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Abstract

In the last decade, superresolution microscopy techniques became a valuable tool to study
sub-cellular structures with a resolution below the diffraction limit. The use of superreso-
lution for brain research requires to super-resolve structures deep within the tissue of the
living mouse brain. The only superresolution technique applied in the living mouse brain
so far is stimulated emission depletion (STED) microscopy. However, the penetration
depth of STED microscopy in the cortex of a living mouse has been limited to a depth of
40pm. In this thesis, I studied the use of adaptive optics with the aim of improving the
penetration depth of STED microscopy in tissue. Tissue imaging with light microscopy
is hampered by light scattering and aberrations induced by the inhomogeneous refractive
index of the tissue. The latter can be improved by using adaptive optics to precorrect
for the sample induced aberrations. As it is not possible to measure the sample induced
aberrations directly, I use a sensorless approach for correction of the three most impor-
tant aberrations (astigmatism, coma, spherical aberrations) while reducing the number
of required images to a minimum. Therefore, I implemented a single correction device
(deformable mirror) into a home-build STED microscope to correct all beams at once.
Using only the brightest 5% of the pixels of an image as the metric for the sensorless
approach, I optimized the accuracy of the correction and reduced the total number of
images required. First experiments have shown that a single deformable mirror together
with the novel 5%-metric can be used to correct for aberrations in 80um depth of brain
tissue.

Zusammenfassung

Im letzten Jahrzehnt sind hochauflosende Mikroskopietechniken zu einem wertvollen Hilfs-
mittel fiir die Untersuchung subzellularer Strukturen mit einer Auflésung unterhalb der
Beugungsgrenze geworden. Die Verwendung von hochauflosender Mikroskopie in der Hirn-
forschung erfordert es die Strukturen tief im Hirngewebe der lebenden Maus aufzulosen.
Die einzige hochauflésende Mikroskopietechnik, die bisher im lebenden Gehirn von Mausen
eingesetzt wurde, ist die STED-Mikroskopie. Die Eindringtiefe der STED-Mikroskopie in
den Cortex einer lebenden Maus ist jedoch auf eine Tiefe von 40pum begrenzt. In dieser
Arbeit zeige ich, wie man mit Hilfe von adaptiver Optik die Eindringtiefe der STED-
Mikroskopie in Gewebe verbessern kann. Gewebe mit Lichtmikroskopie zu untersuchen
wird durch Lichtstreuung und Aberrationen, welche durch den inhomogenen Brechungsin-
dex des Gewebes entstehen, behindert. Letzteres kann verbessert werden, indem adaptive
Optik verwendet wird, um die, durch die Probe induzierten, Aberrationen im Vorhinein
zu korrigieren. Da es nicht moglich ist diese Aberrationen direkt zu messen, verwende
ich einen sensorlosen Ansatz zur Korrektur der drei wichtigsten Aberrationen (Astigma-
tismus, Koma, sphérische Aberrationen) und reduziere gleichzeitig die Anzahl der dafiir
erforderlichen Bilder auf ein Minimum. Dazu setze ich eine adaptive Optik (deformier-
barer Spiegel) in einem selbstgebauten STED-Mikroskop ein, um alle Strahlen gleichzeitig
zu korrigieren. Lediglich die hellsten 5% der Pixel eines Bildes werden als Messgrofe fiir
den sensorlosen Ansatz genutzt, um die Genauigkeit der Korrektur zu optimieren und die
Gesamtzahl der erforderlichen Bilder zu reduzieren. Erste Experimente zeigen, dass ein
einzelner deformierbarer Spiegel zusammen mit der neuartigen 5%-Metrik ausreicht, um
Aberrationen in einer Gewebetiefe von 80um zu korrigieren.
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List of Abbreviations

a.u.
AO
AOM
APD
CMOS
DC
DF
DM
FRET
GFP
GSDIM
HWP
ISC
LCOS
LTP
NA
OPL
PAINT
PALM
PMT
PPP
PSD
PSF
QWP
SLM
STED
STORM
VPP
WF Exc
WFS

arbitrary unit

adaptive optics

acousto optic modulator

avalanche photo diode

complementary metal-oxide-semiconductor (sensor)
dichroic mirror

detection filter

deformable mirror

Forster resonance energy transfer

green fluorescent protein

ground state depletion followed by individual molecule return
half wave plate or A/2 plate

inter system crossing

liquid crystal on silicon (SLM)

long-term potentiation

numerical aperture

optical path length
points-accumulation-for-imaging-in-nanoscale-topography
photoactivation localization microscopy

photo multiplier tube

7 phase plate

post synaptic density

point spread function

quarter wave plate or A/4 plate

spatial light modulator

stimulated emission depletion

stochastic optical reconstruction microscopy
vortex phase plate

widefield excitation

wave front sensor
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1 Introduction

1.1 History of microscopy

The usage of optical methods, including microscopy, is nowadays present in nearly all
fields of science and often plays a key role in new discoveries. The oldest optical lens has
been dated back to around 750BC and is a polished rock-crystal with a slightly convex
face. Although it has the optical properties of a lens and could have been used as a
magnifying glass, it might just have been created as a decoration [I]. The word ”lens”
originates from the Latin word of the lentil, which is an edible legume, because they
resemble in the shape of its seeds. The Greeks used lenses as burning and magnifying
glasses [2] around 400BC. The theoretical description, that light consists of rays that
are bundled by the change in refractive index, by using e.g. lenses, was probably not
known at this time and the first description dates back to the second century [3]. The
potential of lenses to improve vision has been described by many different sources in
different parts around the globe [4]. The first combination of single lenses to a more
complex optics was probably the telescope. In The Hague, Netherlands, three different
men tried to obtain a patent on it in 1608 [5], which the government declined because
of its simplicity and the fight over who designed it first. This made the new invention
available to everyone and started a hype in the field of optics around Europe. From
this time on, the field of astronomy grew quickly into an important research topic. The
newly gained possibilities of observation also sparked interest in the observation of smaller
scales. Just a couple of decades later, many people from different countries claimed to
have built the first microscope [6]. In 1621 Snell’s law of refraction was published, which
in a simpler form was already published more than 600 years prior in 984 by the Persian
Ibn Sahl. The popularity in optics paired with new manufacturing techniques lead to an
increase in lens quality. One of the first to describe that white light consists of different
colors that get refracted differently and to propose a compound lens that corrects these
chromatic aberrations was Sir Isaac Newton [7]. Often the invention of the microscope
is closely connected to Antoni van Leeuwenhoek a Dutch scientist. Even though he was
not among the first to have discovered the microscope, he still made huge discoveries
for his time and is considered as one of the most influential people in early microscopy.
He could manufacture lenses with such a high degree of quality, that he was the first to
describe to have seen bacteria [8]. Lenses got progressively better over time and with each
improvement smaller and smaller structures could be identified. A fundamental discovery
in that time was, that this development would not go on infinitely, because light cannot
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be focused beyond a certain spot size. In the 1860’s, Carl Zeiss wanted to optimize
the empirical production methods that were not compatible with other businesses, so he
requested Ernst Abbe to investigate this. Abbe then developed the formula that describes
that the diffraction of light limits the resolution of a microscope and is dependent on the
wavelength [9, [10]:

A

Alateral = ——— 1.1
laferal 2n sin o ( )

This means, that light of the wavelength A cannot be focused into a spot smaller than
d in the lateral plane, when an objective with numerical aperture NA= nsin « is used.
Here n stands for the refractive index of the immersion medium and « is the half-opening
angle of the objective. In other words, the quality of the lenses is not the only factor
that limits resolution, but there is a physically lower boundary in the spot size of light
and therefore a natural resolution limit. Having a resolution limit means, that when two
objects are closer together than this limit, they appear as a single object in the image.
In axial direction the spot size is larger and can be calculated with the following formula
[11]:

d 0.88 -\
axial —
n—+/n2 — NA?

Imaging with 650nm and an 1.3NA objective that uses glycerol as immersion fluid will

(1.2)

for example give a resolution of ~250nm in lateral direction and ~700nm in axial direc-
tion. After centuries, superresolution microscopy has recently shown that it is possible to
acquire images with a resolution below the diffraction limit and some of these techniques
will be discussed in more detail in section [1.3.2

1.2 OQOutline

The following Chapter will give a short overview of the principles that are used in this
thesis. These include fluorescence microscopy, STED microscopy in particular, as well as
aberrations and their correction with adaptive optics. Chapter 2 will give insight to a two-
color STED microscope with the ability to image with superresolution in three dimensions.
The setup was used for various applications to gain more insights into diverse mechanisms
and protein localizations in the field of neuroscience. The research about aberrations and
their correction is presented in chapter 3. An automated routine to correct aberrations
deep in tissue is shown, with the focus on reducing the number of images taken for the
correction. Finally the results are discussed in chapter 4, with a short outlook about
further applications and ideas for improvements.



1.3 Fluorescence microscopy

1.3 Fluorescence microscopy

The classical light microscope is a wide field microscope, which uses white light of all
wavelengths to enlarge an object that cannot be seen with the naked eye. When imaging
biological samples, such as cells in a petri dish, it is very difficult to see the cellss. To
improve wide field microscopy of transparent samples phase contrast microscopy can be
used to make phase shifts visible. These microscopes convert phase differences of the light
to amplitude differences, enhancing the contrast and thereby increasing the visibility of
the border of the cells [12]. This method improves the visibility of single cells, but the
substructure of the cell is still not resolved. To visualize these structures individually, fluo-
rescence microscopy bears a great potential. Here, single components of biological samples
can be marked and individually visualized, without observing the unlabeled components
of the cell at the same time. It is also possible to perform multi-color labeling, so different
structures can be visualized in parallel within the same cell. As the name fluorescence
microscopy already implies, the mechanism behind it is called fluorescence. The term
was coined by George Gabriel Stokes in 1852 [13], even though the first observations of
this phenomenon were performed earlier. A chemical compound that can re-emit light
upon excitation is called a fluorophore. The reason that some substances are fluorescent
is, that electrons can absorb incoming photons of specific energy by being pushed into a
higher energy state. This can be explained using the Jablonski diagram in Figure [1.1]
The transition of a valence electron from the ground state to the excited state happens,
when a photon with appropriate energy transfers its energy to that electron. There are
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Figure 1.1: Jablonski diagram showing the different energy levels of a fluorophore and
the excitation and relaxation of electrons inside. The excitation is shown in
blue, fluorescence emission in green, phosphorescence emission in purple and
stimulated emission in red. In gray energy loss without emission of photons
is shown.
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different possibilities for this excited electron to relax back to the ground state. Firstly,
it can relax by emitting a photon of typically lower energy, also called fluorescence or
spontaneous emission. This normally happens in the range of nanoseconds after excita-
tion. Secondly, it can be transferred to a more stable triplet state by inter system crossing
(ISC). The triplet state is usually energetically lower than the singlet state, which makes
the backwards transition unlikely [I4]. Spontaneous emission from the triplet state to
the ground state is called phosphorescence. The lifetime of the electrons in the triplet
state varies from milliseconds to several hours depending on the environmental condi-
tions. Since the mechanism of fluorescence is very complex and the fluorophore is directly
interacting with the environment the properties like, lifetime, spectrum etc. can heavily
depend on the environment. This can even be used as a sensor, for example for pH-value
[15]. The electron might as well react with other molecules and transfer its energy to
them, thereby loosing its ability to emit fluorescence. This effect is called photobleaching
and is a major concern in fluorescence microscopy. Photobleaching is not fully understood
for most molecules, but it is likely that it involves triplet states because they are more re-
active. Also oxygen plays a major role, which is why there are anti-photobleaching agents
that reduce the amount of reactive oxygen in the sample, to prevent bleaching in fixed
samples. Apart from bleaching, another effect can reduce fluorescence, called quenching.
This is a reversible effect happening also because of external interactions or internal con-
version. Quenching can also be used to measure co-localization of two molecules or to
detect structural changes in proteins using Forster Resonance Energy Transfer (FRET)
[16]. In FRET, two different fluorescent molecules are needed, a donor and an acceptor.
The donor gets excited and will transfer the energy to the acceptor molecule which will
emit fluorescence instead of the donor. This can only happen when the molecules are in
very close proximity to each other. By observing the ratio between donor and acceptor
fluorescence, structural changes in e.g. proteins can be detected [17, [I8]. Another option
for the electron to directly relax to the ground state is by being stimulated by a photon.
This stimulated emission takes place when an incoming photon stimulates the excited
electron to emit a photon of the same wavelength as the incoming photon, which is not
affected by the stimulation.

Wide field epi-fluorescence microscopy is one of the most used techniques in modern
biological research because of its usefulness compared to the simplicity and the cost ef-
ficiency. Most setups only require focusing optics as well as a light source, fluorescence
filters and a dichroic mirror. It is mostly used when areas of a couple of hundred mi-
cron are observed. The problem is however, that the whole specimen is illuminated and
therefore unwanted signal from out of focus planes is collected. Blocking the out of focus
information can be done by putting a small pinhole in the fluorescence path and collecting
the fluorescence with a detector. This small adjustment can improve the image quality by
blocking out of focus light but has the disadvantage, that only the light of a single point
is collected. To record an image, the beam needs to scan over the area of interest. This
is typically done by using a scanning stage on which the specimen is mounted and moved



1.3 Fluorescence microscopy

in respect to the beam. A faster but more complicated method is to use beam scanning.
Here a scanner, consisting of fast moving galvanometric mirrors, is placed in front of the
objective to scan the beam over the sample.

