a second
platform has been added to the chamber. It has a ramp of 15° with respect
to the horizontal plane and thus 45° with respect to each of the objectives. A
mirror was attached to the ramp with biocompatible silicon glue. The atten-
uated excitation light-sheet was reflected by the mirror and imaged by the
detection objective and the tube lens onto the camera. One image per minute
was recorded. The peak position of the light-sheet x-z cross-section was fitted
by a Gaussian function. Its distance to the position measured in the first im-
age was plotted versus time in figure 3.6b. A displacement of less than 0.7 um
in 60 minutes is in the reported range of many commercially available micro-
scopes without drift correction.

The specimen chamber is ideally adapted to the physiological conditions
of the cell samples. For this reason, the biochemical environment of the speci-
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men in the chamber is controlled by appropriate imaging media, e.g. a cell cul-
ture medium optimized for cell growth. However, these media often contain
additives such as pH indicators or serum components that are fluorescent in
the RESOLFT-SPIM setup and potentially obscure the desired fluorescence
signal. To find the optimal medium for the new technique, the background
fluorescence generated by various liquids has been measured and compared
(cf. figure A.3). For the biological applications shown in this thesis, Fluo-
roBrite DMEM (Invitrogen, Carlsbad, CA) mixed with HEPES offers an ac-
ceptable compromise between background fluorescence and viability of the
specimen. In addition, the imaging medium is heated to temperatures up to
35°C by placing a heating foil (HR5269, Minco, Minneapolis, MN) covered
with silicon rubber in the specimen chamber. The temperature is manually
monitored by an external sensor shown in figure 3.5. Mineral oil (M5310,
Sigma-Aldrich, St. Louis, MO) prevents vaporization of the imaging medium
during long term measurements.

3.2.1.5 Stage scanner

A piezoelectric stage (P-625.1CL, PIHera Piezo Linear Stage, Physik Instru-
mente, Karlsruhe, Germany) with a minimal step size of 10 nm and a total
range of 500 um scans the sample in steps through the static light-sheets.
A step response time of 102 ms/um was preset by the manufacturer. It as-
sures a stable scan throughout the measurement. The scanner is attached to
a multi-axis positioning stage (562 ULTRAlign Precision, Newport Corpo-
ration, Irvine, CA) with which the sample is centered to the detection focal
plane.

3.2.2 Hardware control

All electronic devices in the setup, i.e. lasers, camera and the stage scanner are
controlled by software composed in LabVIEW. The lasers have a digital en-
abling and disabling channel and an analogue channel for the control of their
output power. The stage only requires a constant analogue signal, whereas the
camera only needs a digital external trigger signal. For imaging, a sequence
of signals is fed into an FPGA, which then simultaneously sends the signals
to the devices. This procedure, illustrated in figure 3.7, allows for synchro-
nization of the scanning process and the image acquisition. The continuous
repetition of a sequence of signals generates a real-time image at a static scan
position which is used to select the region of interest in the sample prior to
imaging. The RESOLFT-SPIM images acquired by the sCMOS camera and
the images recorded by the CCD cameras for alignment (cf. section 3.2.3) are
stored on the camera PC.
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Figure 3.7: Block diagram of the hardware in the RESOLFT-SPIM setup. Controlled
by a LabVIEW software on the microscope PC, an FPGA synchronously sends se-
quences of analogue and digital signals to the implemented devices. The camera PC
saves RESOLFT-SPIM images acquired by the sSCMOS camera as well as images taken
by the CCD cameras for alignment.

3.2.3 Alignment strategies

A number of crucial parameters need to be adjusted for the best possible imag-
ing performance of the RESOLFT-SPIM setup. In addition to the alignment
steps of a conventional SPIM microscope with a single light-sheet, here espe-
cially the relative alignment of the three applied light-sheets needs to be con-
sidered. In a perfectly aligned RESOLFT-SPIM setup, all three laser beams
are collinear in the illumination beam path and hit the illumination objec-
tive lens in the center of the back-focal plane at a right angle. In addition,
the laser beams are ideally collimated for a common focal spot in the sam-
ple. The position of minimal beam waist is then aligned to the center of the
FOV of detection. Moreover, all light-sheets coincide with the focal plane of
detection.

In the following, the routine alignment procedure is described. Two in-
dispensable tools that have been employed for a precise alignment of the
RESOLFT-SPIM microscope are highlighted.
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Figure 3.8: Tool for collinearity alignment of RESOLFT-SPIM lasers. A half trans-
parent pellicle at one position and a removable mirror at a further position along the
combined illumination beam path direct the three laser beams towards the same
CCD camera. In the aligned RESOLFT-SPIM setup, the beam cross-sections are
imaged to two triples (I and II) with the same size. Also, the symmetry of the off-
switching illumination pattern can be evaluated in a line profile.

Collinearity alignment

In a standard SPIM setup, multiple laser lines are often combined in an opti-
cal fiber which is then fed into the microscope. A co-alignment of the applied
lasers is thus achieved by setup design. A misplacement of the laser beam
prior to laser coupling leads to a reduced intensity in the setup rather than an
offset. A similar alignment procedure is not applicable to the RESOLFT-SPIM
setup since the TEM,, mode of the oft-switching laser cannot be coupled into
a single mode fiber. For this reason an alignment tool has been employed
which allows for precise control of collinearity and collimation of the lasers.
To this end, the cross-sections of all three laser beams at two positions in the
beam path are simultaneously imaged on the same detector. These images are
made accessible by inserting an approximately half transparent pellicle at an
early position and a removable mirror® at a further position along the illumi-
nation path. These optical elements and the corresponding beam paths are
included in figure 3.2.1. Additional mirrors route the auxiliary beams on a
lens (f1;0 = 40 mm) that images the cross-sections on a CCD camera (DMK
41AU02, The Imaging Source, Bremen, Germany). The diameters of the al-
ready expanded beams at the position of the removable mirror are reduced
with a home-built reverse beam expander. In the ideal case of perfect align-
ment, the collimated lasers form two concentric triples of equal size on the
camera.

As shown in figure 3.8, with a line profile through the imaged cross-section
of the oft-switching beam, the illumination pattern can be checked for sym-
metry. The quality of the intensity zero, however, cannot be evaluated. The
low NA of the imaging lens in front of the CCD camera does not capture

The removable mirror is also inserted in the aligned RESOLFT-SPIM microscope to easily
measure the power of the beams or supervising the timing of the laser pulses prior to imaging.
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the polarization components along the illumination axis, in contrast to the
objective lens with higher NA.

Alignment to the illumination objective

In the next step, the collinear and collimated beams are aligned with respect
to the illumination objective. In the RESOLFT-SPIM setup this is done with
the help of two pinholes which are separately placed along the illumination
axis. The aluminum tube which holds and connects the pinholes is screwed
in the position of the illumination objective. A perfectly aligned beam passes
both pinholes at its center.

Alignment to the focal plane of detection

In order to precisely align the generated light-sheets to the focal plane of the
detection objective, a second auxiliary beam path has been implemented. Two
lenses placed perpendicular to both objectives image the y-z cross-section of
the light-sheets onto a CCD camera (HXG40, Baumer, Frauenfeld, Switzer-
land). Figure 3.9 shows a projection of the CAD drawing and the beam path
as green line. A fluorescence signal generated in the specimen chamber is de-
tected by a lens (f;; = 30 mm) through the glass window. Small mirrors route
the collected light onto the center of a second lens (f;; = 50 mm) which im-
ages the emitter onto the camera. The whole construction is placed on top of
the micro positioning stage which translates the lens system with respect to
the common focal spot of both objectives.

The beams are made visible in the zebrafish medium E3 that is filled in the
specimen chamber. It contains methylene blue, one of the early fluorophores
described in section 2.1.2. Here, fluorescence emitted by methylene blue mo-
lecules reveals the light-sheet cross-sections. The images are shown in figure
3.9b. The characteristic profile for each light-sheet is clearly visible. Especially,
the intensity distribution of the off-switching illumination pattern can be
seen and adjusted if needed. In the case of perfect alignment, the off-switching
illumination pattern is equally intense on both sides of the zero-intensity area
at any position along the light-sheet to efficiently switch off the RSFPs above
and below the focal plane to equal parts. Importantly, the angle of the light-
sheets with respect to the detection focal plane can be analyzed. Assuming a
precise manufacture of the front plate holding the objective lenses, the light-
sheets are parallel to the detection front lens if they enclose an angle of § = 30°
with the horizontal plane. In addition to the alignment of the laser beams, the
rotation of the cylindrical lens can be optimized. It is properly oriented, if the
imaged cross-sections feature a minimal beam waist wy ,.
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Figure 3.9: Tool for the alignment of the light-sheets to the focal plane of detection.
a) Fluorescence emitted in the RESOLFT-SPIM specimen chamber is collected per-
pendicular to both the illumination and the detection axis and is imaged onto a CCD
camera. b) The y-z cross-sections of the activation, off-switching, and readout light-
sheets are made visible in E3 medium containing methylene blue. The light-sheets
are parallel to the focal plane of detection at an angle of 30° to the horizontal axis.
Scale bar: 100 um.

Alignment to the FOV of the camera

The minimal beam waist along the illumination axis of the collinear light-
sheets is then placed in the center of the detection FOV for ideally homoge-
neous illumination of the sample. For this purpose, the specimen chamber
is again filled with E3 medium containing methylene blue. Here, the emit-
ted fluorescence is collected by the detection objective and imaged on the
sCMOS camera. Figure 3.10 illustrates the setup for this experiment and the
resulting image for a readout light-sheet generated by a 40x/0.8 NA illumi-
nation objective. The x-y cross-section of the light-sheet is made visible. In
a perfectly aligned RESOLFT-SPIM setup, the focus of the illumination ob-
jective is imaged on the center line of the camera chip. For alignment, the
imaging medium is illuminated at maximal laser power. As a result, some flu-
orophores around the focus of illumination are bleached which is detected as
region of lower fluorescence in the image. This darker line can then be easily
aligned to the center of the detection FOV by translating the illumination ob-
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Figure 3.10: Light-sheet alignment to the FOV of detection. a) The x-y illumination
profile of an activation light-sheet generated by a 40x/0.8 NA objective is made visible
in fluorescent medium and recorded with the sCMOS camera. b) At high laser power,
an area around the position of minimal light-sheet thickness is partially bleached.
This line of reduced fluorescence is placed to the center of the detection FOV by
axially translating the illumination objective lens. If this line is imaged sharply on
the camera, the light-sheets coincide with the focal plane of detection. Also the axial
position of the cylindrical lens and the relative lateral position of the objective lenses
can be analyzed in this alignment setup.

jective along its axis. Furthermore, the x-y plane of the light-sheets coincides
with the focal plane of detection if this darker region is sharply imaged on the
camera. This alignment procedure is only valid for the activation and read-
out light-sheet, since the illumination profile of the off-switching laser only
affects out-of-focus fluorophores. However, for collinear light-sheets also the
plane of zero-intensity coincides with the detection focal plane.

