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Kurzzusammenfassung

In allen fluoreszenz-mikroskopischen Methoden, die unterhalb des Abbeschen
Beugungslimits arbeiten, ist das theoretisch unbegrenzte Auflosungsvermdgen durch
Photobleichen der Farbstoffe limitiert. Wiederholtes Abrastern der Probe, wie beispielsweise
bei drei-dimensionalen Aufnahmen nétig, erhoht das Photobleichen, die Bevdlkerung von
Dunkelzustinden, oder, bei lebenden Zellen, die Phototoxizitdt. Speziell fiir solche
Anwendungen miissen alle Moglichkeiten zur Bleichreduzierung ausgeschopft werden. In
dieser Arbeit werden verschiedene chemische und physikalische Ansédtze zur
Bleichreduzierung exemplarisch an stimulated emission depletion (STED) Mikroskopie, dem
ersten und prominentesten Verfahren zur Bildgebung unterhalb der Beugungsgrenze, erdrtert.
Das hierfiir konzipierte STED Mikroskop kann aufgrund eines neuartigen, einstellbaren
Spektral- und Phasenfiltersystems schnell an neue Fluoreszenzfarbstoffe mit verbesserten
chemischen und photophysikalischen Eigenschaften angepasst werden und konventionelle
Filter mit festgeschriebenen Eigenschaften ersetzen. Ferner erlaubt der optische Aufbau eine
schonende Beleuchtungsstrategie. Die erhdhte Auflosung ermdglicht eine viel genauere, lokal
angepasste Beleuchtung der Probe. Hiermit werden drei-dimensionale STED Aufnahmen
moglich und die Farbstoffpalette um die bislang ungenutzte, bleichanfillige Farbstoffklasse
der Cumarine bis in den blaugriinen Bereich erweitert. Der Farbstoff selbst bietet einen
weiteren Ansatzpunkt, um bleichbezogene Probleme zu vermeiden. Die Fluoreszenz von Mn
dotierten ZnSe Quantum Nanokristallen wird hier erstmals durch Licht via excited-state
absorption (ESA) moduliert. Dies ermoglicht eine neue Art der
Fernfeldfluoreszenzmikroskopie mit beugungs-unbegrenzter Auflésung basierend auf
Quantum Dots, die sich generell durch eine hohe Photostabilitit auszeichnen. Die
Probeneinbettung ist ebenfalls von entscheidender Bedeutung, um sphérische Abberationen
und Streulicht zu vermeiden, und das Signal-zu-Rausch Verhéltnis zu maximieren. Hierfiir
wird ein vollstindig wasserlosliches Einbettmedium, 2,2 -Thiodiethanol (TDE) beschrieben,
das die Brechzahl bis hin zu Immersions6l anpassen kann und hochaufgeloste Aufnahmen tief
in fixierten Proben ermoglicht.



Abstract

In all subdiffraction fluorescence microscopy techniques, the theoretically infinite attainable
resolution is, in practice, limited by the photobleaching of fluorophores. Repetitive scans of
the sample required for e.g. three-dimensional recordings, increase photobleaching, dark state
transitions and, in case of living cells, phototoxicity. To advance such experiments all
possibilities to reduce the photobleaching must be explored. In this thesis, various chemical
and physical approaches to tackle photobleaching are studied within the context of stimulated
emission depletion (STED) microscopy, which is the first and most prominent method for
subdiffraction imaging. The STED setup constructed for this purpose allows for the fast
adaptation to new fluorescent dyes, and relies on a novel adaptive spectral and phase filter
technique. Furthermore, the optical setup facilitates a gentle exposure strategy, in which the
time that the dye is irradiated is significantly reduced. Three-dimensional images can
therefore be recorded, and the palette of applicable dyes can be expanded to the blue-green
regime by the so far unemployed coumarin derivatives, which are known to be prone to
photobleaching. The label itself is another vantage point from which photobleaching
limitations in subdiffraction microscopy can be circumvented. For the first time, light-driven
modulation of the fluorescence from Mn-doped ZnSe quantum nanocrystals has been
established through excited-state absorption (ESA). This enables a new type of far-field
fluorescence microscopy with diffraction-unlimited resolution based on quantum dots, which
are well known for their superior photostability. The correct sample embedding in the
refractive index matching is also of high importance, if spherical aberrations and light
scattering are to be minimized to optimize the fluorescence collection. For this purpose, an
embedding medium, 2,2’-thiodiethanol (TDE) is introduced, which, by being miscible with
water at any ratio, allows for refractive index matching up to that of immersion oil and
making high resolution recordings deep within the sample feasible.



Zusammenfassung

Die Fluoreszenzmikroskopie vereinigt Spezifitdit und Empfindlichkeit auf eine einzigartige
Art und Weise, um sowohl dynamische Prozesse, als auch statische Verteilungen von
Objekten zu untersuchen. Dies macht die Fluoreszenzmikroskopie zu einer
Schliisseltechnologie bei der Beantwortung biologischer Fragestellungen. Es gibt jedoch eine
entscheidende Einschrinkung in der Fernfeldmikroskopie: aufgrund der Beugung ist es nicht
moglich, Licht auf einen beliebig kleinen Punkt zu fokussieren. Zwei Objekte, die weniger als
die Hélfte der Wellenlénge des verwendeten Lichts voneinander entfernt sind, kdnnen nicht
voneinander getrennt werden und erscheinen im Bild als ein einziger verwaschener Fleck.
Ernst Abbe erkannte diese Beugungsgrenze vor iiber einem Jahrhundert und deren Giiltigkeit
wurde bis in die 90er Jahre nicht in Frage gestellt. Da alle Fluoreszenzmolekiile innerhalb des
beugungsbegrenzten Fokus gleichzeitig angeregt werden, fluoreszieren sie auch ungeféhr zur
selben Zeit, was eine Unterscheidung der einzelnen Marker unmoglich macht.