1.3.1 STED microscopy

STimulated Emission Depletion (STED) microscopy is able to resolve objects that are
closer together than the diffraction limit. The theory behind this can be explained by
rate equations. Whether an electron is stimulated by an incoming photon or not is a
statistical process and can be expressed by the simplified rate equation and its solution:

dN
=0 1N (1.3)

N(t) = Ny - e~ (@1t (1.4)

Where N is the population of the excited state, I is the intensity of the stimulated radi-
ation and o is the stimulation cross section, which primarily depends on the fluorophore
and the wavelength used for stimulation. By solving the differential equation we see, that
the population depends exponentially on the laser intensity, the stimulation cross section
and the time. The cross section is given in cm? and is often referred to as the "molecules
photon caption area” [19]. The area is roughly proportional to the emission spectrum and
greatly depends on the wavelength used for depletion [20]. Because of this, the depletion
should be done at a wavelength where the emission is as high as possible for maximum
efficiency. This is not possible in STED microscopy, because of possible re-excitation of
the molecule with the high intensity laser and therefore, the depletion is done with light
shifted to longer wavelength from the excitation maximum.

How stimulated emission can be used to create a superresolution image is sketched
in Figure 1.2l Two laser beams are used, where the excitation laser excites the electrons

Excitation Depletion Fluorescence

low STED Power -+

high STED Power +

Figure 1.2: Excitation spot and depletion donut create a sub-diffraction limited fluores-
cence spot. Increasing the STED power leads to a smaller spot size.
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in the diffraction limited spot. This spot is then overlaid with the depletion laser which
is formed as a donut with an intensity zero in the middle. Where the intensity of the
depletion laser is high, the excited state is depleted, so the fluorescence is quenched
at these positions. This creates a sub-diffraction limited fluorescence spot where the
depletion laser has zero intensity, because only the excited electrons in the middle of the
intensity zero can emit a fluorescence photon. If the power of the STED beam increases,
the probability of stimulated emission is higher near the intensity zero and the spot size
decreases (Figure [1.3). Harke et al. showed [21], that the resolution is not limited by
equation (1.1 anymore but is dependent on the saturation factor:

dabbe

dstEp =
e v/ 1+ dibbecﬁx

Where dgrgp is the full width at half maximum (FWHM) of the fluorescence spot and
dapbe is the FWHM from equation (1.1l Here, a is the pattern steepness in lateral direction

(1.5)

and the saturation factor is defined as y = I/Ig, where I is the effective saturation
intensity. It depends on properties of the fluorophore and is the intensity at which the
probability of fluorescence emission is reduced by half, so where spontaneous emission
and stimulated emission are equally probable. The maximum of the STED intensity
distribution I can be increased to decrease the effective fluorescence FWHM as shown in
Figure [1.3] With this, there is no theoretical limit to the resolution anymore, assuming
infinite STED power. The maximum resolution achieved in lateral direction with STED
microscopy is 2.4nm on atom-like fluorescent defects in diamonds [22]. A major factor
for the imaging quality of a STED microscope is the shape of the depletion beam. For
most applications the resolution is maximal in the lateral direction which is achieved by
the typical donut shape already shown in Figure (1.2l The beam can be shaped like a
donut, by passing through a vortex phase plate (VPP) followed by a A/4-plate (quarter

300-]

200 =

100 =

FWHM [nm]

0 50 100

Figure 1.3: Effect of the STED depletion (equation . Increasing the saturation factor
x will decrease the FWHM of the fluorescence spot.
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wave plate, QWP) before focusing. The vortex phase plate retards the beam depending
on the angular position from 0 to 27 which, combined with the circular polarization of
the QWP, means that focusing the beam will lead to destructive interference of the light
in the focal spot. This leads to a "donut” PSF, with an intensity zero in the middle and
a ring around the center. Figure shows the point spread functions (PSF) of excitation
and depletion beam in the axial direction, as well as the effective area that is fluorescent
when a saturation factor of y = 15 is applied. What is additionally shown is a 7 phase

Excitation PSF 2D STED PSF 2D Effective PSF

Excitation PSF 3D STED PSF 3D Effective PSF

Figure 1.4: XZ simulation of excitation, 2D STED, 3D STED and the respective effective
PSF, as well as the VPP and PPP. The saturation factor was set to 15 and the
scalebar is 200nm. In the PPP the dotted line indicates the beam diameter
and the 7-phase is applied to exactly 50% of the area to create the 3D STED
PSF.

plate (PPP), that can be used to quench fluorescence in the axial direction. Here the
7 retardation of the middle segment will lead to an intensity zero in the focus, but will
stretch the PSF in axial direction in a way that two lobes appear above and below the
focus. The shape in lateral direction is still a donut, but most of the intensity will be
spread in the upper and lower lobe in axial direction. The difference between the effective
PSF created with VPP and PPP is, that the VPP will lead to a superior resolution in
vertical direction while not improving resolution in the axial direction. The PPP reduces
the fluorescence in the axial direction while only reducing the fluorescent spot in lateral
direction by a fraction. Combining the phase plates can lead to superresolution in all three
dimensions as described in section I use pulsed lasers for STED microscopy, where
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the excitation laser emits pulses with a pulse length below 100fs (stretched to picoseconds
by a polarizing preserving single-mode fiber) and the STED laser pulses of 700ps. Other
than the spatial overlap, the temporal overlap is very important for STED microscopy,
since the depletion of the excited state has to happen before the fluorescence is emitted,
but after the excitation pulse reached the fluorophore. Since the STED pulse length is
shorter than the typical fluorescence lifetime, which is in the range of nanoseconds, the
adjustment has to be very precise. The theoretical optimal pulse length of the depletion
laser is around 20ps, longer pulses increase the possibility of re-excitation [23]. But in
the used STED setup, much longer pulses than that are used because in practice creating
short pulses is rather complex. Furthermore, the synchronization of such short pulses
is challenging because of jitter and shorter pulses also mean high peak intensities which
increase photobleaching [24]. Just as in confocal microscopy a pinhole is used in the
detection path and the image is scanned pixel by pixel while the fluorescence is collected
for each position.

1.3.2 Other superresolution techniques

Apart from using STED microscopy there are other possibilities to achieve better resolu-
tions than normal light microscopy. Since equation is dependent on the wavelength of
light, using shorter wavelengths will increase the resolution. This is realized in X-ray crys-
tallography as well as electron microscopy and uses wavelength in the single nanometer
range to picometer range respectively. These techniques achieve sub-nanometer resolu-
tions, but do not work in vivo. Also, using deconvolution to optimize the image, by
estimating the sample structure and considering further information, helps to identify
features that are smaller than the actual resolution, but is technically not superresolu-
tion. It is also often used to remove imaging artifacts in fluorescence microscopy [25].
In this section, other superresolution techniques will be shortly presented, starting with
targeted switching methods.

1.3.2.1 Targeted switching microscopy

STED microscopy is a targeted switching technique and can be seen as a specialized
RESOLFT method. In REversible Saturable Optical Linear Fluorescent Transition
(RESOLFT) microscopy superresolution is accomplished by switching off unwanted fluo-
rescence in a donut shape. Photoswitchable fluorophores are used, that can be switched
on and off using light of a certain wavelength. This switching is done before the fluo-
rophore is excited, so only the fluorophores in the center of the intensity zero of the donut
are excited. Compared to STED microscopy, this reduces bleaching effect but the image
acquisition takes more time since the switching is slower [26].
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1.3.2.2 Stochastic switching superresolution microscopy

Instead of scanning an image pixel by pixel with a illumination pattern, it is also possible
to use a widefield approach to generate an image with resolution below the diffraction
limit. This was shown in PhotoActivation Localization Microscopy (PALM) [27] and
(direct) STochastic Optical Reconstruction Microscopy ((d)STORM) [28]. It is realized
with special fluorophores that can be activated by light. Separating neighboring fluo-
rophores in time, by illuminating the sample with low activation intensity, so that only a
few fluorophores are activated, is the key to this method. This is done stochastically and
most of the fluorophores are in a non fluorescent state when the excitation beam excites
the fluorescent molecules [29]. The already imaged fluorescent molecules are switched
off (e.g. by bleaching them) and further images are taken, starting with the activation
of other fluorophores. By doing this, a large number of widefield images are taken with
only few fluorescent spots visible, on which the location of single spots can be calculated
with sub-diffraction precision. When ideally all fluorophores have been imaged at least
once, the image can be reconstructed which leaves a superresolution image that was cal-
culated from widefield images [30]. There are different techniques that use the stochastic
switching of fluorophores to localize molecules with a sub-diffraction resolution including
Points- A ccumulation-for-Imaging-in-Nanoscale-Topography (PAINT) [31] and Ground
State Depletion followed by Individual Molecule return microscopy (GSDIM) [32].

1.3.2.3 MINFLUX

A fluorescence technique achieving a resolution of ~I1nm has been published by Balzarotti
et al. in 2017 [33]. It uses stochastic switching combined with patterned excitation
beams to localize a single fluorophore with nanometer precision and it has been shown
that molecules only 6nm apart can be separated. With MINimal emission FLUXes
(MINFLUX) it is also possible to track single molecules in E.coli bacteria.

1.3.2.4 Summary

There are a variety of superresolution methods with different strengths and weaknesses
and there is an optimal technique for every application. Stochastic superresolution tech-
niques are generally simpler to realize, since a widefield setup is used and not much
technical knowledge has to be applied. The downside is that the use is limited to special
fluorophores. The sample preparation differs and special buffers, that are not well suited
to live cell microscopy, have to be used [34]. Another drawback is the acquisition time
which is considerably longer than for other techniques. This is also the drawback when
comparing RESOLFT to STED microscopy, because in RESOLFT the activation of the
fluorophore is relatively long. Other positive features STED offers are the recording of
raw data, a good signal-to-noise ratio and its low demand on sample preparation [22].
This comes at the cost of a relatively complicated setup with advanced optical and tech-
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nical components and photobleaching because of the high power depletion beam. There
are different adjustments that can be made to reduce bleaching in STED microscopy to
counteract the drawbacks, by intelligently switching off the depletion beam where it is
not needed [35, B6]. Still, STED is the most widely used method for live cell and in vivo
imaging and has revealed previously unknown detail of biological structure [37, 138, 39} 140],
since it has the sectioning capability of a confocal microscope, which PALM and STORM
lack. STED microscopy as well as STORM and others also make it possible to image with
superresolution in all three dimensions |41}, 42} 43].

1.4 Wavefront deformations and tools for correction

The first breakthroughs in optical microscopy were possible because the lenses were im-
proved to form a better focus. The quality of optical components improved so far, that
it is possible to form diffraction-limited focal spots with standard optical components. A
microscope that can achieve the perfect focal spot is referred to as aberration free. How-
ever, to get a good quality image the sample itself also should not introduce aberrations.
Deviations in coverglass thickness, refractive index of the embedding medium or imaging
depth can greatly disturb the focal spot [44], leading to distortions in the wavefront, so
called aberrations. Aberrations occur because there is a difference in optical path length
(OPL) for each focused ray and this leads to reduced image contrast, brightness and loss
of resolution [45]. That aberrations can disturb the image formation is well known and has
also been a problem in astronomy in the midst of the last century, due to inhomogeneities
and turbulence in the atmosphere. The first person to correct for aberrations in his tele-
scope was Babcock in 1953 [46]. Babcock put a mirror coated with oil into the beam
path to change the OPL of the rays. Adjusting the oil surface allowed him to be able
to clear up the image. Nowadays, aberration correction is indispensable in astronomy
and the correcting elements, which are called adaptive optics (AO), are more versatile
[47]. The incoming light is reflected off an AO element and projected onto a wavefront
sensor (WF'S; often a Shack-Hartmann WFS [48]), which divides the wavefront into many
subregions with the help of a lenslet array. The ray of each subregion is focused onto a
complementary metal-oxide-semiconductor (CMOS) sensor and the positions of the focal
spots on the sensor are used to gain information about the curvature in the subregion.
By combining the information of each subregion the wavefront can be reconstructed and
the AO element can be set to correct this to a flat wavefront [49]. This is often done
in a feedback loop, since the aberrations in astronomy are dynamic [50]. In microscopy,
especially since superresolution techniques were developed, the quality of the focal spot
is of utmost importance and therefore adaptive optics have been implemented in different
configurations [51l 52], 53]. For STED microscopy, it is worth noting that the resolution
scales with the quality of the depletion beam, which is affected more by aberrations than
the excitation [54]. In Figure [1.5] it is shown why aberrations occur and how they are
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1.4 Wavefront deformations and tools for correction

corrected with adaptive optics. If the refractive index of the medium changes in the focal
path, the angle of the light changes which leads to a different position and a difference in
OPL between the different rays (not shown here). This leads to an elongated focus if the
medium is homogeneous. In Figure [I.5¢, the situation is more complex, since biological
tissue distorts the light even more. The rays of light take different paths through the sam-
ple distorting the focal spot. If the shape of the wavefront and therefore the aberrations
are known, the inverted aberrations can be transferred to the incoming wavefront by the
use of an adaptive optic element. This is shown in Fig where the sample cancels
out the aberrations given to the wavefront, to form a diffraction limited focal spot. This

a) . b) c) d)
Ir|1c0m|ng wavefront I

Objective

Focal spot

Figure 1.5: Schematics of the creation of the focal spot in different imaging settings. a)
Focusing of a flat wavefront with a high-NA objective will create a diffraction-
limited sized focal spot. b) Introducing a refractive index change (n; < ny)
leads to a spread out focus. ¢) A complex specimen is added which introduces
additional aberrations even though the incoming wavefront is flat. d) The
incoming wavefront was adjusted by an adaptive optic element and is not flat.
Focusing through the complex specimen corrects the wavefront and creates a
diffraction sized focal spot. Adapted from [51].