In addition, the position of the cylindrical lens can be evaluated in the same
image. Ideally, the light-sheet features a minimal beam waist w,  at the center
of the detection FOV. It is worth a remark, that the relative x-position of the
objectives can also be analyzed. A displacement results in an offset of the illu-
mination pattern in the x-direction of the image. It is corrected by translating
the detection objective with the flexure design shown in figure 3.5.

3.3 RESOLFT-SPIM imaging

The imaging capabilities of RESOLFT-SPIM are especially highlighted when
the acquired super-resolved images are compared to conventional diffraction-
limited SPIM recordings of the same sample region. This section explains
how these images are taken and represented. The imaging strategy and the
processing routine, described in the following, are applied to all biological
applications presented in this thesis.
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3.3.1 Imaging strategy

A general description of the imaging procedure using RESOLFT-SPIM is pre-
sented here. The trigger sequences of the involved devices are sketched in
figure 3.11. Rising and falling edges mark enabling and disabling events of a
digitally controlled device, respectively. Also, the analogue signal of the stage
scanner is shown. The vertical dashed lines frame the time period of one scan-
ning step. The depicted sequence in this period is repeated for each targeted
position in the sample until the scan is stopped. Typically several tens of mi-
crometers are scanned with a step size of 50 nm and an acquisition time of
80-200 ms per step.

First, the stage scanner moves to the start position of a region of interest.
Then, the RSFPs are activated by a UV light pulse of length #,,. A short il-
lumination pause of 2 ms allows the fluorophores to relax to an equilibrium
state. For RESOLFT-SPIM images, it is followed by an off-switching pulse of
length ¢, which is typically longer than t,,. For negative switching RSFPs the
off-switching is a competing process to the generation of fluorescence. Con-
sequently, a high number of photons are emitted for the time period of #.4
and directed towards the detector. Although the camera is not active during
activation and off-switching, some photons are converted into signaling elec-
trons on the sensor. Because of this so called afterglow effect, the camera is set
active for a FOV-dependent exposure time and an image is recorded. This im-
age, which is labeled as I in the figure, is discarded from the image stack after
the measurement. More details about the afterglow effect and its dependency
on the off-switching power can be found in appendix A.1. Subsequently, an-
other image, labeled as II, is recorded with the same exposure time. It serves
as dark image and is subtracted from the signal in the processing routine (cf.
section 3.3.2). The third image (III) is the actual sub-diffraction RESOLFT-
SPIM image. It is taken during the readout period ¢,, with the 488 nm laser.
In order to directly visualize the resolution improvement by RESOLFT-SPIM,
a conventional SPIM image is taken in a second activation and readout cycle
with the same exposure time and light intensity. Since the off-switching laser
is not used here, a diffraction-limited image IV is generated. According to the
results obtained from the stability measurement shown in figure 3.6, the sam-
ple region recorded in images /1] and I'V can be considered identical. Also, the
exposure times are short compared to typical movements of the specimens
imaged in this section. Finally, the stage scanner moves to the next position
where another illumination cycle starts.

By translating the scanner only in the horizontal plane, the biological sam-
ple is always positioned at the minimal light-sheet waist. This assures that the
sample is imaged with the same axial resolution at any scan position. In prin-
ciple, a very large area, up to the maximal scanning range of the scanner can
be imaged with this method.
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Figure 3.11: Signal sequence for RESOLFT-SPIM images. The stage scanner moves
to the start position. Then, the activation laser switches the fluorophores to the on-
state for a light pulse length of t,.;. The oft-switching laser subsequently switches a
subset of the activated fluorophores back to the oft-state. The sample is illuminated
for a time t,. During these periods, no images are recorded. Since the fluorescence
is a competing process to the off-switching, the camera is illuminated without be-
ing readout which produces unwanted signals (afterglow effect). To clear the camera
chip, an image (I) with a minimal exposure time is taken followed by an image (II)
that is later subtracted as background. The residual activated RSFPs are read out for
a time t,,, which is also the exposure time of the camera. Image III is the RESOLFT-
SPIM image. Another activation pulse followed by a second readout period generates
a diffraction-limited conventional SPIM image (IV). The sequence between the ver-
tical dashed lines is repeated for each scanning position.

3.3.2 Image representation

Image data recorded in RESOLFT nanoscopes and standard SPIM do typ-
ically not require any post-processing such as fitting, denoising or restora-
tion. The excellent signal-to-noise ratio characteristic for both techniques
even corroborates this fact. Also their combination, the new RESOLFT-SPIM
technique, benefits from these advantages. As described in section 3.3.1, an
image stack consisting of a sequence of thin two-dimensional optical slices
of the sample is recorded. It contains data acquired in RESOLFT-SPIM and
diffraction-limited conventional SPIM mode. After sorting of the images ac-
cording to their imaging method, the information in the 3D stacks is dis-
played as a single frame image or an appropriate 2D projection for this thesis.

The power of the new microscope is ideally demonstrated in image cross-
sections perpendicular to the optical axis of the light-sheets. Single slices in
the x-z and y-z plane are of particular interest for measuring the axial reso-
lution of the RESOLFT-SPIM technique. In a projection of maximum inten-



3.3 RESOLFT-SPIM imaging

a)
lllumination Detection l—'i Image 1
}\ e/ Vo
Scan
—y Image 2
)
Image 3
20y'
b) Projections before Projections after
l—»i —7Z l—»x —>z
y 0 Affine | e 4
C Transformation ® T
—

N «——
[N E—

by 4f

Figure 3.12: Representation of RESOLFT-SPIM images. a) A sample with two fluo-
rophores is scanned in y’ direction through the static illumination light-sheet, which
encloses an angle f3 with the horizontal plane. For clarity, the effective PSF after oft-
switching is here elongated along the z-axis. Three steps of the scanning process are il-
lustrated. The resulting images taken in the FOV of the camera (black line) are shown
on the right. b) The acquired image stack is affinely transformed to the coordinate
system of the objective lenses, so that the axial and lateral extent of the effective PSF
is directly visible in the according maximum projections. Note that the affine trans-
formation does not change the raw character of the RESOLFT-SPIM images.
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sity of multiple of these slices along y and x, respectively, the separation of
objects with a distance below the diffraction limit can be demonstrated. In
order to extract the desired views of the data stack, the recorded images are
transformed to the coordinate system of the light-sheet. It should be noted,
that the procedure described in the following re-arranges the acquired data
without changing its raw character. The derived algorithm was implemented
in a MATLAB script.

The crucial steps to obtain the x-z and y-z projections from the recorded
data are explained in figure 3.12. For the description of the concept, a model
cell is grown on a coverslip in the RESOLFT-SPIM setup, as an example for
any specimen. Two sparse proteins on the nuclear membrane are tagged with
an RSFP. The cell is placed in the focal plane of the detection objective indi-
cated by the black line through the nucleus. In order to distinguish the lateral
and axial direction in the sketch, the effective PSF is elongated in the z direc-
tion and has a cylindrical symmetry. The sample is moved in y’-direction at an
angle of 8 = 30° with respect to the light-sheets. The step size is denoted as Ay’
At each scan position a two-dimensional image in the x-y plane is captured
by the camera (cf. figure 3.12a). In the first image, one of the fluorophores
is in focus. The other fluorophore is in focus after two scanning steps. The
maximum projections of the recorded raw image stack before processing are
illustrated in figure 3.12b. The projections in the x-z and y-z planes are ob-
tained by reslicing the image stack in the corresponding direction. The image
of a single emitter appears tilted. To transform the data to the x-y-z coordi-
nate system of the objective lenses, the data stack is affinely transformed in a
shear operation using the following matrix.

X 1 0 O X

Ay
y[ =101 a y with a:p—sin60°, (3.1)
z 00 1/ \z o

where p, , is the sampling size in the x and y direction of the image. It de-
pends on the overall magnification M of the detection system and the phys-
ical pixel size of the camera p{’}". Typically, M can be expressed in terms of
the magnification of the detection objective lens M,;; and the focal length of
the implemented tube lens f;,;, in millimeters, which leads to

pem 200 pi

x7y
L, =D . (3.2)
Pry ="y Moy frup

In the RESOLFT-SPIM setup the lateral sampling size has a value of p,., =
108.3 nm for pi" = 6.5 pm, fp, = 300 mm and Mop; = 40. The sampling size
in z depends on the step size of the scan and can be calculated as

p. = Ay sin . (3.3)
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For an angle of = 30°, p, is exactly half the step size of the scan. Since an an-
isotropic voxel size is ideally suited to visualize the resolution improvement in
RESOLFT-SPIM, all images in this thesis will be displayed in this scaling un-
less otherwise noted”. The projections of the resulting x-y-z stack are shown
in figure 3.12b. The axial and lateral resolution of the setup can be directly
measured in the processed x-z and y-z projections. The x-y projection serves
as an overview image of the specimen. It is mirrored so that sample features
in the overview image can be directly recognized in the x-z projection.

3.4 Characterization of the setup

In this section the RESOLFT-SPIM setup is characterized. First, the param-
eters of the applied light-sheets are measured and analyzed. Then, the PSF
of the system and the quality of the intensity zero region is determined using
gold colloids. Furthermore, the resolving power of RESOLFT-SPIM is demon-
strated on single RSFP filled objects. These also serve as samples for the vali-
dation of the known square root law using the new technique. In addition, the
Rayleigh length of the effective light-sheet generated by the off-switching pro-
cess is measured. Finally, the enhancement in axial resolution enabled by the
new optical nanoscope is demonstrated in RESOLFT-SPIM images of dense
samples.