Das zeitlich getrennte, der Reihe nach erfolgende Auslesen der Fluoreszenz der einzelnen
Objekte ist die grundlegende Idee, welche die Auflosung unterhalb der Beugungsgrenze
ermoglicht. Hierfiir werden die Marker eines Objekts in einen ,,signalgebenden™ Zustand
tiberfiihrt, wihrend die anderen Marker in einem ,,dunklen* Zustand verbleiben oder gebracht
werden. Wenn die Marker in zwei konkreten Zustinden vorliegen konnen, beispielsweise in
einem fluoreszenten und einem nicht-fluoreszenten Zustand, dann ist eine Auflosung
unterhalb des Beugungslimits durch sukzessives Abfragen der hellen Marker moglich.

Das prominenteste Verfahren zur Hochauflosung ist die stimulated emission depletion
(STED) Mikroskopie, bei der dem Anregungslaserstrahl ein zweiter Laserstrahl genau
tiberlagert wird. Der Strahl des zweiten Lasers weist in der Mitte eine Nullstelle auf und
verhindert die Fluoreszenz am Randbereich des Anregungslasers durch stimulierte Emission.
Mit beiden Lasern wird die Probe gezielt abgerastert wobei die Entstehung der Fluoreszenz
auf die Nullstelle eingeschriankt, und somit die Information sequenziell ausgelesen wird. Die
Koordinaten der Farbstoffmolekiile konnen auch durch einfache Schwerpunktsbestimmung
der einzelnen mehr als das Beugungslimit voneinander entfernten, zuféllig angeschalteten
Fluoreszenz-Flecke festgelegt werden (photo-activated localization microscopy (PALM),
stochastic optical reconstruction microscopy (STORM)). Die Nanoskopie eréffnet ungeahnte

Details und neue Einblicke in zelluldre Systeme und Mechanismen.



Fir das gezielte Auslesen von Ensembles (STED) werden hohe Intensititen zur
Signalunterdriickung am Rand des beugungsbegrenzten Flecks und Trennung der Signale
benotigt. Je hoher die Intensititen zur Signalunterdriickung sind, desto besser lassen sich die
einzelnen Objekte innerhalb des beugungsbegrenzten Fokus auflosen. Die Hochauflosung
basierend auf stochastischem Auslesen von Einzelfarbstoffmolekiilen (STORM, PALM)
benotigt dagegen hohe Signalintensititen, um die Objekte mdglichst exakt lokalisieren zu
konnen. Je mehr Photonen von einem Objekt durch lange Integrationszeiten oder hohe
Anregungsintensitdten gesammelt werden, desto genauer kann das Objekt lokalisiert werden.
In beiden Fillen sind die erhohten Intensititen oder langen Integrationszeiten mit erhohten
Lichtdosen und somit mit erhhtem Photobleichen verbunden. Im Allgemeinen erfordert die
hochauflésende Bildgebung kleinere Pixelgroen im Vergleich zur konfokalen Mikroskopie,
um die gesamte Information zu erfassen. Ein feineres Abrastern der Probe ist bei
gleichbleibender Integrationszeit (abhidngig von der Probe) jedoch mit hdheren
Beleuchtungsdosen und verstirktem Photobleichen, Aufbau von Dunkelzustinden und
erhohter Phototoxizitdt verbunden. Photobleichen wird durch irreversible chemische
Reaktionen der Fluoreszenzfarbstoffe im angeregten Zustand mit umgebenden reaktiven
Spezies (Radikale, Oxidationsmittel) verursacht. Zu starkes Photobleichen verhindert immer
die Hochauflosung, da es die maximal detektierbare Photonenanzahl beziehungsweise die
maximale Intensitét zur Signalunterdriickung bei nullstellenbasierten
Hochauflosungsmethoden limitiert. Die Verringerung des Photobleichens, der Phototoxizitét
und des Aufbaus von Dunkelzustinden ist deshalb eine der wichtigsten Aufgaben vor allem
im Streben nach immer besserer Auflosung, der Hochauflosung von zelluldren Prozessen oder
der Hochauflésung in drei Dimensionen.

Im Rahmen dieser Arbeit werden grundlegende chemische und physikalische Strategien zur
Reduzierung des Photobleichens, der Phototoxizitdt und des Aufbaus von Dunkelzustidnden in

der hochauflosenden optischen Mikroskopie entwickelt und diskutiert.

Erstens, die bestmogliche Ausnutzung des Emissionsspektrums eines Fluoreszenzfarbstoffs
garantiert eine ausreichende Signalstirke bei idealer Anregungsintensitidt und minimiert daher
das Photobleichen. In dieser Arbeit wird ein Aufbau zur STED-Mikroskopie vorgestellt, der
sich durch hohe Flexibilitdt auszeichnet, und eine schnelle und verldssliche Anpassung an neu
entwickelte Farbstoffe mit verbesserten Eigenschaften erlaubt. Um neue Farbstoffe und
alternative Laser einsetzen zu konnen, ist es von Vorteil, wenn verschiedene Bauteile eines

optischen Aufbaus iiber einen breiten Wellenldngenbereich anpassbar sind. In dieser Arbeit



wird ein einstellbarer Spektral- und Phasenfilter vorgestellt. Als Spektralfilter werden
typischerweise Interferenzfilter eingesetzt, die unveridnderbare Eigenschaften besitzen. Solche
Interferenzfilter konnen durch das hier vorgestellte, einstellbare Filtersystem ersetzt werden.
In den nullstellenbasierten Hochauflésungsmethoden sind die Anspriiche an die Filtersets sehr
hoch. Im Falle der STED-Mikroskopie wird ein zweiter Laserstrahl zur Signalunterdriickung
verwendet, dessen Wellenldnge notwendigerweise innerhalb des Fluoreszenzspektrums liegt.
Ein einstellbarer, Notch- oder Bandpassfilter ist daher sehr wiinschenswert, um das sehr
intensive STED-Licht zu entfernen ohne gleichzeitig zu viel Fluoreszenzlicht zu opfern.