means that knowing the shape of aberrations makes it also possible to correct for them in
deep tissue imaging. The challenge in microscopy is, that in contrast to astronomy, it is
not trivial to measure the wavefront distortions directly. The aberrations that are added
to the wavefront in microscopy are induced by the specimen itself and extracting the in-
formation is challenging. In astronomy a small part of the incoming light is separated and
focused onto a WFS to measure the light directly. This is usually done with a guide-star,
so the light comes from a point-like emitter and the wavefront is well defined. Using a
feedback loop between the sensor and the adaptive optics, the aberrations that are present
due to the astronomical turbulence can be corrected in real-time. In microscopy there is
no real guide-star present, since fluorescent structures tend to be more complex, which
will lead to superpositions of wavefronts coming from different emitters and therefore the
wavefront might be misinterpreted. Another limitation is the low light level emitted by
the fluorophore which leads to a bad signal-to-noise ratio. Adding a guide-star into a
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1.4 Wavefront deformations and tools for correction

fluorescent sample is possible but needs injecting of a different fluorophore which makes
it impractical for many applications [55]. The difficulties of direct wavefront sensing in
microscopy means that most implementations of adaptive optics are sensorless [56]. This
means, that the image can be corrected without directly measuring the wavefront. By
selectively inducing aberrations to the system and analyzing the acquired images, the
optimal settings of the adaptive element can be found. This sequential imaging is further
explained in section [3.3

1.4.1 Effects of aberrations

It is useful to visualize what effect the single aberrations have on the PSF. In this chapter
I focus on the effect of lower order aberrations, which are astigmatism, coma, spherical
aberrations and trefoil (see Figure . Higher order aberrations are not considered in this
thesis, because they add only minor distortions to the wavefront. Further implementations
are tip, tilt and defocus which are used to position the PSF and have minor effects on the
image quality themselves, so they are not presented here. Here I simulated the effect of
aberrations of amplitude 0.5rad on excitation and STED PSFs to visualize the changes.
The visualization is done using Zernike polynomials 77", which are explained in chapter
. Astigmatism Z2 and Z,? only differ in the rotation of the main axis, which is why
I only discuss one of each here. The same is true for coma Z} and Z;' as well as trefoil
Z3 and 73 (see Table . The non-aberrated PSFEs are the reference to the aberrated
ones and they are all symmetric in space and intensity. General observations on the
PSF's are, that the maximum intensity in the excitation PSF drops beneath 80% and that
aberrations have more impact of the STED PSF. Astigmatism in an optical setup occurs,
when the focal points of the rays coming from perpendicular planes do not meet in the
same point. Astigmatism does not appear to affect the excitation PSF largely, apart from
the intensity loss (Figure [L.6b). In the STED PSF the changes are more dominant; the
intensity of the usually symmetrical donut shifts to the Y-direction and leaves less light in
the X-direction. Studies have shown, that astigmatism is the only aberration that fills the
intensity zero of the donut, also quenching the fluorescence in the center (~1% at 0.4rad,
[57]). This increase in intensity is limiting the brightness of the fluorophore and therefore
astigmatism is an aberration which needs to be corrected carefully in order to gain the
best imaging capabilities. Coma is an aberration that can be present in optical setups
if they are not well aligned, because it occurs when light is passing not perpendicular
through a lens. Then, the outer rays of the beam are not focused on the same spot and
therefore the intensity is smeared out in one direction. A small shift of the excitation PSF
can be seen as well in the XY-PSF, but it is more apparent in the STED beam (Figure
). Antonello et al. have shown, that this is not just a shift in intensity but also a
lateral shift of the intensity zero [57].

The most common specimen induced aberration is spherical aberration, which is also
usually the one with the largest amplitude when focusing deep into a sample, because it
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1.4 Wavefront deformations and tools for correction

Excitation PSFs STED PSFs

XZ YZ E XY XZ YZ
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Figure 1.6: Simulated excitation and STED PSFs of different aberrations in XY, XZ and
Y7 direction. All aberrations presented here have an amplitude of 0.5rad.
The colorbar was normalized to 1 for the unaberrated excitation PSF. For
the depletion PSFs it is normalized to 0.4, which is the maximum intensity
in the STED PSF with astigmatism. The image sizes for XY images are
1.5pumx1.5um and for X7 and YZ 2pum x3um.

appears when there is a change in the refractive index of the medium. The reason the
focal point becomes stretched is, that the rays on the optical axis are focused on a spot
closer to the objective than the rays on the outer part of the beam. This stretches the
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1.4 Wavefront deformations and tools for correction

focus in axial direction but does not drastically change the appearance in lateral direction
(Figure[L.61d). Because of the more spread out focus, the intensity of the light in the focal
plane is reduced. Another aberration is trefoil, which changes the excitation PSF to be a
slight triangular shape in XY and leads to a donut that has three intensity maxima on its
ring (Figure[L.6¢). The general observation that the biggest change in the excitation PSF
is the brightness explains why the correction of aberrations is not that crucial in confocal
microscopy. In STED microscopy the quality of the donut and its intensity are the most
important factors for a good resolution. Because aberrations do affect both factors and
astigmatism even fills the intensity zero, the aberration correction of the STED PSF is
crucial for a good image quality. Since the intensity loss in the excitation beam impacts
confocal as well as STED microscopy, the correction of both beam paths is very important.

1.4.2 Adaptive elements

There are different adaptive elements that can shape a wavefront. The most commonly
used in microscopy for aberration correction is the correction collar. A correction collar
can be found on some high NA objectives to adjust for different coverslip thicknesses or
to correct spherical aberrations when focusing deeper into a specimen [58], which makes
it a very limited tool for aberration correction. Deformable mirrors (DM) or spatial light
modulators (SLM) are often used and are more versatile tools. Deformable mirrors are
mainly used for aberration correction, while SLMs have more technological uses and are
found in many variations [59] 60]. Both elements are able to shape a wavefront by changing
the OPL of the reflected rays (see Figure [l.7). The deformable mirror consists of a
continuous reflective surface that is controlled by a number of piezo-electric actuators, that
change their height depending on the applied voltage. By pushing or pulling the connected
reflective surface, the shape of the mirror changes, which will change the wavefront of the
beam that is reflected. On the other hand the layout of liquid-crystal-on-silicon spatial
light modulators (LCOS-SLM) is a bit more complex. The SLM consists of multiple
layers that are mounted on a silicon substrate. On the silicon there is a layer of liquid
crystals, which is a matter that flows like a liquid but has molecules oriented like a crystal.
The orientation of these liquid crystals can be controlled pixel by pixel by applying an
electric field to an electrode. This orientation change leads to a change in the refractive
index that will cause a change in the OPL of the light. For this to work, the light
needs to be polarized linearly in the direction of the liquid crystal molecules, else the
light will be reflected off the silicon substrate without interaction [61]. The useful thing
about polarization dependence is, that with a HWP in front of the SLM the amount of
the beam that is going to be altered can be chosen. The drawbacks however are the
wavelength dependence and the fact, that unpolarized light (e.g. fluorescence) cannot be
corrected. This is different with the DM, since the reflective surface reflects beams of any
wavelength and polarization as well as leading to less intensity loss than the SLM. Other
differences of the two elements are, that standard commercially available SLMs can have
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1.4 Wavefront deformations and tools for correction

more than 10 million pixels (on GAEA-2 from HOLOEYE Photonics, Berlin, Germany)
while DMs usually do not have more than a couple of hundred in total. One reason for
the low number of pixels on deformable mirrors is, that the surface is not pixelated, but
connected and therefore the actuators cannot move freely and independent from each
other. This limits correction but makes the changes on the DM smoother. The pixels on
the SLM on the other hand can be changed independently of each other, which allows
it to be used as a phase mask for STED microscopy. For example the phase jump from
0 to 27 in the VPP cannot be displayed by the DM. The SLM can be used to apply a
phase plate as well as function as an adaptive optics tool at the same time [62]. The
time it takes the device to apply the change to the wavefront differs for both elements.
An LCOS-SLM can change its properties up to twenty times a second, which equals a
response time of 50ms, while a deformable mirror can react in time frames faster than

a) Deformable Mirror (DM)

N\ \

Incoming wavefront

Reflected wavefront

Reflective surface
e - ||

Actuators

b) Spatial Light Modulator (SLM)

\ \

Incoming wavefront

Reflected wavefront

Phase delay
0

Reflective surface I
Liquid Crystals 21

Figure 1.7: Sketch of wavefront shaping with adaptive optics. The reflective surface of
the DM can be controlled to reflect the incoming wavefront, introducing a
difference in the optical path length. The SLM uses a change in refractive
index to achieve this.
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1.5 Motivation

milliseconds [63]. There are different approaches to which element should be used in a
STED microscope to correct for aberrations in deep tissue. Some use just one SLM in the
depletion path, others use two SLMs for depletion and excitation path [64], while other
use both, a DM to correct excitation, depletion and fluorescence emission and an SLM
for the depletion phase mask and the more precise, independent correction of the STED
beam [65]. Furthermore, adaptive optics can be used to auto-align a STED microscope
in lateral and axial direction by applying tip, tilt and defocus to change the position of
the depletion beam [66]. It is also possible to focus motionless and keep this focus over a
long period of time to prevent sample drift [67].

1.5 Motivation

The goal of our group is to image processes in the visual cortex of the mouse brain
in vivo, which is why we need to focus light through the brain tissue. To realize the
imaging, the bone above the cortex is removed and a window is implanted in the skull
of an anesthetized mouse to be able to focus light into the brain. By using transgenic
mouse lines expressing fluorescent protein, a subset of cells such as neurons or astrocytes
are fluorescently labeled [68]. Imaging in the tissue is currently made possible by using
the correction collar of the objective, to reduce the effect of the refractive index change.
Although this allows us to correct for spherical aberrations it does not, however optimize
the aberrations that are present because of the non-isotropic tissue. Still, the correction
collar makes imaging possible with a distance of up to 40um to the coverslip in the living
mouse [69] and 120pum in organotypic brain slices [39]. The optimization of the correction
collar during the in vivo experiments takes a lot of time and is not a realistic solution
for everyday measurements, as the mouse has to be repositioned every time the collar is
turned. Therefore, there is a need for adaptive optics since it can replace the correction
collar as the adjustable unit and can correct more precisely by including the correction
of more aberrations. This will not only improve the imaging depth significantly, but will
also increase imaging speed and is more convenient to use, since the imaging area does
not change during the correction. In wvivo brain imaging of the mouse adds significant
challenges to the usage of adaptive optics, since antibodies, which are typically carrying an
organic fluorophore which makes them photostable and bright, cannot be used. Instead we
rely on the rather dark and faster bleaching fluorescent proteins (see section . This
stresses the importance of sensorless aberration correction with a low number of images.
Sensorless approaches used for STED microscopy use up to 150 images per aberration
mode (5 applied amplitudes, up to 10 averaged frames per amplitude, repeated two or
three times [65]), which is not realistic to be achieved with fluorescent proteins, because of
photobleaching. A process is needed that uses only a small number of images to correct
the most basic aberrations. The quality of the optimization is sacrificed for the speed
(fewer images) of the optimization and therefore, the conservation of the fluorescence. In
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1.5 Motivation

this thesis, I will show that 5 to 10 images per mode with my approach is sufficient to
correct for aberrations, depending on the amplitude of the aberration. To develop the
necessary optimization process and test the usability, a STED setup with a deformable
mirror was built. The deformable mirror is placed to correct all beams. I chose to optimize
the microscope for the red color spectrum, since the red light has several advantages for
in vivo imaging. The tissue absorbs less light of this wavelength range, causing less
phototoxic stress and reducing background due to the auto-fluorescence of molecules (e.g.
hemoglobin [70]). Furthermore, scattering effects are not as severe for longer wavelengths
[T, [72).
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2 3D and two-color STED microscopy

Fluorescence microscopy is an outstanding tool in research due to its ability to visual-
ize specific structures. The co-localization of two proteins can be shown by using two
spectrally separated fluorescent dyes. With convenient light microscopy co-localization
can only be detected with a resolution above ~200nm, which is the diffraction limit of
light. Proteins are much smaller than 200nm and therefore better resolution is needed to
check if the co-localization between two proteins really exists. With novel superresolution
techniques it is possible to image with a resolution below the diffraction limit and 3D
STED microscopy gives us the ability to study interactions with superresolution in all
three dimensions x,y and z. In this chapter a 3D two-color STED microscope is presented
and different applications are shown.

2.1 Setup design

This setup was designed similar to [73] for imaging two red emitting fluorophores simulta-
neously and is sketched in Figure . For STED, a pulsed laser (Katana 08 HP, OneFive
GmbH, Regensdorf, Switzerland) is used, which emits pulses with a frequency of up to
80MHz and a pulse length of 700ps at a wavelength of 775nm. By passing through a
A/2 waveplate (HWP) and a Glan-Thompson polarizing prism (Bernhard Halle Nachfl.,
Berlin, Germany) the light is linearly polarized and coupled into a polarization preserving
fiber (T2045501-01, Schéfter & Kirchhoff, Hamburg, Germany). After being collimated,
the light passes trough another HWP that controls the polarization and is reflected by a
Spatial Light Modulator unit (SLM; Abberior Instruments, Goéttingen, Germany). This
unit is the main difference to the setup build by Gottfert et al. and consists of an area
of pixels whose refractive index can be controlled individually to change the OPL of the
light (see section . By changing the refractive index, the optical path length of the
beam is altered and the phase of the reflected wavefront can be controlled. Due to the
large number of pixels and the individual controlling, complex patterns can be displayed.
The beam is reflected twice on different parts of the SLM, so that two separate patterns
can be applied. The first one being a helical phase pattern to create a 2D STED PSF
and the second one a 7 phase pattern to create a 3D STED PSF (both in Figure .
By rotating the HWP in front of the SLM, the ratio between the two phase patterns
can be adjusted. After the SLM, the beam is first expanded by a factor of two and is
then merged with the excitation beams by a dichroic mirror (DC4). All beams are re-
duced in size by a telescope to fit onto the two galvanometric mirrors (MicroMax 673XX,
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2.1 Setup design

Cambridge Technology, Bedford, MA, USA), which act as a beam scanner. The beam
is afterwards expanded to cover the aperture of the 1.4 NA objective (HCX PL APO
100x/1.40 OIL STED, Leica Microsystems, Wetzlar, Germany). To ensure an intensity
zero in the center of the donut shaped beam, a A/4 waveplate (QWP) is placed in front
of the objective, in the inverted microscopy stand (DMi8, Leica Microsystems), creating
circular polarization. The objective is moved with a Z-scanning piezo (MIPOS 100PL,
piezosystem jena, Jena, Germany) to align the focal plane in axial direction.
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Figure 2.1: Outline of the two-color STED microscope. The pulsed STED laser is reflected
onto the SLM and merged with the excitations via a dichroic mirror. All beams
are aligned for confocal excitation and detection. The beam is scanned over
the sample in the focal plane, while a piezo is moving the objective to scan
in the axial direction. The STED donut is visualized by imaging gold beads
(150nm gold nanoparticles, BBI Solutions, Crumlin, UK) and detecting the
reflection with a PMT. The excitations are also overlaid using this method.