3.4.1 Light-sheet parameters

Once the light-sheets have been aligned using the strategies described in sec-
tion 3.2.3, their extent measured at FWHM in the axial and lateral direction,
i.e. Az and Ax, in the sample can be characterized. These parameters define
the Rayleigh range in both dimensions and are important since they set the
boundaries of the usable FOV of the setup according to equation 2.17. The
reduction of Az in the RESOLFT-SPIM imaging mode is later in this thesis
shown to influence the FOV (cf. section 3.4.5). The Az values obtained in this
experiment serve as reference.

The parameters are measured by reflecting the light-sheets on a mirror that
was glued in the specimen chamber (cf. figure 3.6a). Since the mirror surface
is positioned at an angle of 15° with respect to the horizontal plane, the camera
image directly displays the x-z cross-sections of the light-sheets. The laser
beams have been attenuated before they hit the illumination objective and
the emission band-pass filters have been removed for this experiment. The
position of minimal beam waist is set to the center of the FOV,. Scanning
the mirror through the static light-sheets, translates and defocuses the cross-
sections on the chip. A similar processing routine as described in section 3.3.2,

4 For an isotropic voxel size, the processed x-z and y-z cross-sections need to be scaled by

Dz/Pxy-
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Figure 3.13: Measurement of light-sheet parameters. a) A mirror in the RESOLFT-
SPIM specimen chamber with a surface angle of 15° to the horizontal plane is
scanned through the static readout light-sheet generated by a 40x/0.8 NA objective
lens. At each scan position, an x-z cross-section is recorded. Here, five images of posi-
tions around the light-sheet focus at y = 0 are shown in a montage. A line profile along
the z-axis across the integrated light-sheet intensity reveals an increase in light-sheet
thickness even at short distances to the focus. b) In this style, all light-sheets that are
applied in this thesis have been characterized. The FWHMs of Gaussian fits to the
line profiles along z are plotted versus the illumination axis y. The data points of the
activation, off-switching, and readout light-sheets are displayed as blue, green, and
red dots, respectively. The light-sheets generated by a 10x/0.3 objective lens (right)
exhibit measured Rayleigh lengths that are 6.5 times longer than those measured for
light-sheets generated by a 40x/0.8 NA objective lens (left). c) The lateral extent of
an off-switching light-sheet in the x-direction is plotted for a 40x/0.8 NA (blue) and
a 10x/0.3NA (green) illumination objective lens. A Gaussian fit to the high NA in-
tensity profile reveals a FWHM of 95 um, whereas the low NA light-sheet uniformly
covers the entire FOV of the camera.
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which here also accounts for the additional tilt of the mirror surface, results in
a stack of x-z images along the optical illumination axis y. Figure 3.13a shows
a typical scan of the readout laser using illumination and detection objectives
with an NA of 0.8. In a montage, the x —z cross-sections at five positions along
the y-axis are displayed together with the vertical intensity profile of the image
summed along the x-axis. A significant reduction in intensity and broadening
of the light-sheet profile is visible already at relatively small distances of y =
+1.2 um to the position of minimal beam waist at y = 0 and is even more
evident at y = +2.4 pm.

In this style, the cross-sections of all light-sheets that are used in this thesis
have been imaged and analyzed. From fits to the axial intensity profiles at sev-
eral y-positions along the illumination axis, the light-sheet thickness Az is ex-
tracted. A Gaussian function was fitted to the activation and readout profiles,
whereas a typical off-switching profile as shown in figure 2.10c was fitted to
the off-switching laser®. Figure 3.13b displays the results for each light-sheet
generated by a 40x/0.8 NA and a 10x/0.3 NA illumination objective. As ex-
pected, the light-sheet thickness increases from the center to either side in a
hyperbolic shape for all lasers. The activation, off-switching and readout light-
sheets have a FWHM at the minimal beam waist Az of 460 nm, 576 nm, and
458 nm for the high NA objective lens and 1407 nm, 1294 nm, and 1914 nm
for the low NA objective lens, respectively. The Rayleigh ranges y, , are mea-
sured to range between 1.8 and 2.3 pm in the high NA and between 12.1 and
19.4 in the low NA case. In contrast to the readout and off-switching lasers,
the activation laser does not use the full NA of the low NA objective. For this
reason, the light-sheet has a thicker beam waist and a longer Rayleigh range.
If this is taken into account, the measured values are in good agreement with
the theoretical values obtained from equations 2.16 and 2.17.

Additionally, the lateral extent of the light-sheets at the position of min-
imal beam waist is measured. To this end, the x-z cross-section at y = 0 is
summed along the axial direction. Figure 3.13 shows the normalized profile of
the off-switching laser for the 40x/0.8 NA illumination objective. A Gaussian
fit curve to the data points reveals a value of Ax = 95 um. For comparison, the
normalized data points obtained from the measurement with a 10x/0.3 NA
objective are also plotted. At a total magnification of M = 60 in the detection
path, the light-sheet uniformly illuminates the sample region across the full
FOV, of the camera. Similar values have been obtained for the activation and
readout light-sheets. It is worth a remark that the lateral extent of an illumi-
nating light-sheet can be controlled by the focal length of the implemented
cylindrical lens.

In this case, Az is the distance from the zero-intensity center to the 1/e? drop in intensity on
the outer slope of the profile divided by 0.85.
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Figure 3.14: Measurement of the system’s PSF and analysis of the zero-intensity re-
gion. Gold colloids on a glass coverslip scatter light of the laser light-sheets generated
by a 40x/0.8 NA illumination objective, which is then imaged onto an sCMOS cam-
era. a) An overview image in the x-y plane shows the gold colloids imaged with the
readout light-sheet. Scale bar: 1.5 um. b) Line profiles in x- and y-direction through
an arbitrary gold colloid image are shown. Gaussian fits to the data points reveal a
FWHM in x (green dots and curve) and y (black) of 390 and 394 nm, respectively.
c) A y-z projection (2.5x2.5 um?) of a gold colloid imaged with the activation (red),
oft-switching (blue), and readout (green) light-sheet is shown. Note that the sam-
pling size in z is 25 nm, whereas the sampling size in y is 108.3 nm and the image
has squared dimensions. The off-switching illumination profile clearly features an in-
tensity minimum in the center. d) Line profiles along z displays that the minimum
is close to the background signal which allows for RESOLFT-SPIM images with a
potentially high signal-to-noise ratio. Despite a slight displacement from the center,
the activation and readout peaks fully cover the off-switching zero-intensity position.
Fits to their profiles exhibit a FWHM of 326 and 318 nm, respectively.
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3.4.2 Quality of the zero-intensity region

In a further experiment, the quality of the zero-intensity region created by the
off-switching laser and the axial extent of the activation and readout PSF in
the RESOLFT-SPIM setup have been measured. These are crucial parameters
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since residual intensity at the center of the off-switching pattern reduces the
signal-to-noise ratio in the RESOLFT-SPIM images.

The implemented light-sheets generated by a 40x/0.8 NA objective lens illu-
minated a sample of gold colloids with a diameter below the diffraction limit.
The sample preparation is described in appendix A.2. The scattered light was
collected by the 40x/0.8 NA detection objective, routed through the band-
pass filters and imaged on the ORCA Flash camera. A range of 20 um on the
coverslip was scanned with a step size of 50 nm. At each scan position, an
image was recorded with each of the activation, off-switching, and readout
laser, respectively. Figure 3.14 summarizes the results. From an overview im-
age (10.4x9.4 um?) in the x-y plane of the readout laser displayed in figure
3.14a, one image of an arbitrary gold colloid was extracted. The lateral line
profiles along x and y reveal a FWHM of 390 and 394 nm, respectively. The
line profiles for the activation and off-switching laser have similar lateral ex-
tents (data not shown). Figure 3.14b shows a y-z projection of an imaged gold
colloid for each of the three light-sheets. The 2.5 2.5 um? images appear elon-
gated along z because of sampling sizes of 108.3 in the y- and 25 nm in the
z-direction. From the corresponding line profiles along z it can be deduced
that the activation and readout peaks overlap with the zero-intensity center.
Furthermore, the depth of the off-switching profile reaches a level close to the
background signal, which defines the intensity zero in the plot. The PSFs of
the activation and readout light-sheets have an axial FWHM of 326 and 318
nm, respectively. It should be noted that these values are even lower than the
measured FWHM values in the lateral direction.

3.4.3 Resolving power

As described in section 2.2.2, the FWHM of a Gaussian fit to the imaged flu-
orescence intensity distribution of a single emitter is often considered as a
measure for the resolving power of a microscope. To circumvent the poten-
tial problems of single molecule imaging, it is common to employ spherical
objects marked with multiple fluorophores as technical samples to determine
the resolving power®. If the actual size of the object was independently mea-
sured with another technique, the effective PSF can be calculated from the
recorded image.

In order to determine the resolving power of RESOLFT-SPIM, single par-
ticles of the human immunodeficiency virus (HIV) type I have been imaged.
HIV-1 was the first HIV version discovered and is the most widespread type
worldwide. A single virion is approximately spherical with a mean diameter
of 160 nm, which was derived in other studies [151]. A virion with this mean
diameter contains more than 2000 Gag proteins [18]; about half of these were

In many fluorescence microscopy experiments silica beads filled with synthetic dyes are used
as technical samples. A method that describes how to fill these beads with RSFPs has not been
reported yet.
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Figure 3.15: The resolving power of the RESOLFT-SPIM nanoscope is measured on
single HIV-1 particles. a) Virions enclosing up to 1000 rsEGFP2 molecules are im-
aged on a glass coverslip in conventional SPIM and RESOLFT-SPIM mode. An x-z
cross-section through a typical three-dimensional image stack clearly shows the im-
provement in z-resolution enabled by the RESOLFT-SPIM technique. Note that the
pixel size in both images is 108.3 nm in x- and 25 nm in z-direction, which results in
image dimensions of 19x 5 um?2. b) The pixel intensity along a line in the z-direction
through the same single virus particle is plotted for conventional SPIM (black dots)
and RESOLFT-SPIM (green dots), respectively. The x-position of the line profiles is
marked with white arrows in the images. The FWHM:s of Gaussian fits to the data
reveal an improvement in axial resolution by RESOLFT-SPIM by a factor of 12.3
compared to standard SPIM.

tagged with rsEGFP2 for the following experiment. A sketch of a typical ma-
tured HIV-1 particle and a description of the labeling procedure can be found
in appendix A.3.

rsEGFP2 filled HIV-1 particles were sparsely distributed on a glass cov-
erslip as described in appendix A.2. Following the imaging procedure ex-
plained in section 3.3.1, 3D stacks containing RESOLFT-SPIM and conven-
tional SPIM images of the same region in the sample have been acquired. The
RESOLFT-SPIM images were obtained with the following parameters. First,
the sample was illuminated with the activation light-sheet for 10 ms. The
power measured close to the back-focal plane of the illumination objective
was 250 uW. After a short pause of 2 ms, the off-switching laser with a power
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of 7.11 mW irradiates the sample for 30 ms. After two additional frames for
sensor clearing and background reference with an exposure time of 10 ms,
the residual activated fluorophores were read out with a power of 155 pW
that was applied to the sample for 50 ms. Conventional SPIM images were
obtained with the same activation and readout light intensities and exposure
times. A total range of 20 um was scanned with a step size of 50 nm.