Der hier vorgestellte Phasenfilter zur Erzeugung der Nullstelle bietet neben der Anpassbarkeit
an verschiedenste Laserlinien zusétzlich die Moglichkeit einer deutlichen Vereinfachung des
optischen Aufbaus. Sowohl der Anregungs-, als auch der STED-Strahl konnen aus einer
Laser- oder Faserquelle stammen und sind somit per se genau iiberlagert. Der Phasenfilter
wird von beiden Strahlen durchlaufen und erzeugt aufgrund der Dispersion eine Nullstelle fiir

den STED-Strahl, und ldsst den blauverschobenen Anregungs-Strahl unverindert.

Zweitens,  adaptive  Probenbeleuchtung  mit  Hilfe  der  nullstellenbasierten
Hochauflosungsinformation. Die verbesserte Auflosung ermdglicht eine gezielte Beleuchtung
der Probe im Falle der nullstellenbasierten Hochauflosungsmethoden (STED, excited-state
absorption (ESA)). Im Rahmen dieser Arbeit wird eine effektive Methode beschrieben, um
die Gesamtzahl an Anregungs- und Signalunterdriickungszyklen eines Fluoreszenzmolekiils
zu reduzieren (reduction of excitation and signal suppression cycles (RESCue)) und somit das
Photobleichen zu minimieren. Die Bleichverringerung ist anwendbar auf nullstellenbasierte
Hochauflosungsmethoden, bei denen ein metastabiler ,,Dunkel“-Zustand genutzt wird (STED,
ESA), und wird in dieser Arbeit exemplarisch an STED-Mikroskopie gezeigt. Sie erfolgt ohne
Einbuflen bei Auflosung oder Aufnhahmegeschwindigkeit. Die Probe wird nur dann ausgiebig
beleuchtet, wenn das Signal nicht durch einen bestimmten Prozess wie beispielsweise
stimulierte Emission oder ESA unterdriickt wird beziehungsweise iiberhaupt vorhanden ist.
Die Entscheidung iiber eine lidnger andauernde Beleuchtung wird in Abhéngigkeit des
Photonenflusses wéhrend eines Bruchteils der Integrationszeit auf einem Pixel getroffen.
Wenn von einem Objekt eine bestimmte Anzahl von Fluoreszenzphotonen wéhrend des ersten
Teils der Integrationszeit detektiert werden, bleiben die Laser fiir die verbleibende Zeit der
Integrationsdauer angeschaltet. Die augenblickliche Kenntnis der genauen Position des
fluoreszierenden Objekts innerhalb der Probe hilft bei der Verringerung der Anzahl der

Schaltzyklen und deshalb bei der Verringerung des Photobleichens, der Phototoxizitit, des



Aufbaus von Dunkelzustdnden und der Ermiidung von Schaltprozessen, wichtige Hiirden in
allen Nanoskopiemethoden. Die STED-Mikroskopie und ihre verbesserte Auflosung kann
somit die Fluoreszenz sogar stdrker erhalten als die Konfokalmikroskopie, wie an
fluoreszenten Partikeln eindrucksvoll gezeigt wird. Die Effizienz dieser Methode wird
ebenfalls durch eine Reihe biologischer Anwendungen untermauert. Eine Bleichreduktion um
den Faktor vier wird in Atto565 markierten Glialzellen erzielt. Ganz allgemein ermdglicht der
RESCue-Modus hochaufgeldste Aufnahmen, die mit hohen Beleuchtungsdosen verbunden
sind, wie beispielsweise Aufnahmen in drei Dimensionen. Mit Hilfe der adaptiven
Beleuchtungsstrategie kann nun die bislang unerschlossene, bleichanfillige Farbstoffklasse

der Cumarine in der STED-Mikroskopie eingesetzt werden.

Drittens, Optimierungen der Marker selbst beziiglich Photostabilitdt, hoher Emissionsraten,
Schaltbarkeit und zusitzlicher photo-physikalischer Eigenschaften ebnen den Weg zu
Ultrahochauflésung und Hochauflosung von lebenden Zellen. Neue, kontrollierbare
Realisierungen von ,signalgebenden® und ,,dunklen* Zustinden konnten im Falle der
nullstellenbasierten =~ Hochauflosungsmethoden = mit  geringeren  Intensititen  zur
Signalunterdriickung auskommen. Dies kann in verringertem Photobleichen, Phototoxizitdt
und Aufbau von Dunkelzustinden resultieren. Dariiber hinaus tolerieren Marker mit
verbesserter Photostabilitit hohere Intensititen zur Signalunterdriickung, was direkt zu
hoherer Auflosung fiihrt im Falle der nullstellenbasierten Hochauflosungsmethoden
bezichungsweise zu einer exakteren Bestimmung der Koordinaten der Fluoreszenzfarbstoffe
bei den stochastischen Ausleseverfahren. Quantum Dots als Fluoreszenzfarbstoffe sind
bekannt fiir ihre hervorragende Photostabilitdt. In dieser Arbeit wurde die Modulation der
Fluoreszenz von Mn dotierten ZnSe Quantum Nanokristallen durch Licht erreicht. Hierbei
konkurriert ein Absorptionsprozess der Kristalle im angeregten Zustand (excited-state
absorption (ESA)) direkt mit der spontanen Emission. Diese Kontrolle iiber elektronische
Ubergiinge auf  optischem Wege ermoglicht eine neue Art der
Fernfeldfluoreszenzmikroskopie mit beugungs-unbegrenzter Auflosung basierend auf

Quantum Dots.

Viertens, Optimierung der optischen Bedingungen der ,letzten Linse* durch Einbettung der
Probe in ein Medium, das den Brechungsindex genau anpasst, fiihrt zu einem verbesserten
Signal-zu-Rausch Verhéltnis und einem schirferen fokalen Lichtfleck, was wiederum

verringerte Beleuchtungsdosen nach sich zieht. Andererseits verhindert Streulicht, das durch
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eine Fehlanpassung des Brechungsindex verursacht wird, hochauflésende Bildgebung tief in
der Probe. Das Einbettmedium selbst besitzt die Eigenschaft eines Antioxidanz und kann
somit das Photobleichen der Fluoreszenzfarbstoffe verhindern, da es in sehr hohen
Konzentrationen zur Verfiigung steht. Hohere Beleuchtungsdosen kdnnen so besser toleriert
werden.