Both excitations (I and II) originate from a Ti:Sa laser (MaiTai; Spectra-Physics,
Darmstadt, Germany) which is pulsed at ~80MHz with a pulse length of below 100fs.
From this laser source, white light is generated by passing the light through a supercon-
tinuum device (FemtoWHITES800, NKT photonics, Birkersd, Denmark). The beam is
splitted into two by a 50/50 beam splitter. Two bandpass filters (586/20 Bright Line
HC, Semrock, Rochester, NY and 650/13 Bright Line HC, Semrock) are used to generate
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2.1 Setup design

two different excitation beams (Exciataion I and II) from the same laser. Acousto-optic
modulators (AOM; MT80, AA Opto-electronics, Orsay, France) in each beam path are
used to switch the beams on and off within a time frame of 200ns (not shown in Figure
. They are also used to control the intensity. Afterwards the beams are each focused
into a 10m long single mode optical fiber (T2045781-01, OZ Optics) to clean up the beam
profiles and stretch the spulses. The light is parallelized after the fiber and the beams
are combined by two dichroic mirrors (DC1: zt 594 rdc, Chroma, Bellows Falls, VT and
DC3: HC BS 622, Semrock). Two other dichroic mirrors (DC2: zt633 rde, Chroma, DC4:
T750SPXRXT, Chroma) are used to separate the descanned fluorescence emission in two
spectrally separated detection channels.

The detection belonging to excitation I is cleaned up with a 620/14 Bright Line HC
detection filter (DF1; Semrock) and called detection I form now on. The whole path of
excitation I and detection I will be called channel I. Accordingly channel II is the path of
excitation II and detection II which is cleaned up by the 692/40 Bright Line HC detection
filter (DF2; Semrock). After passing the detection filters, the fluorescence is each focused
into a 50um multi mode fiber (M42201, OZ Optics) which acts as a confocal pinhole (& 1
Airy disc) for the attached avalanche photo diode detectors (APD; SPCM-AQRH-12-TR,
Excelitas, Waltham, MA, USA). To adjust and align the PSFs the reflected light of gold
beads is detected with a photo multiplier tube (PMT; H10723, Hamamatsu, Bridgewater,
NJ, USA). For efficient depletion of the fluorescence, the excitation and STED pulses need
to be aligned in space and time. The depletion has to happen right after the fluorophore
is excited, but before it can emit spontaneously. If the depletion happens too early it will
be inefficient as the fluorophore is still excited by the excitation beam. If it happens to
late, some of the excited electrons have already emitted photons and the depletion will
also be inefficient. A TTL signal of the MaiTai is used to trigger the STED laser which is
delayed by a custom build delay electronics box to adjust the timing between the pulses.
The phase delay is adjusted electronically for excitation I and the excitation II beam is
synchronized with the first excitation pulse by an optical delay line. To ensure a good
spatial co-localization a single STED beam is used to deplete both excitations. Even if
the two excitation beams are not aligned perfectly, the zero intensity center of the STED
donut will always ensure the co-localization in the STED image.

The excitation and detection bandwidth as well as the spectra of Alexa Fluor 594
(Thermo Fischer Scientific, Darmstadt, Germany) and STAR RED (Abberior, Gottingen,
Germany) are presented in Figure . Alexa Fluor 594 peaks at 590nm and is excited
by the MaiTai in the range between 576nm and 596nm, due to the use of the bandpass
filter. The emission maximum of Alexa Fluor 594 is at 617nm, which is the range of the
detection filter (613nm to 627nm). STAR RED has its excitation maximum at 634nm
which is slightly outside of the excitation bandpass filter of 643nm to 657nm. The emission
maximum of STAR RED is at 655nm and therefore outside of the detection, which ranges
from 672nm to 712nm. As can be seen in Figure 2.1 the 586nm excitation (Detection
I) will also excite STAR RED to a small degree, but this can be neglected as explained
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Figure 2.2: Spectra of the dyes and fluorescent filters. In blue, the bandpass filters for
excitation I (586/20nm) and detection I (620/14nm) are shown. The corre-
sponding dotted green line and full green line indicate the excitation an emis-
sion spectrum of Alexa Fluor 594. Shown in red are excitation II (650/13nm)
and detection II (692/40nm). The black dotted line indicates the excitation
spectrum of the dye STAR RED, while the full black line shows its emission
spectrum. The STED laser emits at a wavelength of 775nm, where both dyes

are fluorescent.

in section Detection IT (around 692nm) overlaps with the emission of both dyes,
so the detector will collect fluorescence of both dyes. The separation of both channels
still works, because the detection is separated in time (further see Section [2.2.2). It is

important that both dyes emit at the STED wavelength 775nm, so that the STED beam
can deplete the excitations of both dyes.

2.2 Setup characteristics

2.2.1 Resolution
A superresolution microscope is able to resolve structures below the diffraction limit. The
resolution is defined as the minimal distance at which two objects can still be separated.

As this would require artificial samples of certain patterns, I prefer to estimate the reso-
lution in the biological sample by measuring the full width at half maximum (FWHM) of
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Figure 2.3: XZ-Scans of 40nm fluorescent beads with different depletion settings. a) Scan
with the 2D-PSF, b) with a combination (65% Intensity of the 2D-STED PSF
and 35% intensity of the 3D-STED PSF). ¢) Scan with the 3D-STED PSF.
The effective PSFs have different sizes in lateral (x) and axial (z) direction.
In d) the line profiles (width of three pixels) in lateral direction are plotted.
The FWHMs are given for all three PSFs. In e) the line profiles are taken in

axial direction. Scalebar: 200nm

the smallest point like structures that can be seen, presumably single antibodies. This has

been done on the sample presented in Figure on various images. Averaging 16 point
like structures gives a FWHM for Alexa Fluor 594 of approximately 54nm and a FWHM
for STAR RED of approximately 39nm at a STED power of 260mW in the aperture of
the objective. The point like structures that were analyzed are shown in Figure The
3D resolution, so the effect of the m phase plate (PPP), was tested on a 40nm fluorescent
bead that was imaged in the axial direction with channel II (650nm excitation, 692nm

22



2.3 STED imaging in neuroscience

detection). Figure shows STED images of a 40nm bead in the XZ-plane. The images
were acquired with a pixel size of 15nm in X-direction and 30nm in Z-direction and 50us
pixel dwell time. The laser powers were ~10uW for the excitation and 260mW for the
STED laser.

Imaging with the VPP results in a long thin rod in axial direction (Figure ) with
a lateral FWHM of 55nm (Figure 2.3d) and an axial FWHM of 561nm (Figure [2.3p).
Imaging with the PPP (Figure[2.3¢), the axial FWHM improves to 101nm and the lateral
FWHM to 135nm (Figure 2.3d+e¢). Taking 65% of the intensity of the VPP and 35%
intensity of the PPP creates a mixed depletion donut which results in a short rod in
axial direction in the STED image [62]. This rod has a lateral FWHM of 76nm (Figure
2.3) and an axial FWHM of 145nm (Figure [2.3k) which makes it a better option to
image stacks with 3D resolution. By losing image quality in the lateral direction (55nm
to 75nm) the resolution in the axial direction can be improved nearly fourfold (561nm to
145nm). Hence, I can image with superresolution in all three dimensions.

2.2.2 Crosstalk

I use a two-color STED microscopy that is operated with just one depletion beam, to
ensure the co-localization of both colors in the STED image. Since the stimulated emission
cross section is dependent on the wavelength, the two used dyes need to be fluorescent at
the depletion wavelength. This also means that the spectra of the dyes are overlapping
and therefore are not easy to separate. If just one detector would be used, I could not
separate the signal from each other directly, which is why I use two detectors. The imaging
is done by scanning each line of the image twice, once with the excitation I and then with
the excitation II. When the first excitation is used, only the signal from the respective
detector is counted. When the line is scanned with excitation II, detector II collects the
fluorescent signal. This will separate the fluorescence of the dyes Alexa Fluor 594 and
STAR RED in time, even though their spectra are close together (Figure . Images of
the crosstalk can be seen in Figure Here two single color stainings are imaged with
the same excitation power that is used for the two-color image shown in Figure 2.6] It
is clear that the crosstalk is below 5% and is thereby negligible; no further analysis was
done.

2.3 STED imaging in neuroscience

The described 3D two-color STED microscope was successfully used in several colaboration.
We imaged fixed neurons and nerve cells and even performed live cell STED microscopy.
The following images were taken as results of some of the colaborations, so the preparation
was done by the people mentioned.
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2.3 STED imaging in neuroscience

2.3.1 2D two-color STED microscopy of a sciatic nerve

Nerve structure, composition and conduction velocities are commonly studied properties
in regard to an investigation of a potential dysfunction of the peripheral nervous system.
The sciatic nerve is the strongest and longest nerve in the human body as well as in
mice, which is used as a model system, and has been examined for decades. It consists

Confocal
STED

Figure 2.4: Confocal image with STED inset from a sciatic nerve cross section. MBP is
shown in magenta (STAR RED) and TM9 is shown in green (Dylight 594).
Sample preparation by Meike Hiitte. Scalebar: 500nm

of nerve fibers, so called axons, which are enwrapped by myelin sheaths. This nerve
insulation by myelin sheath is important, because electrical stimuli can be propagated
significantly faster. The main component of myelin is the myelin basic protein (MBP)
[74]. Superresolution microscopy can help to study this structure further and in greater
detail, due to the examination of co-localization between important proteins like MBP
and others. The sample shown in Figure has been prepared by Meike Hiitte (Group
of Dr. Manuela Schmidt, MPI of experimental medicine, Gottingen). In brief, sciatic
nerves were dissected from legs of mice and embedded in paraffin. Afterwards, 5um cross
sections were produced with a microtome followed by mounting on slides. In Figure
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2.3 STED imaging in neuroscience

the protein TMO is labeled with STAR RED (shown in magenta; Abberior), whereas MBP
is stained with Dylight 594 (shown in green; Thermo Fisher Scientific). TM9 is expressed
in the axon and MBP is localized in the surrounding myelin sheath. The images were
acquired with a pixel size of 20nm and 20us pixel dwell time. The laser powers in the
confocal image were ~8uW for excitation I and ~14uW for excitation II. In the STED
image the powers were set to ~15uW for excitation I and ~30uW for excitation IT as well
as 260mW for the STED laser.

2.3.2 2D live cell STED microscopy of neuronal actin

A big breakthrough in the field of fluorescence microscopy was the discovery of the green
fluorescent protein (GFP) from the jellyfish Aequorea victorea (GFP, see [75]). The dis-
covery and development of this protein was groundbreaking and was awarded with the
Nobel Prize in Chemistry in 2008. This protein naturally acts as a fluorophore, which
makes a fluorescent label redundant. Due to its bright green illumination it is often used
as a genetically encoded fusion protein to highlight various proteins or structures. Since
the discovery of GFP in the early 1960s, numerous other fluorescent proteins have been
discovered or existing ones modified, to broaden the color range from green to blue/cyan
(CFP), yellow (YFP), and red (RFP). Red fluorescent proteins, like mNeptune2 are es-
pecially important for in vivo imaging because they have several advantages compared to
GFP/YFP: The red-shifted excitation light is less absorbed by the tissue which leads to
less phototoxicity and tissue autofluorescence of e.g. hemoglobin is reduced, compared to
excitation with shorter wavelengths [70]. Furthermore longer wavelengths scatter less in
the tissue than shorter ones, which makes them more suitable for in vivo imaging [71]. To
find a suitable red fluorescent protein for in vivo imaging, we first tested these proteins
in live cell microscopy. To do so, rat primary hippocampal neuronal cell culture of PO-P1
Wistar rats of both sexes have been transduced at 11 days in vitro with adeno-associated
viral particles that carried the sequence of Lifeact, an F-actin label fused to mNeputne2,
under the human Synapsinl promoter. After a period of 11 days, transduced neurons
were live imaged to investigate the labeled F-actin structure. To image these samples,
the setup described above was altered by changing the bandpass filter of detection II to
a 708/75nm Brightline (Semrock) filter. After illuminating the sample with excitation I,
the signal of both channels was summed up to collect most of the emitted light. This was
done because of the broad emission spectrum of mNeptune2, spannig over both detection
channels [77]. The image shown in Figure [2.5|shows a bright dendrite with spines, nicely
labeled with the red fluorescent protein mNeptune2. The images were acquired with a
pixel size of 30nm and 25us pixel dwell time. The laser powers were ~2,6uW for the
excitation and 117mW for the STED laser. The expression of Lifeact-mNeptune2 did not
induce any cytotoxic effects [76]. STED imaging revealed actin filaments with an average
83nm FWHM (average of 85, 87 ,86 and 74nm measured positions indicated in Figure
. Further imaging showed, that the illumination light does not induced phototoxic
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Figure 2.5: STED image of an alive cultured neuron expressing Lifeact, an F-actin label
fused to mNeptune2. a) A labeled dendrite with spines can be seen. The green
arrow marks the position where the lineprofile (width of three pixels) is taken.
b) The lineprofile is plotted with a fitted Lorentzian function which shows a
FWHM of 85nm. The white arrows indicate positions where the FWHM were
86nm, 87nm and 74nm. Image a) adapted from [76]. Scalebar: 2um. Sample
preparation by Waja Wegner.

effects, moreover repeated imaging did not change the morphology. This construct was
further used for in vivo STED microscopy in our lab [76].