The acquired RESOLFT-SPIM images are compared to the conventional
SPIM images in terms of axial and lateral resolution. The results are summa-
rized in figure 3.15. Raw x-z cross-sections of the recorded image stacks are
shown. A standard SPIM image of a single virus is extended in the z-direction
as a consequence of the convolution of the virus object and the typical aniso-
tropic PSF (cf. section 2.2.1). In RESOLFT-SPIM mode, the effective light-
sheet is axially confined by the off-switching light pattern which results in a
less elongated effective PSE. It needs to be pointed out, that the pixel size in
both images is 108.3 nm in the lateral and 25 nm in the axial direction. A
FWHM of Azg = 124 nm is measured on a single virion. For comparison the
same particle imaged with conventional SPIM has a FWHM value of Az¢ =
1522 nm. Consequently, the new RESOLFT-SPIM setup has an axial resolving
power that is increased by a factor of 12.3 compared to conventional SPIM.

The single virus particle shown in figure 3.15 was picked from a random
position in the sample. The next experiment was intended to confirm these re-
sults in average over a large area. Therefore, the resolving power of RESOLFT-
SPIM was determined for hundreds of HIV-1 particles and compared to con-
ventional SPIM. Imaging was performed with the same parameters as for the
previous experiment. In order to simultaneously extract the FWHM of a fit
in axial and lateral direction to a single HIV-1 image, a 2D Gaussian function
was fitted in a LabVIEW routine. A starting point of the fitting algorithm is
manually selected by clicking on the center of the intensity distribution.

A typical x-z cross-section of a conventional SPIM image and the corre-
sponding 2D Gaussian fit is shown in figure 3.16a. The images have an iso-
tropic pixel size of 108.3 nm which results in an image size of 4.8 x4.8 um?.
The histograms of 260 successfully extracted FWHM values in the axial, Azc,
and the lateral, Ax¢, dimension are shown, respectively. The fits to the nor-
mal distributions peak at Azc = 1460 nm and Axc = 388 nm. Within the
boundaries of the standard deviations, these values reflect the average resolv-
ing power of a conventional SPIM microscope with this optical arrangement.

The measured values are compared to those obtained from 2D Gaussian
fits to RESOLFT-SPIM images of HIV-1. The data is shown in 3.16b. The dis-
played example images have the same number of pixels and the same lateral
pixel size as the corresponding conventional SPIM images, but the axial pixel
size was kept at 25 nm. In the same manner as described before, the FWHM:s
of 210 valid fits in z and x, respectively, were plotted in histograms showing
the count numbers of axial and lateral widths. A Gaussian fit to the normal
distribution reveals an average resolving power in the axial direction of 159 £+
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Figure 3.16: Distribution of axial and lateral FWHMs of Gaussian fits to HIV-1 par-
ticles imaged in RESOLFT-SPIM and conventional SPIM mode. a) The FWHMs in z
and x were extracted from more than 200 2D fits to conventional SPIM images of sin-
gle HIV-1 particles on a glass coverslip. A typical image and the corresponding fit is
exemplarily shown. From a fit to the distribution of FWHMs, the peak positions and
the standard deviations are determined. b) The same region was scanned at maximal
off-switching power in RESOLFT-SPIM mode. 210 fits in z and x, respectively, were
analyzed the same way. Here, the resolving power in z-direction averaged over the
FOV is improved by a factor of 9.2. Also, the lateral resolution in RESOLFT-SPIM is
improved by more than 20%. Note that for a valid fit, the 45x45 pixels of the images
have different scales. In RESOLFT-SPIM images the pixel size in z is 25 nm, while
the pixel size in x and the pixel size in both dimensions in conventional SPIM images

is 108.3 nm.
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41 nm. If the particle size is taken into account, an effective light-sheet thick-
ness with a FWHM value of 98 nm is derived. The lateral distribution peaks
at 304 nm with a standard deviation of 69 nm. In average, RESOLFT-SPIM
increases the axial resolving power by a factor of 9.2 compared to the conven-
tional SPIM mode. In addition, the mean lateral resolution is improved by
more than 21%.

3.4.4 \Validation of the square root law

The RESOLFT-SPIM images analyzed for figures 3.15 and 3.16 were acquired
with the maximally available off-switching power. The following experiment
isintended to validate the square root law (cf. equation 2.28) for the RESOLFT-
SPIM technique in order to prove that also in this setup the axial resolution is
in principle unlimited by diffraction. For this purpose, the resolving power of
the RESOLFT-SPIM microscope is measured for different off-switching pow-
ers and constant off-switching time. As described in the previous paragraph,
multiple single virion images have been fitted with a 2D Gaussian function.
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Figure 3.17: Validation of the square root law in RESOLFT-SPIM. The theoreti-
cal predicted square root dependency of the resolving power on the off-switching
power is shown for the new RESOLFT-SPIM setup. For a fixed off-switching time
tof = 30 ms, the average axial FWHMs of HIV-1 particles imaged in RESOLFT-
SPIM mode were determined for various off-switching powers featuring an axial
zero-intensity region. The mean FWHM values are plotted versus the off-switching
power in the back-focal plane of the illumination objective (green dots). A fit (green
line) to the data according to equation 2.28 confirms the square root dependency.
The same data and fit is shown together with error bars on a logarithmic scale in
the left inset. The dependency of the lateral resolution on the off-switching power in
axial direction is plotted in the right inset together with the error bars.
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The lateral and axial FWHM of each fit is plotted in a histogram specific for
a certain off-switching power. The average FWHM in z- and x-direction de-
rived from Gaussian fits to each FWHM distribution is deconvolved with the
particle size and plotted versus the oft-switching power measured close to
the back-focal plane of the illumination objective. Figure 3.17 shows the mea-
sured data along with a fit according to equation 2.28. The measured values
match to the square root dependence. The mean lateral FWHM also depends
on the off-switching power in the axial direction as shown in the inset in fig-
ure 3.17. This result can be explained with the increased optical sectioning ca-
pability enabled by RESOLFT-SPIM. The PSF of a single emitter in this nano-
scope features a smaller width if out-of-focus light is suppressed by RESOLFT.
Depending on the oft-switching intensity in the axial direction relative to the
saturation intensity of the fluorophores, the light-sheet thickness is reduced.
Thinner optical sections cover smaller parts of the detection PSF and hence
also increase the lateral resolution.

3.4.5 Rayleigh range of the RESOLFT light-sheet

This experiment was intended to measure the Rayleigh range of the effective
fluorescence light-sheet which is created by switching-oft RSFPs at the outer
edge of the activated volume with RESOLFT-SPIM. To this end, the average
axial FWHM values of imaged rsEGFP2 filled HIV-1 particles were deter-
mined at different y-positions along the applied light-sheets. The distance
between two y-positions, denoted as Ay is not directly given by the setup,
but it can be determined from the measured data. The data analysis of this
experiment is exemplarily depicted for a particular Ay in figure 3.18a. It is
assumed that at a vertical position z'=I of the sample, the light-sheet hits the
HIV-1 particles on the coverslip at the position of minimal beam waist along
the y-direction. The sample is scanned and imaged with the same parameters
as described in the single HIV-1 experiment. In the next step of the exper-
iment, the sample is moved downwards to z’=II. At the position where the
light-sheet hits the sample, the light-sheet thickness is increased according
to equation 2.13. The sample is scanned with the same parameters as in the
first step. After the affine transformation described in section 3.3.2, the max-
imum projections along the z-axis of both image stacks is color coded and
overlapped. White dashed lines in the figure mark the start and the end of
the scanned FOV for each scan step. The distance between the start positions
of the two scans is equal to the distance Ay of the second scan position to the
position of minimal beam waist along the optical illumination axis.
RESOLFT-SPIM and conventional SPIM scans have been performed at
nine z’ positions. For each scan step and each imaging mode, the axial FWHM
values of around 100 imaged virions were determined by 2D Gaussian fits
and added to a histogram. In figure 3.18b the average FWHM obtained from
a fit to the histogram was plotted together with the standard deviation as a
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Figure 3.18: The Rayleigh range of the RESOLFT light-sheet measured on HIV-1
particles. At several positions along the optical illumination axis of the applied light-
sheets, the average axial FWHM of HIV-1 was determined as described for single
HIV-1 experiments. The distance Ay of the measured sample plane from the mini-
mal beam waist position is derived as depicted in a) and explained in greater detail in
the text. b) The average value of Az together with the standard deviation was plotted
versus the measured value of Ay for conventional SPIM (black dots) and RESOLFT-
SPIM (green dots). Fits to the data points according to equation 2.13 reveal an in-
crease in beam waist (FWHM) by a factor of /2 at Ay = £11.7 um for RESOLFT-
SPIM, and Ay = £19.4 pm for conventional SPIM. For reference, the beam waist at
FWHM of an equivalent, theoretical Gaussian light-sheet with the same minimum
value as achieved by RESOLFT is plotted versus Ay (black dashed line). RESOLFT-
SPIM clearly extends the available FOV along the y direction.
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function of Ay. As expected, the FWHM increases with increasing distance
to the position of minimal beam waist for each imaging mode. A fit to the
data points in conventional SPIM mode according to equation 2.13 adapted
to FWHM values, reveals a Rayleigh range in y-direction of 19.3 um. The
data point obtained at a distance of Ay = 29.9 um has not been taken into
account for the fit. At this distance the light-sheet thickness is larger than the
axial extent of the detection objective. From the FWHM of the HIV-1 par-
ticles only a distribution around this value is obtained and does not reflect
the true thickness of the light-sheet. For I > I, the increase in beam waist
of a RESOLFT light-sheet is well approximated by equation 2.13. A fit to the
data points reveals a Rayleigh range of 11.7 um. For comparison and visual-
ization of the benefit of RESOLFT, an equivalent Gaussian light-sheet with a
theoretical Rayleigh range derived from a beam waist of 98 nm (FWHM) and
equation 2.14 was added to the plot. RESOLFT clearly increases the available
FOV along the y-direction. As a consequence, even specimens with dimen-
sions larger than the FOV,, defined by diffraction can now be imaged with a
homogeneous axial resolution below the diftraction limit.