Der Gebrauch von Objektiven mit hoher numerischer Apertur wird von sphédrischen
Abberationen beeintrichtigt, die durch sprunghafte Anderung der Brechungsindices zwischen
der Immersion und der Probeneinbettung hervorgerufen werden. Besonders wenn mehr als
10 um tief in die Probe fokusiert wird, fiihren Fehlanpassungen der Brechungsindices zu
einem deutlichen Verlust an Signalintensitit und Auflosung. Der genaue Abgleich der
Brechungsindices von Probeneinbettung und Immersion 16st diese Probleme. Es gibt nur
wenige Substanzen, die sowohl einen einstellbaren Brechungsindex aufweisen, als auch mit
der Fluoreszenzmikroskopie vertridglich sind. In der vorliegenden Arbeit wird ein nicht
toxisches, vollstindig wasserlosliches Einbettmedium, 2,2 -Thiodiethanol (TDE), vorgestellt,
mit dessen Hilfe sich der durchschnittliche Brechungsindex der Probe von 1.333 (Wasser) bis
hin zu 1.518 (Immersionsdl, np bei 23°C) genau einstellen ldsst. Somit kdnnen nach
Einbettung in TDE tief in fixierten Proben hochaufgeloste Aufnahmen mit Hilfe von
Objektiven, die hochste Aperturwinkel aufweisen, gemacht werden. Generell hat die
Einbettung in TDE das Potenzial, die Glyceroleinbettung iiberfliissig zu machen. Die
Anderungen der Brechungsindices innerhalb der Probe aufgrund dichter, zellulirer
Substrukturen wie zum Beispiel am Kern werden weitestgehend aufgehoben. Zusétzlich
erhédlt TDE aufgrund seiner Eigenschaft als Antioxidanz die Quantenausbeuten der meisten
gingigen Fluoreszenzfarbstoffe. Die optischen und chemischen Eigenschaften dieses neuen
Einbettmediums werden hier diskutiert und Anwendungen auf verschiedenartig gefarbte
Zellen und zelluldre Substrukturen aufgezeigt. Der Einfluss des Einbettungsmediums auf
verschiedene Bildgebungsverfahren (Konfokalmikroskopie, 4Pi-Mikroskopie, STED-
Mikroskopie) wird gezeigt.

Alle hier dargestellten Strategien konnen miteinander kombiniert werden, um bleichbezogene
Probleme zu 16sen. Die Grundvoraussetzung fiir die Bleichreduzierung durch RESCue ist eine
hervorragende Auflosung. Eine gute Anpassung der Brechungsindices, photostabile
Farbstoffe und eine effiziente Detektion sind Grundvoraussetzungen fiir die hochauflosende

Mikroskopie. Die verbesserten Bleicheigenschaften konnen in noch hdhere Auflosung
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investiert werden. Es ist auch denkbar, dass die Hochauflosung von dynamischen Prozessen
durch Bleichreduzierung erst ermdglicht wird, da dabei wiederholt abgerastert werden muss.
In dieser Arbeit wird gezeigt, wie die Verringerung des Photobleichens die Bildgebung
hochaufgeldster Details in drei Dimensionen und den Einsatz bleichanfilliger Farbstoffe in

der STED-Mikroskopie erlaubt.

Verglichen mit den stochastischen Hochauflosungsmethoden (STORM, PALM) bietet die
STED-Mikroskopie eine deutlich iiberlegenere Zeitauflosung. Bei 30 Bildern in der Sekunde
lassen sich beispielsweise synaptische Vesikel in lebenden Zellen mit hoher lateraler
Auflosung untersuchen. Gezieltes Auslesen von Farbstoffensembles ist nicht nur zeitlich
schneller als stochastisches Auslesen von Einzelmolekiilen; es bietet zusédtzlich die
Moglichkeit, die Beleuchtung analog zu RESCue lokal zu dosieren und somit Photobleichen,
Aufbau von Dunkelzustdnden und Phototoxizitit zu reduzieren ohne Auflosung einzubii3en.
Ultimative Ergebnisse lassen sich in Zukunft durch spezielle Konstruktion der
Beleuchtungsfunktion in Kombination mit der Manipulation der ,,Dunkel-“Zustinde
erreichen.

Um zelluldre Vorginge besser verstehen zu kdnnen, ist es das Ziel, dynamische Prozesse und
Wechselwirkungen zelluldrer Faktoren in lebenden Systemen dreidimensional mit hdochster
rdumlicher und zeitlicher Auflésung zu untersuchen. Die Verringerung des Bleichens und der

Phototoxizitit wird hierbei eine entscheidende Rolle spielen.
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Summary

The unique features of fluorescence microscopy to analyze dynamical processes and static
distributions in an extraordinary sensitive and specific way make fluorescence microscopy to
the key technology for answering biological questions. However, there is one crucial
drawback of light microscopy, namely their resolution imposed by diffraction. Details that are
closer than half the wavelength of light can not be discerned. More than one century ago
Ernst Abbe discovered the diffraction barrier which has become a paradigm ever since. As all
fluorescence markers within a diffraction limited focal spot are excited simultaneously, they
all emit at about the same time, rendering their separation virtually impossible.

The key concept to overcome this problem is to read-out the fluorescent signals sequentially.
To achieve that, some markers of a feature are transferred to a signal generating, “bright”
state, while keeping the other markers in a “dark” state. The realization of a fluorescent and a
non-fluorescent state of a dye molecule makes subdiffraction resolution possible by
successively reading out the bright markers.

The most prominent high resolution method is stimulated emission depletion (STED)
microscopy. Here, the excitation laser is superimposed by a second laser. The beam of the
second laser displays a zero in the center and prevents the fluorescence in the outer rim of the
excitation spot due to stimulated emission. The sample is scanned by both beams in a targeted
manner whereas the emergence of fluorescence is confined to the zero and read out
sequentially. The coordinates of the fluorescent features can also be determined by the
centroids of the fluorescence spots switched on randomly (photo-activated localization
microscopy (PALM), stochastic optical reconstruction microscopy (STORM)). These

nanoscopic techniques disclose unexpected details and new insights into cellular systems.