2.3.3 2D two-color STED microscopy of fixed cultured cells

Brain function is controlled by synapses, which are the fundamental information process-
ing units within the neuronal circuit. On the post-synaptic side of the synapse, we find
the Post-Synaptic Density protein 95 (PSD95), a scaffold protein essential for the glu-
tamatergic transmission, synaptic plasticity and long-term potentiation (LTP) [78] [79)].
PSD95 stabilizes the post-synaptic ionotropic receptors in the synapse, therefore increas-
ing synaptic strength. On the pre-synaptic part of the synapse, Bassoon is a very large
scaffold protein assembled at the active zone, where the neurotransmitters are released to
induce the glutamatergic transmission and LTP. To observe the substructure of PSD95
opposite to the active zone after the induction of LTP, we performed an immunostaining
of PSD95 and Bassoon on neuronal cells cultured of the hippocampus after a chemical
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Figure 2.6: Confocal a) and STED image c¢) of the hippocampal brain cells of a rat with
Bassoon colored in magenta and PSD95 in green (raw data). The antibody
staining was done with STAR RED for Bassoon and Alexa Fluor 594 for
PSD95. The two white arrows indicate where the lineprofiles (width of five
pixel) were taken that are plotted in b) and d) respectively. Scalebar: 500nm.
Sample preparation by Valérie Clavet-Fournier.

LTP stimulation. We used neuronal cells cultured of 20 days age and fixed them before
incubating them with the primary antibodies. The primary antibody against PSD95 (75-
028, Neuromab) is used in a dilution of 1/300. The antibody against Bassoon (141013,
Synaptic System) is used in a dilution of 1/500. The cells are then incubated with the
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2.3 STED imaging in neuroscience

secondary antibodies overnight. PSD95 is labeled with Alexa Fluor 594 (shown in green,
Thermo Scientific) and Bassoon with STAR RED (shown in magenta, Abberior). The
cells are mounted on slides to observe the co-localization of these synaptic proteins with
superresolution. Figure shows the confocal and STED image of the same area. The
images were acquired with a pixel size of 20nm and 20us pixel dwell time. The laser
powers were ~7uW for excitation I and ~13uW for excitation II. The STED power was
260mW in the back aperture of the objective. The better resolution of the STED image
is clearly visible. The white arrows indicate where the lineprofiles b) and d) were taken.
These were averaged over a width of five pixels. In the confocal lineprofile two large spots
can be identified which are in close proximity to each other. The STED lineprofile shows
that there are in fact two spots of Bassoon colored with STAR RED and one spot of
PSD95 colored Alexa Fluor 594 which is clearly located in between (Figure [2.6]). This is
an example in which the proteins are well separated which is not visible in the confocal
image. The work was done in collaboration with Valérie Clavet-Fournier of our group.

2.3.4 3D STED of the synaptic protein PSD95

Besides the co-localization of proteins, features like the shape of a structure can also
be studied using STED microscopy in more detail. Since these structures are typically
three dimensional they appear to have different shapes in a 2D cut, depending on their
orientation. Therefore it is necessary to use a three dimensional approach to visualize
the structures in cells and tissue. This can be done using the presented setup and is
here shown on the structure of PSD95 assemblies. Electron microscopy showed that the
PSDO95 appears as an approximately circular disc of 180nm to 750nm in diameter [80].
The substructure is below the diffraction limit what makes superresolution necessary to
observe the structure in greater detail. It has further been observed, that the PSD95
is highly dynamic and appears in different shapes, like macular (homogeneous without
interruption) or perforated [8I]. To observe this, we stained the Post-Synaptic Density
protein 95 with STAR RED in cultured cells. The preparation was similar to the one
explained in section except for the different secondary antibody. To create a 3D
reconstruction, the object has to be imaged in all three dimensions which is done by taking
a stack of images over the length of one micrometer. The images were then smoothed
and processed with the Fiji function ”3D project” [82]. The program interpolates the
space between the images and reconstructs the three dimensional object (see Figure .
A STED as well as a confocal stack were taken with the same imaging parameters. A
STED power of 260mW in the aperture was used, with 65% as 2D STED PSF and 35%
as 3D STED PSF (see Figure . The superresolution makes it possible to see a gap in
the structure, which is not visible in the confocal image and is only visible at a certain
angle. The gap can only be seen in 2D STED if the orientation of the PSD95 assembly is
right. In 3D superresolution it is always visible. The images were acquired with a pixel
size of 20nm in lateral direction and 50nm in axial direction and 50us pixel dwell time.
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2.3 STED imaging in neuroscience

The laser powers were ~15uW for excitation and 260mW for STED. The work was done

in collaboration with Valérie Clavet-Fournier of our group.

90° 180°

STED

Confocal

100%

Figure 2.7: 3D STED and 3D confocal reconstruction of a PSD95 assembly. The recon-
struction is shown in 3 different angles, rotated around the Y-direction. The
images at 0° and 180° are of size 1.5pumx1.5pum and the images at 90° are of
size 1.5pmx1pm.
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3 Adaptive optics

Aberrations are a big concern in deep tissue imaging, especially when superresolution
microscopy is applied. The refractive index in tissue is not isotropical because of the
composition of lipid membranes, organelles and cytosol which all have different refractive
indices and therefore introduce distortions to the focus that need to be corrected. Due to
the complex structure it is logical, that I cannot assume that the aberrations are equal
over the whole sample. This means it is not possible to apply pre-known corrections in
a distinct depth but I need to correct aberrations on the spot to be able to image with
superresolution microscopy. Since fluorescent samples are prone to photobleaching and
laser light can induce phototoxcitiy in biological samples the number of images taken needs
to be reduced to a minimum [83]. In this chapter a STED microscope with a deformable
mirror as adaptive element is presented and the improvement of imaging conditions of
superresolution microscopy deep into tissue is shown.

3.1 Zernike polynomials

In this thesis wavefronts will be described by Zernike polynomials, which were first de-
scribed by F.Zernike in 1934 [84] and are since then used for adaptive optics [85]. They
are orthogonal over the unit circle and the coefficients for single aberrations do not change
if additional modes are calculated, which makes them independent. To describe them,
polar coordinates are used which are defined as follows:

r = ya24+y? with 0<r<1 (3.1)

i

f = —— (3.2)

The wavefront W is a sum of single Zernike polynomials Z (also called Zernike modes),
with their amplitudes A.

W(r,0) =Y Arzp(r.6), (3.3)

where n € N is the radial degree of the Zernike polynomial and m € Z is the azimuthal
degree. The Zernike modes Z are divided into even and odd by differentiating between
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3.1 Zernike polynomials

positive and negative value of the azimuthal degree m:
even  Z"(r,0) = R -rcos(mb) ifm>0
odd  Z"™(r,0) = R]"-rsin(m0) ifm<0 (3.4)
The radial function R"(r) is described as follows:
(n—m)/2

Rim = 3 1) (n — L) 2! (3.5)

1=0 '[%(n+m)—l}![%(n—m)—l]!

The modes are normalized to R"(1) = 1 which was introduced by Noll in 1975 [86]
to set the root means square (RMS) for every aberration to one, if the amplitude is one.
Noll also connected the equations to corresponding names of classical aberrations. These
and the normalized equations of the lower order polynomials are shown in Table and
are visualized in Figure 3.1}

maX

Radial degree n

min

-3 -2 -1 0 1 2 3

Azimuthal degree m

Figure 3.1: A selection of Zernike polynomials. They are ordered by their radial degree
n and their azimuthal degree m as well as having their mode Z)" written in
their lower right corner.
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3.2 Setup design

Index | n | m | Normalized equation Name of aberration

A 0] 01 piston

VA 1| 1|2 -rcos(f) tip

Z7' |1 |-1]2-rsin(6) tilt

75 21 0] v3-(2r2—1) focus

73 2| 2| V6-r%cos(20) astigmatism at 0°

Zy% | 2]-2|6-7%sin(20) astigmatism at 45°

A 3] 1|8 (3r2 —2)rcos(d) coma at 0°

73t 31 -1]+v8-(3r —2)rsin(9) coma at 45°

VA 3] 3| v8-r?cos(30) trefoil at 0°

Zz% |3 |-3|v/8-r3sin(30) trefoil at 45°

75 41 0[5 (6r* —6r2+1) 3rd order spherical

72 41 2|10 (4r* — 3)r?cos(26) 5th order astigmatism at 0°
7% |4 -2 V10 (472 — 3)r?sin(20) 5th order astigmatism at 45°
VA 5| 1|12 (10r* — 12r% 4 3)rcos(f) | 5th order coma at 0°

75t | 5] -1 | V12 (10r* — 12r% 4 3)rsin(f) | 5th order coma at 45°

72 6| 0|7 (20r%—30r* +12r2 — 1) | 5rd order spherical

Table 3.1: The first Zernike polynomials Z" and the associated name of the aberration.
The first factor of the given equation is the normalization.

3.2 Setup design

A STED setup was built to test the capabilities of a DM and to develop and test a routine
to optimize the imaging quality automatically. I decided to use a stage scanning setup
to simplify the optical path for the initial phase. The outline of the setup is shown in
Figure The STED beam is coming from the same laser used in the two-color setup
described in section 2.1} After being parallelized, the light passes the vortex phase plate
(VPP; VPP-1a, RPC Photonics, Rochester, NY, USA) to apply a helical phase delay of 2.
Afterwards the beam is expanded by a telescope to fit onto the 15mm diameter deformable
mirror and is reflected off the dichroic mirror (DC1, z780sprced, Chroma). The size of the
beam is reduced by another telescope, to fit into the aperture of the 1.3 NA glycerol
objective (HCX PL APO 63x/1.30 GLYC corr 37°, Leica). Before the light is focused by
the objective, it passes a QWP to ensure the circular polarization that is needed for the
donut shape. For the excitation, the output of the fiber of the second channel of the two-
color setup is used, so again white light with a 650/13 fluorescence filter. The excitation
is reflected by DC2 (zt633rdc, Chroma) and is also centered onto the DM. Being aligned
on top of the STED beam it takes the same path, is reflected off the deformable mirror,
gets its diameter reduced and is thereafter focused onto the sample. The epi-fluorescence
is taking this exact path back to the DM, passes both dichroic mirrors and is cleaned up
spectrally by a filter (708/75 Bright Line HC, Semrock). The fluorescence is focused into
a b0um multi mode fiber that acts as a confocal pinhole of the size of one Airy, where
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WE Legend
Exc
@ Optical fiber

Lens

/
\ Mirror
E NC Dichroic mirror
. pellicle
PMT Photo mulitplier tube

APD Avalanche photo diode

STED VPP Vortex phase plate
775nm
QWP Quarter wave plate
DM Deformable Mirror
DF Detection filter

o Wavefront sensor
Excitation WFS

WF Exc Widefield Excitaton

APD

Excitation 650/13nm
Detection 692/40nm

Figure 3.2: Outline of the adaptive optics setup. The 775nm STED laser passes a vortex
phase plate (VPP) and is then enlarged to match the area of the deformable
mirror (DM). Then it is merged with the excitation (wavelength 653nm -
657nm) via a dichroic mirror (DC1) and both are reflected by the DM. The
beam diameter is reduced to fit into the glycerol objective. The quarter wave
plate (QWP) is required in combination with the VPP to form the donut.
The scanning stage moves the sample in all three directions. The emission
is separated from the excitation with DC2 and detected by a fiber coupled
avalanche photo diode (APD). A 650nm laser diode is used as a wide field
excitation (WF Exc) and a camera with a detection filter (FF) will detect the
emission. A photo multiplier tube (PMT) is used to adjust the setup. The
wave front sensor (WFS) is used to calibrate the DM.

photons are counted with an avalanche photo diode (SPCM-AQRH-12-TR, Excelitas).
The sample is moved by a three dimensional scanning stage (NanoMax 300, Thorlabs,
Newton, NJ, USA) which is controlled by a piezo controller (BPC 303, Thorlabs). Not
having a microscope stand requires a home built wide field fluorescence detection and
excitation which is accomplished by using a 635nm laser diode (LDM635/5LJ, Roithner
Laser, Vienna, Austria) as wide field excitation, which is focused into the back-aperture of
the objective by the lens in front of the objective. The epi-fluorescence is detected with a
simple USB widefield camera (DMK 22AUCO03, The Imaging Source, Bremen, Germany)
with a fluorescence filter (692/40 Bright Line HC, Semrock) in front. As for the two-color
setup a PMT (H10723, Hamamatsu) was used to align the beams and check the shape
of the STED donut, by detecting the reflected light of 100nm gold beads. The wavefront
sensor (WFS) is only used for the calibration of the deformable mirror and cannot be
used during the experiments. It is important, that the DM, WFS and back aperture of
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the objective are all in conjugate planes to each other. This is achieved through the lens
system that also optimizes the beam diameters.