3.4.6 Resolutionin a dense sample

In the following, the measured resolving power of the novel RESOLFT-SPIM
is used to distinguish two or more objects located at an axial distance smaller
than the diffraction limit. Dense HIV-1 samples have been prepared as de-
scribed in appendix A.2. The sample was imaged with the same parameters
as for the single emitter experiment following the imaging strategy described
in section 3.3.1. A maximum projection of the HIV-1 sample along the y-axis
is shown in figure 3.19a. For comparison, the conventional SPIM recording is
shown together with the RESOLFT-SPIM projection. Plots of the normalized
intensity on a vertical line through the image of two virus particles versus
the axial position is shown in figure 3.19b. The objects can clearly be distin-
guished in the RESOLFT-SPIM mode, but cannot be seen as separated peaks
in the conventional SPIM mode. Fitting a linear combination of two Gaus-
sian profiles to the according data reveals an actual axial distance below the
diffraction limit. It is worth a note, that the axial distance, here, describes the
distance along the z-axis of the light-sheet and refers to a physical distance of
339 nm along the x-)'-plane on the coverslip.
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Figure 3.19: Resolving power of RESOLFT-SPIM in a dense sample. a) An x-z cross-

section of the same area in a dense HIV-1 sampl

e is shown for conventional SPIM and

RESOLFT-SPIM imaging mode. Single virions are clearly separable in the RESOLFT-
SPIM image, even at a distance closer than the diffraction limit, whereas they are not
separable in the conventional SPIM mode. The pixel size in x and z is 108.3 nm and
25nm, respectively, which results in an image size of 24 x4 um?. b) Line profiles along
the z-axis through the intensity profile marked by the white dashed boarders in the
images reveal two single peaks clearly separable at a distance below the diffraction-
limit. The same HIV-1 virions can not be distinguished in the conventional SPIM

mode.
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3.5 Biological applications

In this section, the imaging capabilities of RESOLFT-SPIM setup are demon-
strated on living biological samples. First, a time series of HIV-1 virions as-
sembling on the cell membrane of an infected HeLa cell is recorded. Then,
super-resolved images of RSFP-labeled constituents of the nuclear pore com-
plex in U20S cells are shown. Finally, a network formed by the interme-
diate filament protein keratin-19 was imaged in RESOLFT-SPIM with sub-
diffraction axial resolution. All images presented in this section are recorded
with a 10x/0.3 NA illumination objective and a 40x/0.8 NA detection objec-
tive.

3.5.1 HIV-1 assembly in living HeLa cells

In the previous sections, it has been shown that RESOLFT-SPIM enables the
separation of virus particles at distances below the diffraction limit. In the
experiment presented here, this advantage is exploited for resolving HIV-1
assembly sites in a living cell. The process of assembly occurs at the plasma
membrane of infected cells. It is driven by the polyprotein Gag whose sub-
units can be fluorescently labeled. The dynamics of the assembly have already
been investigated using a wide-field microscope and TIRF illumination [80],
which, however, restricted the observable locations to a small volume near the
glass coverslip. In contrast, RESOLFT-SPIM offers a widely homogeneous ef-
fective light-sheet throughout the entire cell sample. This in principle enables
the observation of assembly sites at any position on the cell membrane with
sub-diffraction axial resolution.

To prove this statement, HeLa cells have been prepared for imaging as de-
scribed in appendix A.2. In the transfected cells, assembly sites enclosing up
to 1000 rsEGFP2 proteins are formed. The onset of their formation is depen-
dent on the individual cell and ranges between 12-18 hours. A mechanically
stable setup and photostable fluorophores are therefore prerequisites for a suc-
cessful measurement. The transfected cells were mounted on the platform in
the RESOLFT-SPIM specimen chamber. A temperature of about 33°C in the
specimen chamber and an imaging medium containing HEPES provides an
appropriate environment for long-term measurements. The sample was then
scanned through the static light-sheets according to the scheme presented in
section 3.11. For each scanning step a RESOLFT-SPIM and a conventional
SPIM image has been taken. A total range of 40 pm was scanned with a step
size of 50 nm. The RSFPs were activated with a power of 260 uW for 10 ms.
Off-Switching was performed with a power of 3.8 mW that was applied to the
sample for 30 ms. The residual activated RSFPs were readout for 40 ms with
a power of 160 pW. With a time interval of 10 minutes five image stacks have
been recorded, which sums up to a total frame number of 8000 not including
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the extra images taken to avoid the afterglow effect in the RESOLFT-SPIM
image and for background reference.

Figure 3.20 displays the results. An x-y projection of the stack at t = 0
serves as an overview image of the infected cell. Its approximate boundaries
are highlighted. Partially overlapping diffraction-limited spots of HIV-1 as-
sembly sites are visible. The advantage of RESOLFT-SPIM compared to the
conventional imaging mode is clearly demonstrated in x-z projections of the
stacks. With the new technique, images of single assembly sites exhibiting
an axial extent below the diffraction-limit can be found at any time point
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Figure 3.20: Live-cell RESOLFT-SPIM imaging of individual HIV-1 assembly sites.
a) The HIV-1 assembly at the cell membrane of a HeLa cell was recorded over more
than 40 min in RESOLFT-SPIM and conventional SPIM mode. An x-y projection
of a RESOLFT-SPIM image stack taken at a time point t = 0 serves as an overview
image. A white dashed line marks the boundaries of the living cell. A total volume
of 45%26x7.5 um> was recorded and the voxel size is set to 108.3x108.3x50 nm”.
Scale bar: 5 um. b) The maximum intensity projections along the illumination axis of
five image stacks taken in conventional (top row) and RESOLFT-SPIM mode (bot-
tom row) are shown. The images were cropped to a size of 19x7.5 um?. The same cell
was recorded at a time interval of 10 min. The superior axial resolution of RESOLFT-
SPIM reveals single HIV-1 assembly sites that cannot be distinguished in diffraction-
limited SPIM. Two of these regions in the cell are highlighted by white arrows. Single
HIV-1 assembly sites imaged with RESOLFT-SPIM can be tracked in three dimen-
sions over time. ¢) Light-sheet illumination and the low switching fatigue of rsEGFP2
proteins contribute to the ability to record a total number of 8000 frames of the same
cell without significant reduction in mean fluorescence. The data points are fitted
with a linear function.
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during the course of the experiment. In contrast, neighboring assembly sites
cannot be resolved in the axial direction in the standard SPIM mode. In ad-
dition, RESOLFT-SPIM also allows for tracking of virus particles in dense
regions over a long period of time. Its optical sectioning capabilities and low
power operation together with the low switching fatigue of rsSEGFP2 enables
a recording without significant reduction in fluorescence. In Figure 3.20c the
mean fluorescence is plotted versus the number of acquired images. A linear
fit to the data points reveals a drop in fluorescence to 93% after 8000 frames.
This indicates that it would be possible to acquire a further multiplicity of 3D
image stacks of the same region in this setup.

3.5.2 Nuclear pore complexes of living U20S cells

In the following, the imaging capabilities of RESOLFT-SPIM are demonstra-
ted on nuclear pores of living human cells. Nuclear pores are tiny holes in
the envelope of the cell nucleus. The protein structure called the nuclear pore
complex (NPC) that surrounds each pore is generally thought to play an im-
portant role in the import and export of macromolecules through the pores.
Each NPC has a highly conserved structure consisting of many distinct pro-
tein species, called nucleoporins. In this experiment, the nucleoporin Nup214
has been fused with rsEGFP(N205S). In order to enhance the fluorescence sig-
nal, a single target protein was fused with three rsEGFP(N205S) molecules.
Details about the cloning strategy and the sample preparation are described
in appendix A.2.

The density of pores on the nuclear envelope depends on the cell type and
the stage in the life cycle. Highly active and differentiated cells have the great-
est density. Human U20S cells are a well-established experimental system for
studying NPCs. A typical U20S cell features a density of 5.7 4= 2.7 NPCs/um?
[104]. Assuming a detection PSF with a lateral FWHM of 390 nm as derived
from measurements on gold colloids (cf. section 3.4.2), some single nuclear
pores are expected to be distinguishable from their surrounding in x-y pro-
jections of a nucleus of this cell type. For these reasons, U20S cells were used
for imaging in this experiment.

RESOLFT-SPIM images were taken following the general imaging proce-
dure described in section 3.3.1, and compared to conventional SPIM images
of the same sample region. Fluorophores were activated with the UV laser ata
power of 320 uW for 30 ms. After a relaxation time of 2 ms, off-switching was
performed at a power of 7 mW for 100 ms. Then, two images with an exposure
time of 10 ms each were taken to avoid the afterglow effect (cf. appendix A.1)
and to get a background image. Subsequently, the residual activated rsEGFPs
were readout for 50 ms with a power of 350 uW. At the same time the cam-
era was exposed and a RESOLFT-SPIM image was recorded. Thereafter, a
diffraction-limited SPIM image is taken with the same parameters for acti-
vation and readout before the stage scanner moved to the next position. A
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Figure 3.21: Improved lateral contrast in a biological sample by RESOLFT-SPIM.
a) Image stacks of a living U20S cell expressing Nup214-3x-rsEGFP(N205S) are
taken in conventional SPIM (left) and RESOLFT-SPIM (right) imaging mode and
projected along the z-axis. For display, a background of 10% of the maximum value
in each image was subtracted. Scale bar: 5 pm. b) The normalized intensity pro-
files on a line between the white arrowheads in each image reveal an enhanced con-
trast in RESOLFT-SPIM (green) compared to the conventional SPIM mode (black).
RESOLFT enables sub-diftraction optical sectioning by switching off out-of-focus
light.

total range of 60 um was scanned with a step size of 50 nm, resulting in an
image plane distance of 25 nm in the affine transformed image stack and a
total number of 4800 images.