For targeted readout of ensembles (STED), high signal suppression intensities are needed to
separate the signals. The higher the signal suppression intensities, the better the possibility to
resolve objects. The high resolution techniques based on stochastical read-out of single dye
molecules (STORM, PALM) lack high photon counts to locate the features of interest
accurately. The more information is gathered from an object due to higher dwell times or
excitation intensities, the better it can be located. In either case, the increased intensities or
longer pixel dwell times mean higher light doses and therefore pronounced photobleaching.
Generally speaking, imaging with a high spatial resolution calls for smaller pixel sizes

compared to confocal imaging in order to collect all the information. However, if the pixel
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dwell time is kept constant (depends on the sample), a more precise dissection of the sample
is accompanied by higher light doses affecting the sample, and therefore pronounced
photobleaching, higher dark state transition rates and more severe phototoxicity.
Photobleaching is caused by irreversible chemical reactions of the dye molecules in the
excited state with surrounding reactive species (radicals, oxidative agents). Intense
photobleaching always hinders subdiffraction imaging because it limits the maximal count
rate or the maximal signal suppression intensities in zero based high resolution techniques.
This renders the reduction of photobleaching, dark state transition rates and phototoxicity a
bottle neck especially in the aim to achieve super high resolution images, high resolution live
cell imaging and three-dimensional recordings.

In the framework of this thesis, several physical and chemical strategies are exploited to
reduce photobleaching, dark state transition rates and phototoxicity in subdiffraction

fluorescence microscopy techniques.

First, maximal exploitation of the emission spectrum of a fluorescent dye ensures a sufficient
signal-to-noise ratio at ideal excitation intensities and therefore minimizes photobleaching. In
this thesis, a STED setup is described, which is optimized for flexibility to adapt to new dyes
with improved properties. To employ new dyes and alternative laser lines it would be
advantageous, if the components of the optical setup are tunable with regard to the
wavelength. A tunable phase and spectral filter is described here. Interference filters with
fixed properties are typically used as spectral filters in conventional microscopes. The
adaptive spectral filter reported here has the potential to replace standard thin film
interference filters. The requirements on the filter sets are stringent, if intense signal
suppression beams are applied to increase the resolution. In the case of STED microscopy, the
beam is spectrally located within the emission spectrum of the dye. An adaptive notch- or
bandpass filter that stops the intense STED light without wasting to much fluorescence light is
highly desirable.

In addition to the adaptive spectral filter, a tunable phase filter to generate an intensity zero is
described here. The new phase filter approach allows one to match every laser line and offers
simultaneously a way to simplify a STED setup. The excitation beam as well as the STED
beam can be provided by one laser or fiber source and are therefore inherently aligned. Both
beams are passing through the phase plate and due to dispersion, a zero is generated for the

STED beam whereas the excitation beam stays unaltered.



Second, adaptation of the light exposure affecting the sample due to the zero based high
resolution information. A better resolution enables a more accurate exposure of the sample in
case of zero based high resolution modalities (STED, excited-state absorption (ESA)). Here,
an effective method is demonstrated to reduce the overall number of excitation and emission
suppression cycles that a fluorescent molecule undergoes in all zero based high resolution
modalities if the non-fluorescent state is metastable (reduction of excitation and signal
suppression cycles (RESCue)). The effectiveness of this method is shown exemplarily on
STED microscopy without suffering in loss in resolution or imaging speed. It relies on
exposing the sample in extenso only if the fluorescence signal is not inhibited by any process
(stimulated emission, ESA). The exposure decision is made depending on the photon flux
during a fraction of the pixel dwell time. If a certain number of fluorescence photons from an
object is detected within a first part of the pixel dwell time, the lasers remain on for the
residual dwell time. The instantaneous knowledge of the accurate position of the fluorescent
entities within the sample can be adapted to reduce the number of switching cycles and
therefore to reduce photobleaching, dark state population, phototoxicity and switching fatigue
significantly, all of which are important obstacles in every nanoscopic imaging mode. As
shown with fluorescent beads, the STED mode and its improved resolution is able to preserve
fluorescence even better than the confocal mode. The efficiency of this method is also
demonstrated in varying biological samples. An up to four fold decrease in photobleaching is
observed while imaging Atto565 labelled glial cells. In general, the RESCue mode enables
subdiffraction imaging connected to high light doses such as three-dimensional imaging. Due
to the adaptive light exposure strategy, the so far unexploited dye class of coumarin
derivatives which is known to be prone to photobleaching, can now be employed for STED

microscopy.

Third, optimization of labels themselves regarding photostability, fluorescence turnover,
switchability and other photophysical properties paves the way for ultra high resolution
imaging and high resolution live cell imaging. New realizations of “signal-giving” and “dark”
states may work with lower signal suppression intensities in the case of zero based high
resolution methods, leading to a lower light dose and reduced photobleaching, dark state
transition rates and phototoxicity. Moreover, labels with improved photostability tolerate
higher signal suppression intensities leading to higher resolution in the case of zero based
techniques and to a more accurate centroid determination of the fluorescence spot for

stochastic read-out methods. Quantum dots are fluorescent entities known for their superior
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photostability. In this thesis, light-driven modulation of the fluorescence from Mn-doped
ZnSe quantum nanocrystals has been established through ESA and its direct competition with
spontaneous emission. Such optical control over electronic transitions enables a new type of
far-field fluorescence microscopy with diffraction-unlimited resolution based on quantum

dots.

Fourth, optimization of the optical conditions of the “last lens”, the sample, with the help of a
refractive index matched embedding media leads to an improved signal-to-noise ratio and
reduced blurring of the focal spot which in turn makes lower light doses possible. On the
other hand, stray light caused by refractive index mismatch hinders high resolution imaging
deeply inside the sample. Additionally the embedding media itself exhibits good antioxidant
properties. So the antioxidant is inserted as an antifade in high concentrations enabling higher
light doses without disturbing the optical properties.