3.2.1 The deformable mirror

The deformable mirror used here (DM; mirao 52e, Imagine Optic, Orsay, France) has 52
piezo actuators that cover a pupil of 15mm diameter. The surface is coated with silver and
therefore all wavelengths and polarizations are reflected. This is important because three
beams are reflected by it. The first being the linear polarized STED beam at 775nm, the
second the excitation beam at 650nm. The unpolarized epi-fluorescence light which has a
wavelength ranging from 670nm to 710nm is also reflected by the DM while traveling to the
detection. I assume that dispersion is negligible in biological samples, which means that
the optical path length is the same for all wavelengths traveling through the same path.
Therefore, the epi-fluorescence needs to be corrected as well, because it passes through the
same material as the other two beams and is therefore aberrated. Since the beam needs to
be focused into the detection pinhole, aberrations would lead to an imperfect focus and a
non-optimal confocal detection. To calibrate the DM a Shack-Hartmann wave front sensor
(HASO 3-32, Imagine Optic) is used. The sensor consists of an array of 1280 lenses, which
each focuses a small part of the incoming light on a CMOS sensor. This leads to 1280
focal spots on the sensor. The positions of the spots depend on the local phase gradient in
the corresponding part of the light. By analyzing the positions the wavefront shape can
be reconstructed [87]. Because the wavefront is a sum of independent Zernike polynomials
the program can also reconstruct which aberration is present to which extend. The overall
divergence of the wavefront from a flat surface is called the RMS error. To calibrate the
deformable mirror and have a first estimation of a flat wavefront a silver mirror is put
onto the scanning stage and brought to focus. The excitation beam is turned on, reflected
off the DM and onto the silver mirror. There it gets reflected onto the WFS and the
wavefront can be measured. A routine that is implemented into the Casao software is
started, which applies -0,2V and 0,2V to it. For each of these measurements the wavefront
change is recorded and an interaction matrix is calculated which couples the movement of
each actuator to the wavefront change. By inverting the interaction matrix and combining
certain elements the program then calculates which actuators to move to apply a certain
aberration. These informations are saved in a control matrix and stored for later use.
A first instrument flat is calculated by using a feedback loop between the DM and the
WFEFS. Therefore, the measured wavefront is divided into the single aberration modes and
the inverted aberrations are applied. This is repeated till the overall RMS error does not
improve anymore.
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3.3 Wavefront optimization

3.2.2 Correcting the PSF movements from aberration modes

Even though the modes are independent from each other, they exhibit a translational
movement which complicates the optimization. This is problematic especially when the
field of view changes in a measurement. Movements of the PSF are expressed by the
aberrations of tip and tilt in the lateral direction and defocus axially. First, the amplitude
of tip and tilt is correlated with the displacement measured on gold beads. The two-
dimensional shifts for astigmatism and coma can be corrected by applying tip and tilt
respectively, in addition to the original mode. Hence, the PSF does not move if the
aberration is changed. Axial shift is corrected similarly by adding defocus, which is
required for spherical aberration. The approach used here is similar to those shown in
[88,189]. The factors for tip, tilt and defocus are always applied to the DM when controlling
the aberrations with the Python script and whenever aberrations are mentioned they
always refer to these corrected modes.

3.3 Wavefront optimization

Due to the difficulty of measuring the aberrations of a sample directly, I choose a sensorless
approach to optimize the wavefront. This means, that different amplitudes of aberrations
are introduced to the image in order to find the best imaging conditions. For this purpose
an image metric is needed, by which the images are rated in respect to each other. This
metric is either maximal or minimal when no aberrations are present and is used to
describe the quality of the image. 1 apply different amplitudes of one aberration to the
DM, take images and calculate the metric of each amplitude. If I now know how the
metric evolves (e.g. quadratic dependence) I can estimate the amplitude for the best
image [90]. If this is done with every aberration, the optimal settings of the DM can
be found by sequential imaging and without the direct measurement of the wavefront.
Different metrics have been used in the past, but since none of these satisfy my needs, I
introduce a new one.

3.3.1 Different optimization metrics

The metrics that are often used are total image brightness, so the sum of all of pixels of an
image, which is as a metric equivalent to the mean value of the pixels [91]. Another metric
is the quadratic metric, where the intensities of each pixel are squared and then summed
up [56]. Another parameter that can be used to determine the quality of an image is the
sharpness. Different approaches to measure the sharpness of the image have been used,
e.g. edge, gradient or frequency based measures [92], 93]. It has also been tried to combine
these metrics to form a more robust optimization [64]. Unfortunately all of these metrics
have drawbacks. The total image brightness has the drawback that background can
disturb the optimization, as background is treated equal to signal. The same holds true
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for the square of the pixel intensities, yet the background is reduced due to the fact that
the brighter pixels are contributing more. A good signal-to-noise ratio is needed for the
image sharpness, since background tends to be sharper than the specimen and therefore
being misleading. The metrics have a broad maximum, with the sharpness showing the
broadest curve and the quadratic sum of the intensities having the steepest maximum
[64]. Having a broad metric means, that its value only changes for severe aberrations and
stays nearly constant around the maximum. This means that the single measurements of
the metric need to be very precise in order to reliably find the optimal amplitude for the
aberration or that large aberrations have to be applied to even see a change in the metric.
If the error of a single measurement is larger than the change due to a different metric,
many measurements for each amplitude have to be done to have a reliable average. I want
to avoid this, by introducing a new metric. The goal of this new metric is to find the
optimal amplitude with the fewest images possible. Minimizing the number of images has
advantages as being faster, reducing the effect of possible drift of the sample and of course
minimizing photo bleaching and phototoxicity in live measurements. The last one being
the most important, when imaging fluorescent proteins in vivo. Metrics that have a broad
maximum are not well suited, because more images of the same amplitude are needed to
get a reliable result. If the total image brightness is used, up to 150 images are necessary
to reliably determine the value of one aberration [65]. This renders the use of adaptive
optics really difficult or even impossible in the living mouse, when fluorescent proteins
are used. The preferred metric has a sharp optimum, so noise in a single measurement is
less disturbing and therefore the measurements will be more reliable.

3.3.2 Introducing the 5%-metric

I propose to only sum up the brightest 5% of the pixels and use this sum as my metric.
The quality of this was analyzed with the following measurement. I imaged the same
bead and analyzed the total sum of all pixels as well as the sum of the 5% brightest
pixels with differing amplitudes of astigmatism (Z3, Figure . Here the same gold
bead has been imaged with differing amplitudes of astigmatism (Z3). It can be seen that
the sum of all pixels only drops down to about 70% of the aberration free brightness for
severe aberrations of 2rad. The brightness does not change noticeably till the amplitudes
reaches values over 0,5rad from the optimum, even though the aberration can be clearly
seen in the images and the STED donut will be severely distorted (see Figure . In
this part of the curve deviations are visible, because the error from noise is overtaking
the actual change in intensity due to the amplitude change. This means, that one image
is not enough to reliably determine the brightness and many measurements have to be
averaged. For the 5%-metric it is different: the graph is steeper around the maximum
and the brightness reduces to around 40% for severe aberration. The amplitude change
has a bigger impact on the intensity, so the error does not effect the curve as much as
before. This means, that single measurements are more reliable, also in the center region.
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Figure 3.3: Visualization of the new metric. Images of the same gold bead are acquired
with different amplitudes of astigmatism (Z2). The normalized value of the
metric is plotted against the amplitude of the aberration. The bottom images
show the beads acquired with the marked aberration amplitude. The standard
metric, the total sum of all pixels, is shown with magenta boxes and the new
metric, the sum of only the brightest 5% of pixels is shown with green dots.

3.3.3 Optimization algorithm

As described before, the goal of the new metric is to minimize the number of images and
calculate the optimum amplitude for each mode. First, an aberration that is going to be
corrected is chosen and the range of amplitudes is set. I typically used five amplitudes
ranging from -0.5rad to 0.5rad. With each of the amplitudes an image is acquired and a
metric is calculated. From the measurements the optimized amplitude of the aberration
is determined. This calculated value is then set to the adaptive element and the next
aberration is corrected. This procedure is repeated for all chosen Zernike modes. Since
my goal is to minimize the number of images, the number of aberration modes that are
corrected have to be minimized as well. It is therefore important to choose only the
aberrations that will have the most impact on the image. These are spherical aberration,
astigmatism and coma. Tip, tilt and defocus only position the PSF in all the three
dimension and do not heavily change the shape of the focal spot. They will therefore not
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be corrected. Trefoil and the second order of aberrations are not corrected, because for
my purpose reducing the number of images is of highest importance.

3.3.4 Aberration correction

To visualize the effect of aberrations (similar to Figure the simulated PSF's of selected
aberration modes are shown in Figure 3.4 STED PSF's, excitation PSFs as well as the
effective PSF's are shown. The amplitude for each aberration is set to 0,5rad and the color
scheme is normalized for each image. Since some of the effects of aberrations were already
described in section , I mainly focus on the effective PSFs here. Astigmatism 732 and
Z5? only differ in the rotation of the main axis and therefore I discuss only one mode here.
The same holds true for coma Z3 and Z3* (see Table. Inhomogeneities in the intensity
of the STED donut, with higher and lower intensities, results in an increased or decreased
depletion respectively, resulting in non-symmetrical effective PSFs for astigmatism and
coma. These two are also the aberrations with the most severe changes in the FWHM. The
effective PSF for astigmatism changes from a uniform FWHM of 77nm in the unaberrated
case (a) to 71nm and 133nm respectively in the aberrated case (b). Apart from this change
in resolution the intensity drops by nearly 70% which happens because the intensity zero
is filled with depletion intensity (see section [L.4.1)). This is a dramatic loss of intensity in
the effective PSF, even though the zero is only filled by approximately 1% of the maximum
intensity. The reason for this is that the stimulated emission is non-linear and has a big
effect, even for lower intensities (Figure [1.3). For coma (Figure [3.4k) the difference in
the resolution is not as severe and it increases to 86nm in X- and 95nm in Y-direction.
The intensity drop by 25% is mostly explained by the drop of intensity by the excitation
beam alone and is not just an effect of the aberrated STED beam (Figure . The
spherical aberration (d) only elongates the focus without disturbing the symmetry in
lateral direction. Due to the elongation, the excitation as well as the STED beam loose
intensity in the focal plane, which leads to a loss of intensity and a larger FWHM in
the effective image. The effect of the aberrations on the effective PSF shows, that these
aberrations need to be corrected. Since the aberrations are independent from each other
and are corrected one after the other, the sequence should not play a role. However,
the aberration which is present with the highest amplitude should be corrected first, to
increase the signal to noise ratio of the other aberrations. Spherical aberration is usually
the most dominant aberration, because of the refractive index mismatch that is always
severe deep in a sample and will therefore be corrected first. For the other aberrations
there is no clear difference, but astigmatism was chosen to be corrected before coma.
After the sequence of aberrations is now set, the number of amplitudes which are applied
need to be determined as well as the values of amplitudes and the fitting procedure. I
want to apply small values from -0,5rad to 0,5rad to test the aberration, because they are
usually not larger. Furthermore, it was shown that using these amplitudes lead to a more
precise result (research was done in two photon excitation microscopy [91]).
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Figure 3.4: Simulated images that show the effect of selected aberrations on the PSF of
the excitation beam, the STED donut and the effective PSF. Each row shows
a different aberration, starting with a non-aberrated focus in a), followed by
astigmatism in b) as well as coma in ¢) and spherical aberration in d). On
the right hand side the lineprofiles in X-(red dotted) and Y-direction (black
solid) are shown. The FWHMs are given next to the plot and the maximum
intensity is indicated in green. All images have the dimensions 1.5umx1.5um.

As displayed in figure [3.3] I can approximate the central region by a parabola. The
number of images taken for each aberration mode is set to be five. In principle three
images would be sufficient, but the measurements were not as accurate and therefore
had to be repeated. Hence, taking five images one time turned out to be more efficient
than taking three images more often. To test the stability and reliability of the routine, I
repeated the routine ten times for the same starting conditions. The imaging was done on
100nm diameter fluorescent beads. The starting conditions were randomly set to different
values for the tested aberration. The results are shown in Figure |3.5] where the standard
deviation of these ten measurements are plotted against the amplitude that was found to
be optimal. Here the values of three different metrics are shown, the total sum of pixel
intensities, the quadratic sum of pixel intensities and the new introduced 5%-metric.
All three measurements show the same behavior, with the 5%-metric being the most
consistent overall. The standard deviation is minimal for starting amplitudes close to the
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Figure 3.5: Reliability of the measurement for different metrics. Each point in the graph
stands for the standard deviation of 10 runs of the routine one after the other.
The X-axis shows the random starting value. Different aberration modes have
been chosen for the analysis and for each measurement five images have been
recorded from -0.5rad to 0.5rad. The legend is divided into colors and shapes.

optimum. When the starting value is further away from the optimal value, the standard
deviations are larger, which means, that a single experiment is not precise enough for
correction. The total sum metric has the most and largest outliers and is therefore the
least trustworthy metric. Quadratic and 5%-metric are both better and when analyzing
the values for starting amplitudes between -0.1rad and 0.1rad it becomes clear, that the
averaged standard deviation of the 5%-metric is 0.010rad, while the averaged standard
deviation for the quadratic metric is 0.011rad. As reference, the value for the total sum
metric is 0.029rad. The highest standard deviation in the given range is 0.015 for the 5%-
metric and 0.021 for the quadratic metric. In the following I will use the 5%-metric, since
it is the most reliable and from this analysis I conclude, that I can trust a measurement
if the difference between the starting amplitude and the optimized amplitude is smaller
than 0.1rad. Taking this result into account I now present my algorithm to correct for
aberrations, which is also visualized by a flow diagram in Figure (3.6, First, an aberration
is chosen, typically spherical aberration for deep tissue imaging. For this aberration an
amplitude is set at which an image is acquired and the metric is calculated. This is
repeated five times with amplitude typically ranging from -0.5rad to 0.5rad. Then, the
metrics are plotted against the amplitudes and by fitting a parabola to the points the
optimal amplitude can be found. This amplitude is then taken as the optimized value
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3.3 Wavefront optimization

NO

Figure 3.6: Flow diagram of the algorithm, adapted from [56]. The orange boxes describe
what the routine executes in the steps and the blue boxes are switches that
react to the conditions that apply.

and the next aberration mode is optimized, typically astigmatism. After both directions
of astigmatism are corrected, both directions of coma will be corrected, finishing one
cycle of the algorithm. If the calculated amplitude value is larger than 0.5rad or lower
than -0.5rad the amplitude is set to either 0.5rad or -0.5rad. If there are optimization
values that differ more than 0.1rad from the starting value, the routine is started again
with all aberrations that have these large values. When all aberrations are corrected to
a value where staring amplitude and optimized amplitude do not differ by more than
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3.4 Characterization of the deformable mirror

0.1rad, the routine is stopped and the image is corrected. By doing so I have a minimum
number of five images per amplitude, which makes 25 in total. In measurements I usually
did not have large aberrations so two loops of the routine were enough to correct for all
aberrations and a maximum of 50 images total were needed to correct for five aberrations.
It is important to notice, that not only the choice of the metric is important for minimizing
the number of images, but also how an accurate measurement is determined. Patton et
al. [65] used repeated measurements to securely determine the optimal amplitude for the
aberrations, which resulted in havening to take 50 images to correct for one amplitude.
It is however enough to once optimize the amplitude on a position that is already close
to the optimal amplitude. Therefore, I stop optimizing an aberration when the starting
amplitude of the routine is closer than 0.1rad to the optimized amplitude.