Figure 3.21a shows an x-y projection of a scan through a cell in conven-
tional SPIM and RESOLFT-SPIM mode. The detection path had an overall
magnification of M = 60, which translates the pixel size of the detector into
a lateral sampling size of 108.3 nm in the sample. In both images 10% of the
maximum intensity value was subtracted as background. Comparing the pro-
jections of the two imaging modes, single nucleoporins can be found in both
images. However, features appear clearer in the RESOLFT-SPIM image. Fig-
ure 3.21b shows the plotted normalized pixel intensity along lines though the
nucleus. The ends of the line profiles are marked with white arrows in the im-
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ages. The plot confirms that the background signal between single peaks is
indeed reduced compared to the conventional SPIM image.
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Figure 3.22: Live-cell imaging capabilities of RESOLFT-SPIM demonstrated on
nuclear pore complexes. A stack of 400 images was recorded with a step size of
50 nm, which results in a total volume of 43x34x20 um?>. The voxel size is set to
108.3x108.3x 50 nm®. a) The maximum intensity projection along the illumination
axis y of a living U20S cell expressing Nup214-3x-rsEGFP(N205S) is shown for con-
ventional SPIM (left column) and RESOLFT-SPIM (right column). A line profile
along z of the region between the arrowheads is plotted in c). Enabled by an effec-
tive light-sheet thickness below the diffraction limit, RESOLFT-SPIM (green line)
reveals distinct peaks which cannot be distinguished in diffraction-limited conven-
tional SPIM (black line). b) In a single y-z section through the nucleus the resolu-
tion enhancement by RESOLFT is highlighted. Note that for display the image was
rotated by 30° around the x-axis. d) A line profile through a nuclear pore complex
marked in b) is plotted for the diffraction-limited SPIM (black dots) and RESOLFT-
SPIM (green dots) imaging mode. A Gaussian (black) and Lorentzian fit (green) to
the conventional SPIM and RESOLFT-SPIM data points, respectively, reveals an in-
crease in axial resolution of more than a factor of 5 for RESOLFT-SPIM.
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In order to test whether the RESOLFT-SPIM nanoscope is able to sepa-
rate features along the z-axis that cannot be distinguished in the diffraction-
limited conventional SPIM approach, the corresponding x-z maximum pro-
jections of the same data stack are shown in figure 3.22a. The RESOLFT light-
sheet image clearly exhibits an increased resolution along the axial direction.
Enabled by an effective light-sheet with sub-diffraction thickness, single nu-
cleoporins are also separable along the z-axis in RESOLFT-SPIM, whereas the
highly anisotropic PSF in the conventional SPIM mode severely blurs the im-
age. A single y-z slice of the nucleus imaged with RESOLFT-SPIM is shown
in figure 3.22b in comparison to the standard SPIM mode. The slice was ro-
tated around the x-axis so that the coverslip to which the nucleus is attached
is oriented horizontally in the image. Also in this view the increase in axial
resolution is evident. RESOLFT-SPIM reveals the boundaries of the nucleus
since the Nup214-3x-rsEGFP(N205S) fusion proteins on its surface can be
imaged at sub-diffraction axial resolution. In contrast, the anisotropic PSF in
the conventional SPIM mode blurs the image mainly in the z-direction. Line
profiles along the z-axis in the x-z projection and the y-z slice confirm the
qualitative results (cf. figure 3.22c). Across the nucleus the normalized inten-
sity profile of the RESOLFT-SPIM image exhibits separable peaks that cannot
be resolved in the conventional SPIM mode. A Lorentzian fit to the normal-
ized data points of an axial intensity profile of a single Nup reveals an increase
in resolution by a factor of 5.6.

3.5.3 Cytoskeleton of living HeLa cells

In a further experiment, the imaging capabilities of RESOLFT-SPIM were de-
monstrated on the cytoskeleton of living HeLa cells. In general, the cytoskele-
ton determines the mechanical properties of cells and consists of a complex
filament network. One of the filament-forming proteins is keratin-19 which
was tagged with an RSFP for this experiment. To this end, HeLa Kyoto cells
expressing keratin-19-rsEGFP(N205S) have been prepared as described in
appendix A.2. For imaging, the general sequence that has been described in
section 3.3.1 was applied with the following settings: The RSFPs in the sam-
ple were activated with 405 nm light at a power of 350 mW for 10 ms. The
double-sheeted off-switching laser with a power of 6.9 mW was applied for
100 ms to switch the RSFPs in the periphery of the detection focal plane into
the off-state. After two clearing images with a 10 ms exposure time each, flu-
orophores that remained activated in the very center of the detection volume
were readout with 488 nm light for 60 ms at a power of 150 uW. In order
to directly visualize the improvement in resolution, a conventional SPIM im-
age is subsequently taken at the same scan position. The RSFPs were thereby
activated and readout with the same light doses and exposure times as for
the RESOLFT-SPIM image. The oft-switching laser was not used in this case
which results in a diffraction-limited SPIM image. A total range of 60 um was
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Figure 3.23: Conventional SPIM and RESOLFT-SPIM images of the keratin-
19 network in living HeLa cells. The keratin-19 fibers have been tagged with
rsEGFP(N205S). A stack of 1200 images per imaging technique was recoded with
a step size of 50 nm, which results in a total volume of 82x47x30 um?. The voxel
size is set to 108.3x 108.3x 50 nm®. a) The summed image of all x-y RESOLFT-SPIM
slices contains the same lateral information as the diffraction-limited conventional
image. Scale bar: 5 um. b) The superior resolving power of RESOLFT-SPIM is demon-
strated in x-z projections of the same image stack. The RESOLFT-SPIM image dis-
plays much thinner features than conventional SPIM. Keratin-19 strands are clearly
separable even in dense areas. c¢) Magnified views of two areas in the sample high-
light the imaging capabilities of RESOLFT-SPIM. The images show an x-z area of
10.7x7.8 um?. d) Normalized intensity profiles along a line between the white arrow-
heads in the magnified image 2 reveal single peaks for separated keratin-19 strands in
the RESOLFT-SPIM imaging mode (green) that cannot be resolved in conventional
SPIM (black).
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scanned with a step size of Ay’ = 50 nm resulting in an image stack of 4800
images. For display the stacks have been sheared as explained in section 3.3.2.

Figure 3.23a shows conventional SPIM and a RESOLFT-SPIM images of
the same area in the sample, which were obtained by summing up all x-y
slices of the volume scan through the cell according to the imaging mode.
The labeled keratin-19 network of the cell is clearly visible in both images.
Also signals originating from fine structures in the periphery of the cells are
detected and contribute to the image. This is an evidence for a central plane in
the RESOLFT-SPIM off-switching pattern that indeed has an intensity close
to zero. Moreover, whole cells can be imaged in RESOLFT-SPIM with an ad-
equately high sampling rate without a visible drop in intensity, which also
indicates a low switching fatigue of the RSFPs.

The superior resolving power of RESOLFT-SPIM compared to the conven-
tional SPIM equivalent is demonstrated in x-z cross-sections of the same cell
in figure 3.23b. For display, 10% of the maximum intensity value in each im-
age was subtracted. The RESOLFT-SPIM image reveals much thinner features
of the cytoskeleton than the conventional SPIM image. Keratin-19 strands
can be clearly distinguished even in dense regions of the sample. A closer view
on two areas of a cell further highlights the resolving power of RESOLFT-
SPIM compared to the diffraction-limited equivalent. Magnified images of
both techniques are displayed side-by-side in figure 3.23c. A normalized in-
tensity profile along a line between two arrowheads in one of the zooms re-
veals single peaks for separable keratin-19 fibers enabled by RESOLFT-SPIM.
The same structures are blurred in the diffraction-limited image recorded in
the conventional SPIM mode.
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Summary and discussion

In this thesis a new microscopy technique, called RESOLFT-SPIM, is pre-
sented, that symbiotically combines the advantages of RSFP-based RESOLFT
nanoscopy and SPIM. RESOLFT-SPIM exploits long-lived dark and fluores-
cent states provided by reversibly switchable fluorophores to gain sub-diffrac-
tion axial resolution with very low light intensities that allow for long-term
imaging. In combination with SPIM, RESOLFT reduces the axial extent of a
light-sheet below the diffraction limit and enables detailed non-invasive imag-
ing of living specimens. Furthermore, the RESOLFT-SPIM concept offers the
first approach on improving the axial resolution in RSFP-based nanoscopy.
In the following, the results presented in chapter 3 are summarized and dis-
cussed.

Imaging with sub-diffraction axial resolution

The resolving power of the RESOLFT light-sheet microscope was character-
ized on HIV-1 particles enclosing rsEGFP2 proteins. On a single virion, the
FWHM of a Gaussian fit to the line profile in axial direction is reduced from
a value of 1522 nm for a diffraction-limited SPIM to 124 nm in RESOLFT-
SPIM. This is equal to an increase in resolution by a factor of 12.3. The axial
resolution in RESOLFT-SPIM, which is, at least conceptually, unlimited, is
superior to any SPIM variant which does not truly break the barrier set by
diffraction, especially SPIM in combination with Bessel-beam[114] or struc-
tured illumination [114, 39]. Previously reported point-scanning RESOLFT
setups have shown to increase the lateral resolution in biological cells by not
more than a factor of 5 using the same RSFP type [46]. However, super-re-
solved images on HIV-1 particles, in particular, have not been demonstrated
with these techniques yet. In another comparison, RESOLFT-SPIM clearly
outperforms the previous STED-SPIM approach, where a gain in axial reso-
lution by a factor of less than 1.5 was reported for dye-filled particles at the
expense of much higher light doses[38].

In a further experiment, a detailed analysis of the distribution of FWHM
values across the entire homogeneously illuminated FOV,, of 222 pm revealed
an average FWHM in the axial direction of 159+41 nm. If the average HIV-1
particle size of 160 nm [151] is taken into account, a RESOLFT light-sheet
thickness with a FWHM value of 98 nm is obtained. The capability to create
optical sections with sub-100 nm thickness is similar to the axial resolving
power of a typical TIRF microscope [34], however, with an eminent differ-
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ence: In contrast to TIRF that is conceptually bound to applications close
to the coverslip surface, RESOLFT-SPIM offers sub-diffraction axial resolu-
tion in any slice throughout the entire specimen and can thus be applied to
a broad range of (not just) cell biological questions. Parallelized fluorescence
correlation spectroscopy with RESOLFT light-sheet illumination may allow
to precisely characterize diffusion processes in a sub-diffraction volume. An-
other potential application is the quantitative analysis of protein complexes
imaged in a volume defined by the RESOLFT light-sheet.