The use of high numerical aperture immersion lenses in optical microscopy is compromised
by spherical aberrations induced by refractive index mismatch between the immersion system
and the embedding medium of the sample. Especially when imaging more than 10 um deep
inside the specimen, the refractive index mismatch results in a noticeable loss of image
brightness and resolution. A solution to this problem is to match the index of the embedding
medium to that of the immersion system. Unfortunately, not many mounting media are known
that are both index tunable as well as compatible with fluorescence imaging. A non-toxic
embedding medium, 2,2’-thiodiethanol (TDE) is introduced, which, by being miscible with
water at any ratio, allows for fine adjustment of the average refractive index of the sample
ranging from that of water (1.333) to that of immersion oil (np =1.518 at 23°C). TDE thus
enables high resolution imaging deep inside fixed specimens with objective lenses of the
highest available aperture angles and has the potential to make glycerol embedding redundant.
The refractive index changes due to larger cellular structures, such as nuclei, are largely
compensated. Additionally, as an antioxidant, TDE preserves the fluorescence quantum yield
of most of the fluorophores. The optical and chemical properties of this new medium as well
as its application to a variety of differently stained cells and cellular sub-structures are
described. The impact of the embedding media was tested for different imaging modes

(confocal, 4P1 and STED microscopy).
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All the strategies presented here can be combined to tackle photobleaching related problems.
The basic requirement for RESCue is a superior resolution. Refractive index matching,
photostable dyes and an efficient detection are basic requirements for high resolution
imaging. The improved bleaching properties can be reinvested in even higher resolution,
allowing high resolution imaging of dynamical processes that require repeated scans, or

enables imaging in three dimensions.

STED microscopy offers an excellent time resolution compared to stochastically based high
resolution methods (STORM, PALM). A frame rate of 30 images per second for example
allows to analyze synaptic vesicles in living cells with a superior lateral resolution. Targeted
read-out of fluorescence ensembles is not only faster compared to the stochastic read-out of
single molecules, but also implies the possibility to adapt the sample exposure analogous to
RESCue locally and therefore, to avoid photobleaching, dark state transitions and
phototoxicity without sacrificing resolution enhancement. In the future, extraordinary results
will be gained by combining “point spread function engineering” and “dark state
engineering”. To understand the mechanisms behind life it is essential to quantitatively
analyze dynamic processes and interactions of cellular factors in living systems three-
dimensionally with the highest temporal and spatial resolution. For that, the reduction of

photobleaching and phototoxicity plays a crucial role.
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Introduction

Chapter 1

Introduction

In natural sciences, processes and conditions are observed, described, interpreted in a bigger
context and discussed with people from other special fields. Nature spans a wide range of
dimensions: from the size of protons and neutrons to the dimensions of the planetary systems
or galaxies. Only a small part is visible to the naked eye. The bulk is hidden in the micro- or
macrocosm. Early in history devices such as the microscope were introduced for observing
processes and structures in small dimensions. Cell biology essentially started with light
microscopy, which still is an essential tool. In recent years, microscopic techniques became
ever more important, mostly owing to new developments in the field of specific labelling
techniques and imaging of individual cellular elements and the reconstruction of their three-
dimensional architecture. A big advantage of light microscopy is that movements and
structures of distinct cellular compartments can be observed in living cells or organisms. One
important property of a light microscope is its resolution which is defined as the distance of
two similar objects that are only just imaged separately. The resolution sets the limit for
conventional microscopy hindering the unraveling of a multitude of biological phenomenon.

The development of new microscopy techniques is therefore a very active field of research.

A milestone in the development of light microscopy was the derivation of the wave theory of
optical imaging in 1873 by Ernst Abbe (Abbe, 1873; Abbe, 1884). Abbe demonstrated how
the diffraction of light by the specimen and the objective lens determines the resolution. This
fact became a fundamental law of physics. The diffraction limit declares that it is not possible
to focus light to an infinitesimal small spot by means of far-field optics. The lateral size of the
focused spot is limited to Ax = 0.54/NA, with A denoting the wavelength of the focused
light, and the numerical aperture NA = n*sina describing the light collecting ability of the
applied objective lens. The half cone angle « of light included by the objective lens and the
refractive index n are technical obstacles. In the visible range (400 to 700 nm), the lateral
resolution is limited to approximately 200 nm. Various constituents in cells like the ribosomes
(macromolecular machines responsible for translation) with a size of 20 nm are much smaller
than the resolution limit (Alberts, 2002). These structures would be imaged as a blurred spot
without revealing any structural information. A strategy to resolve such dimensions is the

application of light with a shorter wavelength according to Abbe’s law. The X-ray microscope
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discerns details in the range of 20 to 30 nm, the electron microscope (EM) is even capable of
resolving 0.1 nm being suitable to discern molecular structures with a de Broglie wavelength
of 0.004 nm. Aberrations of an electron lens are harder to correct, leading to discrepancy
between theory (Abbe) and experiment (Alberts, 2002). The major drawback however is the
high-energy radiation prohibiting the observation of living cells. Furthermore, the samples for
EM have to be cut into thin slices because of the limited penetration depth of the radiation,
thereby disturbing three-dimensional information. Often the contrast of structures with
different densities has to be enhanced. Techniques for increasing the resolution in light

microscopy are therefore highly exciting for biology, medicine and related research fields.

Another milestone was the introduction of fluorescence in light microscopy as a contrast due
to its unchallenged sensitivity (Coons et al., 1942). With the aid of antibody specificity,
immuno-fluorescent techniques became widespread in many branches of biology and
medicine, and immunocytochemistry became established as an important subdiscipline of
immunology and cytochemistry. The application of the green fluorescent protein (GFP) as a
marker paved the way for fluorescence microscopy of living cells (Chalfie et al., 1994) and
visualisation of dynamical processes because the cell itself produces the fluorescent label and
links it directly to the desired protein. The importance of such observations in living cells was
particularly demonstrated by the award of the Nobel prize for fluorescent proteins in 2008.
Like no other contrast fluorescence offers an enormous variety of additional, detectable
variables depending on the chemical surrounding. The intensity, fluorescence lifetime,
emission spectra and the polarization of the emitted light sense the local environment in the
vicinity of the fluorescence dye and allow discrimination from undesired signals such as
autofluorescence. Together with coincidence analysis, the number of emitters within the focal
spot can be determined and correlated to the number of proteins located in a distinct part of
the cell (Weston et al., 2002). The possibility to manipulate fluorescence parameters
permitted the development of high resolution techniques (STED, STORM, PALM) which are
described in detail in the chapter 2.