3.3.5 Software implementation of the optimization routine

This section will explain how the routine is built. Two programs have been connected to
be able to run the routine. The first being Imspector (Abberior Instruments) which is
used to do the imaging and Casao (Imagine Optic), which is the software that controls
the deformable mirror. As programming language Python (Python Software Foundation
[94]) is chosen. One reason for this is, that Imspector comes with a Python Interface
which is named specpy and can be run from an external console [95]. This means, that
the data can be transfered and analyzed to the Python program in real time. Even
Imspectors analyzing tools can be used from there. The second program used does not
have a Python interface but can be controlled via the programming language C. The
Python package ctypes is used to control it with a small block of C code in Python.
Therefore, I can take control of this program as well. Together the two can acquire the
image and control the shape of the DM and both can be handled from a self written
Python script. Jacopo Antonello from the group of M.Booth was so kind to provide some
help and shared a version of the program they used in [56].

3.4 Characterization of the deformable mirror

While working with the deformable mirror I figured out, that it shows unexpected be-
havior when exposed to high laser powers. The mirror changes its surface which leads to
additional aberrations depending on the STED laser power of the beam that is reflected.
This was measured in the same way the deformable mirror was initially calibrated, by
focusing onto silver mirror (section [3.2.1)). The wavefront was analyzed by the WFS for
different STED powers. Shown in Figure |3.7] are the amplitudes of aberration that are
the the result to the DM when using a laser beam with higher powers. The amplitudes
increase when the power increases and all aberration modes show linear increase with the
laser power. The modes that show the strongest influence to the high power are tilt (Z}),
defocus (Z9) and astigmatism at 0°(Z,?). The change in coma and spherical aberrations
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Figure 3.7: Influence of the STED power on the deformable mirror. The data has been
recorded with the WFS. The power of the laser was increased in increments

of 0.1W.

is negligible. In Figure the resulting STED donuts and the surface change on the
deformable mirror are shown. At low power, the donut is round and the wavefront is flat,
since this is the reference setting. Applying medium STED power (0,5W output power,
resulting in 180mW power on the mirror) results in a donut that shows astigmatism. Tip,
tilt and defocus cannot be seen in this image since the focal plane was adjusted and the
donut was centered in the frame. Tilt and defocus can however be seen in the shape of the
deformable mirror, resulting in a curved surface that is tilted to the top. With the high
power laser beam (1,6W output power, 490mW on the DM), the astigmatism leaves two
separated spots instead of the donut shape. The shape of the mirror shows more severe
defocus and tilt which results in a valley that is open to one side. An explanation for
this behavior cannot be given and also the company Imagine Optic did not know about
this before. A possible reason might be a thermal effect, because the change takes up to
two seconds to appear and they have no other explanation. Regardless of this, I used the
mirror because the effect was constant over weeks and when using higher laser powers a
correction was applied to the DM to counteract these changes. This does decrease imag-

ing speed however because a small routine has to be run between the imaging of confocal
and STED images.
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Figure 3.8: Visualization of the DM surface changes and STED PSFs at high STED laser
intensities. Images a), ¢) and e) show the STED PSF imaged with low (ImW
output power), medium (0,5W) and high power (1,6W). b), d) and f) show the
respective shape of the deformable mirror. The PSF was always centered and
refocused, so tip, tilt and defocus cannot be seen. The astigmatism is clearly
visible in ¢) and e). In d) and f) the strong defocus and tilt are dominating
the shape of the mirror.

3.5 Correction of brain slice induced aberrations

To test the optimization routine a small, photo stable fluorescent probe is needed for
which I used 100nm and 40nm fluorescent beads (Crimson beads, Invitrogen, Carlsbad,
CA, USA). I used slices of fixed mouse brain to create an aberrating sample. I immobilized
the fluorescent beads on a microscope slide and placed a thin slice of varying thickness
of brain tissue (layer one projections of cortex) on top. Another coverslip with attached
beads is placed on top to create a sandwich structure of beads with the brain tissue in
between. The tissue was embedded with Mowiol, and sealed with two component glue to
fix it to the glass slide (Figure. Using the sandwich structure makes it possible to first
correct the beads close to the surface as a reference. The settings of the reference image
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3.5 Correction of brain slice induced aberrations

are used as a starting point for the algorithm when optimizing the aberrations deeper in
the sample. Aberrations induced by the brain slice can therefore be measured in reference
to the surface. Furthermore it is possible to measure the thickness of the brain slice.

coverglass

brainslice

glue in Mowiol

— 8 _8 & &€

microscope slide fluorescent beads

Figure 3.9: Sketch of the test sample. A brain slice is placed between two layers of fluo-
rescent beads. It is embedded in Mowiol and sealed with glue.

For the samples with 100nm beads I used brainslices with a thickness of 20pum, 45um
and 75um. It is worth noting, that the thickness is measured directly in the sample and
on different locations. The values varied more for the larger samples and the given values
are averages. The slices were cut using a vibrotome settings of 40um, 80pum and 120um.
After focusing on the layer of fluorescent beads underneath the brain slice, the Z-position
of the stage is noted. A fluorescent overview is recorded, before one single bead is chosen
and the routine is executed. Therefore, a sequence of 1ymx1um images are taken, as
explained before. After the correction the bead is imaged with the STED donut applied
at a power of 360mW STED power in the back aperture of the objective. As an example,
confocal and STED images with and without correction at a depth of 46um are shown in
Figure [3.10, The images were acquired with a pixel size of 20nm and 0.5ms pixel dwell
time. The laser powers were ~20uW for excitation and 360mW for STED. The confocal
images in Figure ) show the uncorrected and correct images of a 100nm bead in
XY- and XZ-scans. The peak brightness in the corrected image is nearly doubled from
78 counts to 149 counts in the XY-image. Furthermore, in the XZ-scan it can be clearly
seen, that the focal length in the corrected image is significantly shorter. This observation
is confirmed by the ~2 fold decrease in FWHM in FWHM of the lineprofiles (average over
three pixels, Figure b). While the XY-size decreases slightly, the decrease in focal
length in the Z-direction is very significant. This also explains the increased brightness,
since the light is focused into a smaller volume. The STED images shown in Figure
3.10c) are of the same bead that was imaged in confocal mode and are taken with the
same imaging parameters. The peak brightness in the corrected STED image increases by
20% and even more important, the bead is smaller in size and looks less blurry. This can
be confirmed in Figure ), where the FWHM in X-direction of the corrected image
reduces to 64% of its original size. For the Z-direction the size is reduced to around two
thirds. The FWHM in Z-direction should be the same for confocal and STED and do not
differ much in this measurement. The averaged results of all three different thicknesses
can be seen in Table |3.2] The data was acquired by correcting the aberrations of a bead
near the center region of a 10umx10um image and then taking STED images of the region
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Figure 3.10: 100nm fluorescent bead underneath 45um of mouse brain. a) uncorrected and
corrected image of one bead imaged in confocal mode (all raw data). The
XY-Scan is shown above the XZ-scan. b) lineprofile (width of three pixels)
at the positions indicated by the green and magenta arrows. The FWHM of
a Gaussian fit are printed. Accordingly ¢) STED images of the bead in XY-
and XZ-direction, each accordingly with and without the correction applied.
Again, the lineprofiles as well as the according FWHM are shown. For the
X-direction a Lorentzian function was fitted, instead of a Gaussian. Scalebar
in the images: 200nm.

with the correction and without. The data was then analyzed by drawing a lineprofile
of the width of three pixels in X-direction, over single beads. The beads were chosen by
me, carefully selecting the smallest structures with a well enough signal to noise ratio.
The FWHM was then measured in the Imspector software. As an example, an overview is
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3.5 Correction of brain slice induced aberrations

Thickness of the brain slice
20pm 45um THum

FWHM uncorrected [nm] | 108 £ 9 143 £ 22 165 £ 16
FWHM corrected [nm] 98 £ 5 108 £+ 16 119 £+ 10

Table 3.2: FWHM in corrected and uncorrected STED images of 100nm fluorescent beads
underneath brain slices of varying thickness. Imaged with a STED power of
360mW in the back aperture of the objective.
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Figure 3.11: STED images of 100nm fluorescent beads underneath 79um of brain tissue. a)
uncorrected STED image of fluorescent beads with inset (raw data). In b) the
correction was applied. c¢) lineprofiles (width of three pixels) at the locations
indicated by the magenta and green arrows. The FWHM was calculated by
a Lorentzian fit. Scalebars:1um, Scalebar inset: 200nm.

shown in Figure [3.11] The images were acquired with a pixel size of 30nm and 0.5ms pixel
dwell time. The laser powers were ~23uW for excitation and 360mW for STED. This
was done on 100nm beads underneath 79um of brain tissue. The same area is scanned
twice, once with the correction and once without. Both are STED images with an inset to
enhance three of the beads. The positions of the lineprofiles are marked in magenta and
green and the data is shown on the right side. In this image the FWHM in X-direction
was improved from 208nm to 113nm. Furthermore the improvement in brightness can be
seen in the images. To test the performance of the STED microscope I used the correction
also on smaller beads of 40nm diameter. These beads have weaker fluorescence and bleach
faster and are therefore more difficult to correct aberrations on. The preparation of the
samples was similar to before with the change that 40nm beads instead of 100nm beads
are used. The beads were imaged with a STED power of 144mW in the back aperture
of the objective. The improvement of the correction can be seen in Table [3.3] The
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3.5 Correction of brain slice induced aberrations

Thickness of the brain slice
20pm 30pm 45pm

FWHM uncorrected [nm] | 98 + 6 119 £9 129 £ 17
FWHM corrected [nm] 71+ 13 9 +£6 85 £ 13

Table 3.3: FWHM in corrected and uncorrected STED images of 40nm fluorescent beads
underneath brain slices of varying thickness. Imaged with a STED power of
144mW in the back aperture of the objective.

FWHM under 45um of tissue can be decreased from 129nm to 85nm. Typically 5 to 10
beads in the same 10umx10um area were used to correct for aberrations. To analyze if
the aberrations are only depending on the thickness of the sample, the aberrations were
averaged for each area. The averages do vary from area to area and also the standard

deviations differ. This is shown for four areas on the same 47um thick sample in Figure
0. 12
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Figure 3.12: Amplitudes of aberration in different areas underneath 47um of mouse brain
tissue.

The average values are plotted in differing colors and shapes and the standard devi-
ation is indicated. Taking Z,* as example, the averages of area 1 and area 3 differ from
-0.15+0.12rad to 0.66+0.18rad. In the same areas the amplitudes of Z; only differs from
0.33£0.08rad to 0.284+0.14rad and can therefore be considered the same. It is also worth
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3.5 Correction of brain slice induced aberrations

noting, that the errors are vastly different. That means, there might be a difference in
aberrations on beads that are just micrometers apart from each other or the aberrations
can be constant over a larger field of view. The significant differences in the behavior of
astigmatism and coma between the different areas shows, that there can be no general
aberration for a specific depth, since the aberrations depend more on the region than
on the depth and the amplitudes of aberrations are independent from each other. The
only exception from this is spherical aberration, that shows fairly consistent aberration
values in different areas. Spherical aberrations are known to be dependent on the depth,
as it is already described in the literature [96]. T also observed this consistently during
the measurements (data not shown). Since the spherical aberrations depend strongly on
the depth in which the image is taken, it is possible to estimate the spherical aberrations
beforehand. This reduces the optimization of the spherical aberrations to one cycle of five
images and also makes it easier to find the beads in the first place.
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4 Discussion

4.1 3D and two-color STED microscopy

My first goal was to build a 3D two-color STED microscope attached to an inverted micro-
scope stand, (for easy sample alignment) to do co-localization studies and 3D resolution
imaging. This goal was achieved with the developed setup in which even live cell imaging
can be performed (section . By using just one STED beam, the co-localization in
the STED image is a build-in feature and scanning each line twice, alternating between
excitation I and II as well as detection I and II, secures minimal crosstalk of the channels.
However, doubling the number of lines does have the drawback of being slower than one
color scanning. Gottfert et al. [97] showed, that it is also possible to acquire a two-color
image by using interleaved pulses, hence only scanning once. To realize this a depletion
laser of 20MHz was used and the excitation lasers were pulsed at 10MHz, with a time
frame of 100ns between them. Every 50ns there will be an excitation pulse, followed by
a STED pulse, but excitations I and II alternate. This can be observed by two detection
channels that use a gating mechanism to only record signal during certain time periods.

The field of view of my microscope is limited to an 80umx80um area. I use a simple
scanner, consisting of glavanometric mirrors. The mirrors are placed close together and
the conjugated plane of the objective has to be placed between them. This reduces the
aberrations and misalignment of excitation and STED beam when the scanning area is
too far of center [98], but will not eliminate them. A way of avoiding aberrations is to
use four mirrors in total, which is realized in a quadscanner (Abberior Instruments, used
in [99]).