In order to show that the axial resolution in RESOLFT-SPIM is not concep-
tually limited, the theoretically predicted square root dependency of the res-
olution on the oft-switching intensity [54] was determined in the RESOLFT-
SPIM setup on HIV-1 particles. A square root fit to the measured data points
confirms this dependency also for the novel technique. It is concluded that,
for photostable RSFPs, the axial resolution of the presented RESOLFT-SPIM
setup is mainly limited by the available laser power. As an interesting side ef-
fect, the average lateral resolution of RESOLFT-SPIM measured on HIV-1 is
increased by up to 21% compared to the same virions imaged with diffraction-
limited SPIM. This result can be explained with the increased optical section-
ing capability enabled by RESOLFT-SPIM. The measured dependency of the
lateral FWHM on the off-switching power in the axial direction supports
this statement. Similar observations have been reported in other SPIM ap-
proaches [38].

The increased resolving power is demonstrated for two virions located at
a distance well below the diffraction-limit. RESOLFT-SPIM clearly separates
particles with an axial distance of 196 nm in the object space which are not
seen as distinct objects in diffraction-limited SPIM images.

Imaging with large field of views

The RESOLFT-SPIM concept is demonstrated in a versatile setup, that allows
to mount various objective combinations in order to adjust the light-sheet
parameters to the biological questions that should be addressed. A low NA
objective lens offers a homogeneously illuminated field of view that is, in its
width, only limited by the size of the camera sensor. Large specimens with
a lateral extent of 200 um and more can be imaged with sub-diffraction ax-
ial resolution in a highly parallelized manner. Thinner light-sheets with a
FWHM of 95 um can be achieved with higher NA objectives. The FOV along
the direction of illumination is in general proportional to the square of the
light-sheet thickness for Gaussian-like beams. RESOLFT-SPIM has demon-
strated to overcome this limit and to increase the depth of field for these light-
sheets. For single optical sections, a FOV of more than 200 x 20 um? became
available by RESOLFT. With this technique even extended biological spec-
imens can now be imaged with a homogeneous sub-diffraction light-sheet



thickness. The maximal y’-range that can be imaged with this FOV is only
limited by the implemented stage scanner, which is 500 pm in this case.

Long-term imaging

The orthogonal objective arrangement in RESOLFT-SPIM is advantageous
especially for the investigation of processes in living organisms. Since only
thin sections of the sample are selectively illuminated at a time, photodamage
and phototoxicity of the fluorophores and the specimen is reduced compared
to point-scanning approaches. In favor by the low saturation intensities of
RSFPs, the light exposure of the sample is kept at a minimum. Mainly for
these reasons, light-sensitive physiological processes such as the formation
of HIV-1 budding sites in infected cells can be imaged with RESOLFT-SPIM
over more than 40 minutes. In this time period, 8000 images of the same 3D
volume were recorded without significant reduction in fluorescence. On the
technical side, the monolithic design of the objective mount unit contributes
to reasonably stable imaging conditions during the measurement.

High-speed Imaging

Due to the highly parallelized illumination and detection regime, the acquisi-
tion speed of RESOLFT-SPIM is superior to point-scanning approaches. Re-
cent advances in the development of novel RSFPs with fast switching kinetics
contribute to this advantage. The acquisition time for a single slice of the sam-
ple was set to 94 ms for the applied laser powers and sub-100 nm axial resolu-
tion. Neglecting the pure technical parameter of stage movement, RESOLFT-
SPIM consequently records a volume of 80 x40 x 30 um? twice as fast as a con-
focal point-scanning microscope (sampling volume: 80x 80x200 nm?, dwell
time: 3 us) with a 4 times higher axial sampling rate. For specimens labeled
with rsSEGFP(N205S) the RESOLFT-SPIM acquisition rate is still higher than
the point-scanning approach but lower than for rsEGFP2 samples since in
this case off-switching is performed three times longer at the same power.
Shorter oft-switching periods together with higher off-switching powers lead
to a similar increase in resolution in RESOLFT-SPIM. However, lower light
doses are preferred which keeps photobleaching at a low level as demonstra-
ted in this thesis. The advantage of parallel data acquisition can be fully har-
vested if the step response time of the stage scanner is tuned for stable high-
speed applications.

Live-cell imaging
For the first time, a light-sheet fluorescence microscope with in principle

diffraction-unlimited axial resolution is demonstrated in 3D imaging of liv-
ing cells. Besides the recording of HIV-1 assembly as mentioned before, the
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4 Summary and discussion

new nanoscope is applied to study nuclear pore complexes in living U20S
cells. The investigation of the structure of nuclear pores and their function is
in the focus of current research [144]. In the new setup, a biocompatible, tem-
perature controlled specimen chamber and buffered imaging medium pro-
vide near-physiological conditions for the sample.

RESOLFT-SPIM clearly separates single nuclear pore complexes in U20S
cells in contrast to diffraction-limited SPIM recordings of the same area in
the sample. The nucleoporin Nup214 were tagged with a complex of three
rsEGFP(N205S) proteins with the primary goal to enhance the image con-
trast in the axial direction. On this sample, it is shown that optical sectioning
with sub-diffraction light-sheet thickness also improves the contrast in the
lateral dimension. For this RSFP species and the available off-switching laser
power, RESOLFT increases the axial resolution in the images of more than
a factor of 5. A resolving power of RESOLFT-SPIM below 100 nm as it was
demonstrated for rsEGFP2 labeled virions, is in the range of the axial extent
of nuclear pores which potentially makes the constituents on the outer and
inner part of the pore separable in rsEGFP2-labeled samples.

Furthermore, RESOLFT-SPIM is shown on the cytoskeleton of a living cell.
The gain in axial resolution is used to clearly separate single keratin-19 strands
in dense regions of the sample that are not seen as distinct in the diffraction-
limited SPIM equivalent. On RESOLFT-SPIM images of keratin-19 fibers it is
demonstrated that sub-diffraction z-resolution is possible while at the same
time the full information about the sample structure is maintained.

Since RESOLFT-SPIM applies the same wavelength for oft-switching and
readout, both light-sheets are expected to show similar scattering properties
inside samples with inhomogeneous refractive indices. This fact renders the
RESOLFT light-sheet imaging more robust compared to other super-resolu-
tion concepts that employ different wavelengths. Thus, it bares the potential
for applications in thicker living specimens, which can be cell tissues or even
whole animals.



Outlook

The RESOLFT light-sheet microscope has been demonstrated to enable fast
3D imaging with sub-diffraction axial resolution. Various living samples la-
beled with one of the recently developed rsEGFP variants were recorded at
low light levels. In future projects the existing RESOLFT-SPIM setup could
potentially be equipped with an option for multi-color applications with reso-
lutions below the diffraction-limit. Recordings with spectrally distinct RSFPs
allow for colocalization studies in sub-diffraction volumes that may answer
important biological questions. A possible second fluorophore species for
two-color RESOLFT-SPIM is the very recent RSFP rsCherryRev1.4 with an
emission peak that is spectrally well separable from the emission peaks of
the rsEGFP variants. This red-emitting fluorophore has already been imaged
in combination with rsEGFP(N205S) in a point-scanning and a parallelized
RESOLEFT setup [99]. In order to add this dual-color option to the existing
RESOLFT-SPIM setup, at least one additional laser with a wavelength around
590 nm for off-switching and readout needs to be implemented. Both RSFP
species could be activated simultaneously with the existing UV laser. Fluores-
cence can either be readout sequentially [99] or simultaneously by projecting
the signals onto different areas on the same camera chip.

Furthermore, RESOLFT-SPIM can be equipped with an option to addi-
tionally increase the lateral resolution to regions below the diffraction limit.
Since the RESOLFT-SPIM setup employs independent beam paths for illu-
mination and detection of the sample, the same basic principles that lead
to conceptually diffraction-unlimited lateral resolution in microscopes with
wide-field detection can also be applied to RESOLFT-SPIM. One possible ap-
proach combines RESOLFT-SPIM with the previously demonstrated paral-
lelized RESOLFT technique [20]. Light sheet based activation, off-switching
and readout of RSFPs could be implemented through the illumination objec-
tive lens, which enables sub-diffraction axial resolution as shown in this the-
sis. The oft-switching pattern characteristic for the parallelized RESOLFT ap-
proach is applied to the specimen through the detection objective lens which
potentially leads to an additional increase in lateral resolution beyond the
diffraction barrier in the system. The combination of these techniques has
the potential to provide isotropic resolution below 100 nm since each of the
methods per se has been demonstrated to feature a resolving power in this
region. As for the symbioses of RESOLFT and SPIM, the advantages of both,
RESOLFT-SPIM and parallelized RESOLFT are conserved. In addition, also
this combined approach can be upgraded with a multi-color option.
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5 QOutlook

The concepts of RESOLFT and SPIM have both been developed very re-
cently. Despite their great contributions to biomedical research already in
early years, the full potential of each of these techniques is yet about to be max-
imized. In this course, also the combined technique of RESOLFT-SPIM may
take advantage of further advances in electronics, biochemistry, and optics
within the next years. Scientific cameras with higher quantum yield and min-
imal readout noise increase the potential of capturing even weakly express-
ing specimens. Moreover, the ongoing development towards faster switching
RSFPs may trigger RESOLFT-SPIM recordings of even faster processes in the
sample. In addition, further enhancements of brightness and photostability
of these fluorophores will keep the signal-to-noise ratio in RESOLFT-SPIM
images at a constant high level even at faster switching rates. Also, new lenses
and other optical elements increase the pool of objective combinations for
RESOLFT-SPIM.

All these innovations eventually contribute to a microscope that is able
to keep up with the desire of scientists for fast 3D imaging with isotropic
spatial resolution on the molecular level. Ideally, large areas of living cells
are recorded at low light intensities. Some of these goals have already been
achieved with recent developments. Others have not yet become a reality.
Many diverse features of nature are hence still hidden, but are on the verge of
being uncovered.