Not only imaging was strongly influenced by fluorescence, but also spectroscopic approaches.
A mechanism called resonance energy transfer (RET) provides a powerful tool to probe
distances in the range of 1 to 10nm well below the diffraction limit. RET is an
electrodynamic phenomenon and occurs between a donor molecule in the excited state and an
acceptor molecule in the ground state. The donor typically emits at shorter wavelengths

overlapping with the absorption spectrum of the acceptor. A long ranged dipole-dipole
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interaction between the donor and the acceptor causes radiation-less energy transfer which
leads to fluorescence of the acceptor, indicating a certain transfer efficiency (Jares-Erijman
and Jovin, 2003). The rate of energy transfer depends on the extent of spectral overlap, the
relative orientation of donor and acceptor transition dipoles and the distance between donor
and acceptor. The transfer efficiency varies with the 6th power of the distance between
acceptor and donor. RET senses conformational changes and interactions of cellular factors
and has been successfully applied to biomedical diagnostics (Lakowicz, 2006; Hink et al.,
2002).

Another spectroscopic approach takes advantage of photoinduced electron transfer (PET),
which is very short-ranged and even capable to diagnose distances in the picometer range. In
PET, a complex between the electron donor and the electron acceptor is formed after
excitation and the transfer of an electron from donor to acceptor. This charge transfer
complex can return to the ground state without the emission of a photon (Lakowicz, 2006).
Obviously, the spectroscopic approaches do not provide the exact coordinates of the involved
partners. With the aid of fluorescence correlation spectroscopy (FCS), diffusion of molecules,
ligand-macromolecule binding, molecule clustering, rotational diffusion, internal
macromolecule dynamics, intersystem crossing and excited-state reactions can be investigated

in solution as well as in living cells (Schwille et al., 1999).

The confocal microscope as described by Minsky in the year 1957 was another milestone
enabling for the first time optical sectioning and therefore three-dimensional reconstruction of
whole cells (Minsky, 1957). In contrast to wide field techniques, where the specimen is
illuminated homogeneously, the specimen is scanned point by point by a laser, and the
fluorescence light which is not originating from the focus is removed by a pinhole. The
resolution in the axial direction is around 500 nm and by a factor of three smaller than the
lateral resolution. Featuring single molecule sensitivity, the confocal microscope has become
the gold standard for biological imaging and spectroscopic and analytical applications, (Nie et
al., 1994).

Another strategy to overcome the limited sensitivity and spatial resolution of conventional
fluorescence microscopy due to out of focus and scattered fluorescence is the application of
multi-photon microscopy (MPM). MPM is based on molecular excitation by multi-photon
absorption and is usually combined with laser-scanning microscopy (LSM) (Denk et al.,
1990). The excitation is almost entirely confined to the high intensity region near the focal

point because of the superlinear character of the multi-photon excitation of the fluorophores.
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The background is therefore significantly decreased. No confocal spatial filter is required
because excitation of fluorescence outside the focus is highly improbable. The probability of
excitation scales with the n-th power of intensity, where n denotes the number of photons
involved. Advantages compared to confocal microscopy are reduced photodamage and
photobleaching in out-of-focus regions and the superior penetration depths provided by the
infrared light employed here. MPM was successfully applied to vital imaging of biological
systems, especially to high resolution imaging inside highly scattering brain tissue in vivo
(Denk et al., 1994). However, in terms of resolution, the MPM cannot surpass the
conventional one-photon excitation, since the doubled or tripled excitation wavelength in
MPM cancels out the effect of smaller effective focal volumes due to quadratic or cubic

excitation probability (Kastrup et al., 2005).

In the recent years, every endeavour has been made to increase the resolution in the axial
direction. The most prominent candidates which arose from these efforts were the I°’M and the
4Pi techniques (Gustafsson et al., 1999; Egner and Hell, 2005). The I’'M superimposes
counter-propagating, planar waves to generate an interference pattern, the aperture
enhancement is only implemented for the detection. If a sufficiently small fluorescent object
is scanned through the standing wave, it is detected as a narrow main maximum with axially
shifted side maxima. The side maxima are then mathematically removed by a deconvolution
algorithm. However, the reconstruction of three-dimensional I’'M data is challenged by very
prominent side maxima. In 4Pi microscopy, two objectives with a high numerical aperture are
used to coherently superimpose the excitation and the fluorescent light. Compared to the I’'M
technique, the excitation is performed by focused light. Two spherical wave caps are
superimposed rendering the side lobs significantly smaller. According to Abbe, the
application of two objectives leads to a doubled cone angle and therefore pushes diffraction to
its limit. For reliable deconvolution, the side maxima are decreased further by two-photon
excitation. The applicability of 4Pi to living cells was demonstrated with an axial resolution

of 80 nm (Gugel et al., 2004).

Likewise motivated by insufficient resolution for a multitude of biological problems, optical
near field methods were developed and successfully applied. In total internal reflection
(TIRF) microscopy, the evanescent field generated directly above the glass surface excites
fluorescent molecules up to an axial depth of approximately 100 nm creating one, very thin

optical section. A light beam, incident on an interface separating two regions of different
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refractive indices, is reflected totally if the incident angle exceeds the critical angle. Quantum
mechanics calls for a portion of light which penetrates into the distal phase. This is called the
evanescent wave; its strength decays exponentially (Pawley, 2006). Another method which is
not based on probing the sample with focused light and therefore not subjected to the
diffraction limit is scanning near field optical microscopy (SNOM). The trick here is to use a
nano-sized tip featuring a light-emitting aperture much smaller than the wavelength of the
light coupled into the tip. Light passing through the aperture illuminates the sample which is
placed in its near field at a distance much closer than the wavelength. The resolution is then
directly determined by the dimension of the point-like source, and is typically around 50 to
100 nm (Lewis, 1984; Pohl, 1984). All methods based on optical near fields are however
restricted to surfaces limiting their applicability. Similar arguments apply to the more recent
and intriguing concept of imaging with a material of negative refractive index (Pendry, 2000).
The need to collect non-propagating waves requires the sample to be placed on top of the

material (Podolskiy and Narimanov, 2005).