Instead of using a phaseplate to create the typical donut shape, an SLM is used. This
adds more versatility in the setup by making it possible to correct for aberrations. I
mostly corrected aberrations of the system, but correcting specimen induced aberrations
is also possible. Also, with the SLM it is possible to create a 3D STED PSF by applying
a PPP phase pattern. If one would use a phase plate made of glass, the VPP and PPP
phase pattern would be created on different beams that need to be recombined to form
the final STED PSF [2I]. Since the creation of both phase patterns is done on the same
beam with the SLM, a beam recombination is not necessary. Furthermore, the intensity
of both beam patterns can be adjusted easily by adjusting the polarization of the beam
electronically, using a HWP in front of the SLM. Using the SLM for PPP and VPP allows
to image fluorescent structures with superresolution in all three dimensions. The FWHM
of the effective PSF during the 3D measurement was optimized to 76nmx76nm x 145nm.
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4.2 Adaptive optics

It would be best to image with an isotropical resolution in all three dimensions, but when
doing so, I only reach a FWHM of 120nm in each direction. I chose to sacrifice some
resolution in the axial direction for better resolution in the lateral direction.

The FWHM of the two imaged fluorophores Alexa Fluor 594 and STAR RED are
54nm and 39nm in 2D STED microscopy. This difference can be mainly explained by the
different stimulated emission cross sections of the two dyes at 775nm. The stimulated
emission wavelength is much closer to the emission maximum of STAR RED than of
Alexa Fluor 594 and therefore the depletion is more efficient in STAR RED. Hence, the
two dyes show a difference in FWHM.

4.2 Adaptive optics

I showed, that aberration correction is possible in STED microscopy with an approach,
that uses only one adaptive element (a deformable mirror) for all beams and by correct-
ing only five aberration modes (section [3). For STED microscopy two laser beams of
different wavelength are required. The excitation at 650nm differs by 125nm from the
STED wavelength at 775nm. With only one deformable mirror I cannot account for both
wavelength at the same time. [ therefore assumed, that the difference in OPL can be
neglected between excitation and STED beam. This means, that while I was adjusting
the aberrations with the excitation wavelength, aberrations might still be present in the
STED beam, which might decreases the imaging capabilities. The magnitude of aberra-
tion in the STED beam is hard to quantify as it cannot be measured easily. To correct the
aberrations of excitation and STED beam individually, an additional adaptive element
needs to be placed in the STED beam path. This has been shown to be efficient in the
work by Patton et al. which used an additional SLM for the STED beam. This was
especially important for 3D STED microscopy [65]. However, this results in an even more
advanced setup with many more degrees of freedom which need to be adjusted. Since the
aberrations in the STED beam need to be corrected additionally, the number of images
that have to be taken for correction increases even more.

4.2.1 Correcting the PSF movements from aberration modes

A problem for the correction is that the aberrations are not always independent of each
other. This means, that if I apply e.g. coma to the deformable mirror the position of
the focal spot will be shifted slightly. It is important to keep the PSF centered in the
focal plane for all amplitudes of aberrations to have comparable brightness. To avoid
movement of the focus during the correction the shift has been eliminated by adding tip,
tilt and defocus. Most critical was the correction of spherical aberration with defocus,
since the change of focal plane is an essential part of the aberration. It is challenging to
estimate the focal plane from a stretched out focus, because it is lacking a well defined
peak in the axial direction. The amplitude of spherical aberrations is mostly dependent
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on the depth and can therefore be estimated roughly. Also, since spherical aberrations
are nearly constant in a sample at a certain depth, the amplitude can be measured first

and on nearly any structure thereby having a good estimate for the whole sample (Figure
3.12]).

4.2.2 The adaptive optics setup

Unfortunately the deformable mirror that was used in this setup showed unexpected
behavior when exposed to high laser powers. As presented, unwanted aberrations are
introduced to the beam, that are roughly proportional to the applied laser power. I
was only able to work with the deformable mirror because the power dependency was
reproducible. I measured the aberrations for different laser powers and corrected for them
by applying the inverted aberrations to the mirror. Still, it leaves a source of uncertainty
if a device is not working as it is supposed to. As these deformations appeared at high
STED laser powers, I had to apply a different set of corrections when switching between
confocal and STED mode and the correction depends on the power of the STED beam.
This set of corrections had to be measured at least weekly for each STED power. The
different deformations at high and low STED power also made it challenging to overlay
the excitation and STED beam, since the high power STED beam and excitation beam
cannot be observed simultaneously. To observe the high power STED beam on the PMT,
gray filters are used to reduce the intensity of the light. Therefore the far less intense
excitation light cannot be seen on the PMT anymore. This leaves room for improvement
in the adjustment of the microscope, since I adjusted and overlaid the low power beams
and could not optimize after the correction of the high power effect.

Using a scanning stage in the setup has the advantage that the beam path is kept
simple. However, a disadvantage is a smaller field of view (maximum 20um X 20um)
and a slower scanning speed. The slow scanning is the most time consuming part of my
correction routine, which makes the runtime of the calculations and setting time of the
deformable mirror negligible.

4.2.3 The optimization routine

Patton et al. have shown that aberration correction is possible, even in 3D STED mi-
croscopy [65]. However, they used a complicated setup with a deformable mirror for all
beams and an additional SLM just for the STED beam. Furthermore, they need to take at
least 50 images per aberration mode (sometimes 150 per mode), just to do the correction
of the deformable mirror. Afterwards they need to take even more images to correct for
additional aberrations in the STED beam. The 3D STED PSF is even more susceptible
to aberrations than the 2D STED PSF, which is why the STED beam has to be corrected
precisely. I set out to built a simpler setup using just one deformable mirror to correct for
the largest aberrations and using as few images as possible. With photobleaching in the
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sample the number of images needs to be minimal. The optimization process I developed
uses the 5%-metric presented in this thesis. I showed that the routine leads to reliable re-
sults for just 5 to 10 images per aberration mode (section . I have tested my routine
with fluorescent beads beneath brain slices of varying thickness (section and shown
improvements in all of them (section . The reason why Patton et al. take 50 images
per aberration mode is, that they average over ten images per mode and amplitude. I
elimiated the need to average by showing that the algorithm finds the optimal amplitude
reliably. The reliability improves when the starting amplitude is close to the optimal
amplitude (Figure . This means, that one loop of the routine is enough to reliably
correct small aberrations. If the routine measures a large amplitude, the measured value
gets applied to the deformable mirror and the routine is started again. This step by step
adjustment did not need more than a maximum of three steps during the experiments
and usually two loops (10 images) were enough to correct the aberration reliably.

In principle this is not limited to only one metric. I compared three metrics here,
where the total sum of pixels was not as reliable as the quadratic metric and the 5%-
metric (section [3.3.4)).

My correction was done with five aberration modes and used a maximum of 45 images
(5 images for spherical, 2x10 for astigmatism and 2x10 for coma). Bleaching had no
visible effects on the fluorescent beads that were tested. Even if bleaching is stronger, there
must be a noticeable effect within five consecutive images to impact the optimization, as
only these images are compared to each other. A bleaching correction can be implemented
by retaking an image with the settings of the first image and calculating the differences
between the first and sixths image. Assuming a linear bleaching effect, it can be corrected
requiring only one additional image per aberration mode by just adding one more image
per aberration mode.

4.2.4 Correction of brain slice induced aberrations

To test the routine with samples that resemble the aberrations in the brain, I used fluo-
rescent beads of 100nm diameter and placed them underneath brain slices with varying
thickness (section. Even if the perfect optimization is found on a small area (typically
an area of lymx1um was used for optimization), it does not mean that an aberration
free image can be taken of a larger field of view. In Figure [3.12] I have shown that the
optimizations found in different areas of the same sample differ largely. The Figure shows
the averaged values of the amplitudes of 5 to 10 beads in an area of 10umx10um. The
amplitudes differ, even though they are taken in the same sample at approximately the
same depth. Hence, the aberrations need to be corrected for each region individually. In
some areas the aberration changes even within 10pmx10um, so the aberrations are not
constant over a larger field of view. Therefore, it is crucial for the best possible correc-
tion to correct directly on the location that is of interest. The drawback of this is, that
photobleaching will reduce the maximum intensity in the final image, therefore as few
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4.2 Adaptive optics

images as possible should be taken in the optimization routine. For an approximation the
aberrations of a spot close to the area of interest can be taken for aberration correction.
Another aspect is, that I did not correct for all aberrations so there are still higher order
aberrations present. In locations where these aberrations are large the correction from
the algorithm will not be enough to achieved the expected resolution. This is a possible
reason why the corrected FWHM for thicker samples are larger than for thin samples
(Tables and [3.3). The 100nm beads underneath 20um of brain tissue were corrected
to a FWHM of 98+5nm, while the beads underneath 75um of brain tissue could only
be measured with 1194+10nm FWHM. In fact, it might be worth to include trefoil into
the correction, as Li et al. [100] showed in simulations, that it has a strong effect on the
STED images. In this publication they also show, that apart from astigmatism, ampli-
tudes of aberrations of 0.1rad or lower do not effect the effective image largely. I also
observed this but did not quantify the effect. To reduce the number of images further,
the parameters of the individual images can also be adjusted to decrease photobleaching
and lower acquisition time. For the total intensity metric it was shown that the number of
pixels does not influence the result of the optimization, so the number of pixels per image
can be optimized [88]. Furthermore the dwelltime of the pixels can be further reduced to
speed up imaging and lower photobleaching.

4.2.5 Adaptive optics in in vivo measurements

The goal of my thesis was to show that aberration correction is possible with a simple setup
and a low number of images. This was motivated by in vivo experiments in the living
mouse where the penetration capability needs to be optimized for deep tissue imaging
[T01]. Even though I showed that it is possible to correct for aberrations underneath
brain tissue in a depth of up to ~80um, correcting aberrations in vivo will be more
challenging. One reason is that antibodies cannot be used inside the mouse brain and
therefore labeling relys on fluorescent proteins. These are darker than antibodies, which
are typically carrying an organic fluorophore and are also more susceptible to bleaching.
Imaging and optimizing with on 40nm fluorescent beads has already been more challenging
than on 100nm beads, as they emit weaker fluorescence. Hence, I was able to correct
100nm beads in a depth of up to ~80um whereas 40nm beads were only corrected in a
depth of up to ~50um. Weak fluorescence will not be the only challenge, because instead
of static beads that I have been using in fixed brain slices, the structures are dynamic in
the living brain. If the structure changes during the correction process the optimization
is not reliable anymore. Also, if the structure that is corrected is larger than the field of
view for correction, edge effects can influence the optimization.

Additionally, the signal to noise ratio will be lower, as background fluorescence is
typically brighter in vivo. However, the background fluorescence has no impact on the
5%-metric because it is not taken into account. If the structure is carefully chosen to
be brightest in the center region of the field of view this is also true for the edge effects.
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Bleaching will not influence the optimization if one additional image is taken per aberra-
tion mode because then the single images can be corrected. Taking 65 confocal images
(5 for spherical, 2x10 for astigmatism, coma and trefoil) however, can decrease the fluo-
rescence so far, that not all corrections can be done in the same field of view. Since I use
images of 1um x 1um I could correct some of the aberrations on one spot of the sample
and the others on another spot nearby.

Another aspect about in vivo imaging is, that focusing deep into tissue will reduce
the intensity of the light in the focal spot, since the tissue will scatter parts of the light
[71]. Scattering will cause loss of intensity, which affects excitation and STED beam and
therefore reduces the image intensity as well as the FWHM.

4.3 Qutlook

Before adaptive optics can be used for STED microscopy in the living mouse, the following
needs to be improved. The deformable mirror needs to be exchanged, as the power
dependence hinders a good workflow and the additional aberrations add difficulties to
adjusting the setup. As well it would be beneficial to use a model with more actuators,
which are necessary when higher order aberrations are going to be corrected. Furthermore,
it needs to be tested if an additional SLM in the STED beam can increase the aberration
correction so far, that the more complicated setup and longer adjustment routine are
justified. A SLM is absolutely necessary for 3D STED in the living mouse, as it will
be used for creating the 3D STED PSF. Additionally the 3D PSF is more sensitive to
aberrations than the 2D STED PSF and therefore the additional correction of the STED
beam is needed. A beam scanner in the setup would increase imaging speed as well as the
field of view. Furthermore, the possibility of injecting non-bleaching point like emitters
into the mouse brain can be used for the correction, as it would make the correction
easier. It has been shown that carbon-nanotubes as well as quantum dots can be injected
into living tissue, as they have been used in in vivo experiments before [102] 103]. In
summary, the correction of aberrations in the living mouse will be a challenging task but
the possibility of imaging deeper into the brain is worth the challenge.
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Abberior
STAR RED

Alexa
Fluor 594

Figure 5.1:

Channel 1 Channel 2 Channel 2 rescaled

.

Channel 1 Channel 2 Channel 1 rescaled

0 122 8

Single color STED images to visualize the channel crosstalk. The staining
conditions were the same as in Figure 2.6l On the right side the intensity of
the cross talk channel is rescaled to show that the crosstalk is negligible. The
images were acquired with a pixel size of 30nm and 50us pixel dwell time.
The laser powers were ~7uW for excitation I, ~13uW for excitation II and
260mW for the STED laser. Scalebar: 500nm
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Figure 5.2: Measuring the resolution in a two-color image by selecting single primary plus
secondary antibodies in the background of immunolabeled cells and determin-
ing the FWHM. The FWHM was determined by fitting a Lorentzian function
to the line profile (3 pixels wide) of the point-like structures in x-direction.
Done for a) Alexa Fluor 594 and ¢) STAR RED. b) and d) show the histograms
of the measured FWHMs and their average. The images were acquired with a
pixel size of 10nm and 50us pixel dwell time. The laser powers were ~12uW
for excitation I, ~20uW for excitation IT and 260mW for the STED laser.

Scalebar: 100nm
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