Appendix

A.1 Afterglow effect

Although the camera is not active during activation and oft-switching of the
RSFPs in the sample, some photons emitted by RSFPs upon illumination with
the off-switching pattern are converted into signaling electrons on the sensor.
This so called afterglow effect of the sCMOS camera leads to severe back-
ground noise in the RESOLFT-SPIM image, if the sensor is read out directly
after the off-switching process. The effect is characterized using the ORCA
Flash 4.0 camera. The results are shown in figure A.1. Three images have been
taken after the off-switching laser pulse. The intensity averaged over the en-
tire image was normalized and plotted versus the applied off-switching power.
The signals recorded in the image after the off-switching process show an ex-
ponential dependency on the applied power. This effect is reduced for the
second and third image. For RESOLFT-SPIM, the first image after the off-
switching process is discarded. The recorded signals are not dependent on
the exposure time of the camera as shown in figure A.1b. The acquired signal
increases if the off-switching laser is applied for a longer period of time.
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Figure A.1: Characterization of the afterglow effect. The normalized mean inten-
sity of the acquired images after the off-switching process is plotted versus the off-
switching power. The images were analyzed for a variable number of images taken
after the off-switching process (a), different exposure times (b), and different oft-
switching times (c).
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A.2 Sample preparation

In the RESOLFT-SPIM setup a variety of samples has been imaged. Here, the
important aspects of their preparation are summarized.

Gold colloids on a glass coverslip

Gold colloids have been used to characterize the zero-intensity pattern and
the detection PSF in the RESOLFT-SPIM setup. Details of the experiment
are described in section 3.4.2. A standard round glass coverslip (&= 5 mm)
was cleaned with absolute ethanol and air-dried. The coverslip was pressed
on a piece of plastic paraffin film to prevent it from moving during the sam-
ple preparation. A 10 pl drop of poly-I-lysine (Sigma Aldrich, St. Louis, MO)
was incubated for 10 minutes on the coverslip and then carefully rinsed with
ddH,O. Then, gold colloids (&= 80 nm, BBI international, Grand Forks, ND)
have been diluted at a ratio of 1:2 in ddH,0O, followed by passive absorption
to the coated coverslip for 10 minutes. Finally, the coverslip was again care-
fully rinsed with ddH,O. The gold colloid samples in this thesis have been
imaged in FluoroBrite Dulbeccos modified Eagle’s medium (DMEM) (Life
Technologies, Carlsbad, CA).

HIV-1 particles on a glass coverslip

Single HIV-1 particles enclosing rsEGFP2 proteins have been used in the
RESOLFT-SPIM microscope to measure its resolving power, to validate the
square root law and to determine the Rayleigh range of the effective light
sheet. Details are described in sections 3.4.3, 3.4.4, 3.4.5 and 3.4.6. A stan-
dard round glass coverslip (&= 5 mm) has been cleaned with absolute ethanol
and air-dried. The coverslip was pressed on a piece of plastic paraffin film
to prevent it from moving during the sample preparation. Then, a drop of
HIV-1 particles diluted in PBS was incubated on the coverslip for 10 minutes.
The final virion density on the coverslip was adapted to the goals of the ex-
periment. To prevent photobleaching of rsEGFP2 proteins, the sample was
covered with aluminum foil during incubation. Subsequently, the coverslip
is carefully rinsed with phosphate buffered saline (PBS). In the experiments
presented in this thesis, HIV-1 samples were imaged at room temperature in
PBS or FluoroBrite DMEM medium (Life Technologies, Carlsbad, CA).

Hela Kyoto cells transfected with pCHIV

HeLa Kyoto cells were grown in DMEM (Life Technologies, Carlsbad, CA)
containing phenol red supplemented with 10% FBS and 1% sodium pyruvate.
For imaging 4-10* cells were seeded on round coverslips (&= 5 mm) placed
in a well of a 24-well plate. 24 hours after seeding, the cells were transiently



A.2 Sample preparation

transfected with pCHIV and pCHIV-rsEGFP2 (0.6 ug each) using 3.6 pl of the
transfection reagent XtremeGene9 (Hoffmann-La Roche, Basel, Switzerland)
according to the manufacturer’s guideline. The cells were imaged 15-24 hours
after transfection without further treatment in FluoroBrite DMEM medium
(Life Technologies, Carlsbad, CA) supplemented with 25 mM HEPES at 33°C
for up to 15 hours. To prevent vaporization of the imaging medium, 10 ml
of mineral oil (M5310, Sigma-Aldrich, St. Louis, MO) were added to the
medium-filled specimen chamber.

HelLa Kyoto cells expressing keratin-19-rsEGFP(N205S)

Wild-type HeLa Kyoto cells were grown in DMEM (Life Technologies, Carls-
bad, CA) containing phenol red, L-glutamine, and high glucose supplemented
with 10% FBS and 1% sodium pyruvate. A stable cell line expressing keratin-
19-rsEGFP(N205S) was established as described in the following. A total num-
ber of 4-10* cells were seeded in a well of a 24-well plate and grown for 24
hours. The cells were then transiently transfected with the construct pMD-
tdEosFP-N-keratin-19-rsEGFP(N205S) using FugeneHD (Promega GmbH,
Mannheim, Germany) according to the manufacturer’s guideline. The opti-
mal DNA amount to transfection reagent volume ratio is found to be 1 pg to
3 ul. The transfected cells were selected by culturing them in the medium de-
scribed above supplemented with geneticin selective antibiotic (G418 Sulfate,
Life Technologies, Carlsbad, CA) at a final concentration of 1 mg/ml as selec-
tion medium. For sorting, the cells of a confluent 75 cm? flask were harvested
and suspended in 4 ml of the selection medium and centrifuged for 5 min-
utes at 1000 rpm. The pellet was resuspended in 1 ml of PBS containing 3%
BSA (sterile filtered) and seeded in a well of a 6-well plate with 2 ml of the se-
lection medium. Subsequently, the cells were sorted by fluorescence-activated
cell sorting (FACS) upon simultaneous illumination with 405 nm and 488 nm
light. Only rsEGFP(N205S) positive cells were collected and grown in the se-
lection medium. For the live-cell experiments with the RESOLFT-SPIM mi-
croscope demonstrated in section 3.5.3, a total number of 10> sorted cells
were seeded on a round coverslip (&= 5 mm) in a well of a 24-well plate and
grown for 24 hours. Three hours prior to imaging, the selection medium is
exchanged by DMEM without phenol red (Life Technologies, Carlsbad, CA)
containing HEPES to reduce unwanted background in the cells caused by phe-
nol red uptake. Immediately before imaging, the coverslip was washed three
times with PBS. The cells were imaged at room temperature in FluoroBrite
DMEM medium (Life Technologies, Carlsbad, CA).

U20S cells expressing NUP214-3x-rsEGFP(N205S)

U20S cells were grown in McCoy’s 5A (modified) medium (Life Technolo-
gies, Carlsbad, CA) containing phenol red, L-glutamine, high glucose, and
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bacto-peptone supplemented with 1% FCS, 1% glutamine, 1% non-essential

amino acids, and 1% penicillin streptomycin. For imaging, 4-10* cells were

grown on a round coverslip (&= 5 mm) placed in a 24-well for 24 hours.

Then, the cells were transiently transfected with the construct NUP214-3x-
rsEGFP(N205S) and FugeneHD (Promega GmbH, Mannheim, Germany) ac-
cording to the manufacturer’s guidelines. The optimal DNA amount to trans-
tection reagent volume ratio is found to be 0.5 pg to 1.5 pl. After an incubation

time of 70-74 hours, the growth medium was exchanged by DMEM without

phenol red (Life Technologies, Carlsbad, CA) containing HEPES to reduce

unwanted background in the cells caused by phenol red uptake. Immediately

before imaging, the coverslip was washed three times with PBS. The cells were

imaged at room temperature in FluoroBrite DMEM medium (Life Technolo-
gies, Carlsbad, CA). In order to obtain the NUP214-3x-rsEGFP(N205S) con-
struct, the DNA of the NUP214-gene was amplified per PCR from a pNUP214-
EGFP plasmid and subcloned into a backbone that was obtained before by

introducing a triple-rsEGFP(N205S) into a pmEGFP-N1 vector (kindly pro-
vided by Dr. Jan Ellenberg, EMBL).



A.3 HIV-1 enclosing rsEGFP2

A.3 HIV-1 enclosing rsEGFP2

HIV-1 particles filled with rsEGFP2 are highly suitable objects to characterize
the RESOLFT-SPIM setup. Moreover, the long-term imaging capability of the
setup was shown in a study of HIV-1 assembly at the plasma membrane of
an infected cell. A sketch of the HIV-1 structure is shown in figure A.2 to
illustrate the distribution of rsEGFP2 proteins in the mature virion together
with the essential viral components.
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transcriptase
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Figure A.2: Sketch of a HIV-1 particle and the Gag polyprotein. a) HIV-1 is com-
posed of a lipid membrane containing glycoproteins (gp), a shell made of Matrix
proteins located beneath the lipid bilayer and a cone-shaped Capsid core [16,41, 106].
For the experiments described in this thesis, half of the Matrix proteins in the virion
were tagged with rsEGFP2 by inserting the gene sequence of the RSFP in the se-
quence of the viral structural polyprotein Gag shown in b). Upon virus formation,
Gag oligomerizes underneath the plasma membrane of an infected cell and a spher-
ical Gag protein shell is formed. During maturation of the virus, Gag is cleaved at
the sites marked with arrow heads. As a consequence, about 1000 rsEGFP2 proteins
freely diffuse inside a mature single HIV-1 virion.
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A.4 Imaging media for RESOLFT-SPIM

For RESOLFT-SPIM imaging, the specimen chamber is filled with optically
transparent, water-based medium. Ideally, the medium contains components
for cell growth and buffers the cells against changes in the pH. This buffering
can, for example, be achieved by adding an organic buffer such as HEPES.
Often, these media contain fluorescent components that can lead to back-
ground signals in the RESOLFT-SPIM image. Reducing the concentration
of essential components may influence physiological processes in the speci-
men in long-term measurements. In order to find the optimal medium for
RESOLFT-SPIM imaging, various media have been tested in the setup and
evaluated in terms of their background noise. The results are shown in figure
A.3. FluoroBrite containing HEPES offers moderate background noise and
cell viability for several hours and is thus used for RESOLFT-SPIM imaging
in this thesis.
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Figure A.3: Comparison of imaging media for RESOLFT-SPIM. The background sig-
nals generated by fluorescent components of various imaging media were measured
in the RESOLFT-SPIM setup. The activation (A = 405 nm) and readout (A = 488 nm)
light-sheets illuminate the medium filled specimen chamber with laser powers of
13.4 and 5.2 mW, respectively, measured in the back-focal plane of the 40x/0.8NA il-
lumination objective. The plotted value is the number of counts per pixel and 100 ms
exposure time, averaged over ten image frames and the full FOV of the camera.
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