All of the so far mentioned methods have addressed specialized problems, but none of them
tackled the fundamental problem itself, namely the diffraction limit. A genuine breakthrough
was accomplished in the year 1994. The idea to establish and control two states of a
fluorescent molecule, namely a fluorescent and a non-fluorescent state, during image
formation led to a new formulation of 4bbe’s law which had been a paradigm ever since (Hell
and Wichmann, 1994). The resolution in all spatial directions is thus no longer limited by
diffraction. The general concept behind subdiffraction resolution is called reversible saturable
optical fluorescence transition RESOLFT (Hell, 2003). The most prominent representative of
RESOLFT is stimulated emission depletion (STED) microscopy. In STED microscopy, the
fluorophores are excited by a Gaussian beam and the fluorescence is quenched by a second,
doughnut-shaped beam featuring a zero in the center. Only those fluorophores located right at
the zero are not influenced by the signal suppression beam and remain therefore in the
fluorescent state. In theory, the zero can theoretically be confined to an infinitely small point
by increasing the power of the STED beam. A recent example demonstrating the power of
STED microscopy in terms of live cell compatibility was the dissecting of synaptic vesicle
movement at video rate by Westphal et al., 2008.

Instead of the targeted read-out used in STED microscopy, it is also possible to read out the
image information stochastically and determine the centroid of the isolated fluorescence spot.

This is realized in photo-activated localization microscopy (PALM) or stochastic optical
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reconstruction microscopy (STORM) (Betzig et al., 2006; Rust et al., 2006). However, the
common denominator of all these nanoscopic techniques is to read out the fluorescent signals
sequentially within a volume defined by diffraction. The combination of both, “point spread
function engineering” as applied in 4Pi or STED microscopy on the one hand and “dark state
engineering” (applied in STORM- or PALM-related techniques) on the other hand, will result
in a highly promising tool for ultra resolution. The ultimate goal is to provide a tool for cell
biology allowing to create a quantitative map of different cellular compartments and factors in

living systems with unprecedented resolution to establish new, empirical based models of life.

The limited number of emitted photons actually collected by a microscope is a general
problem, no matter whether it is restricted by dye properties, photobleaching, detectors and/or
optics. If the photon count is below the noise level, an image can not be recorded. In the mid
of the 90’s, it was by far not obvious to what extent principles like STED were applicable,
since nanoscopy places high demands on fluorescent labels and sample embedding. The dyes
have to exhibit two states, a bright “signal-giving” and a “dark™ state, and the switching
between these two states should be manipulable and robust. STED microscopy for example
takes advantage of the non-linear process of fluorescence quenching by stimulated emission
to confine the origin of fluorescence to a subdiffraction area. The higher the intensity of the
signal suppression (STED) beam, the stronger the confinement. On the other hand, those
subdiffraction techniques based on stochastical readout of single molecules rely on a high
number of detected photons from each single molecule in order to determine the coordinates
of the fluorescent molecule with high accuracy. To gather high photon counts in a reasonable
time, it is necessary to apply high excitation light intensities. The subdiffraction microscopy
approaches are highlighted in chapter 2. In either case, high excitation light or high signal
suppression intensities are connected to higher photobleaching, limiting the number of
detected photons, as described in chapter 2. Photostability and the switchability between two
states has to be maintained during the data acquisition, otherwise subdiffraction imaging is
hindered. The dyes available till the 90’s were not optimized or screened for photostability,
switching or fluorescence depletion processes necessary for subdiffraction imaging. Today,
subdiffraction images can be recorded due to a consequent improvement of dye properties
over the last years. But there still is plenty of room for improvements, especially if very high
resolutions are desired, fast image series are to be recorded to capture dynamical processes,

three dimensional information should be gathered, or for further simplification. A lot of
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improvements are connected to photobleaching or more generally to the overall number of
collected photons. To increase the number of collected photons with a subdiffraction
microscope, all possibilities have to be exploited. Solutions can be provided by biology,
physics and chemistry. Biological approaches include for example enzyme systems to remove
oxygen which can be responsible for photobleaching, or advancements in the field of
fluorescent proteins. The approaches offered by chemistry are besides developments in the
field of fluorescent dyes itself, special embedding media, substances to prevent
photobleaching and “dark state engineering”. Physical approaches can provide new detectors,
flexible setups and adaptive filters to better match dyes with improved properties and to
exploit the entire emission spectrum. Furthermore, applications of new molecular processes
for subdiffraction imaging and adaptive light exposure help to decrease photobleaching. The
aim of this thesis is the evaluation and development of chemical and physical approaches for
minimizing photobleaching, phototoxicity and dark state transitions in subdiffraction
microscopy. The results and discussions are therefore divided into four parts, resembling

different physical and chemical approaches to tackle photobleaching:

1) In Chapter 3, an optical setup is described, which is characterized by high flexibility. It
allows one to easily adapt to new fluorophores with enhanced properties and alternative
laser lines for RESOLFT experiments. A flexible system requires a tunable dichroic
mirror, an adaptive emission and excitation filter system and a tunable phase filter to
generate a zero in the STED beam. Solutions to all these points are addressed in Chapter 3.
As a result, the whole emission spectrum of a dye can be exploited leading to an increased
signal-to-noise ratio (SN) and the chance to reduce the excitation intensity and thus
photobleaching. The requirements for the spectral filter sets are heavy, when intense signal
suppression beams are applied to enhance the resolution. In STED microscopy, the
wavelength of the signal suppression beam inevitably is part of the fluorescence spectrum.
An adaptive notch or bandpass filter to remove intense signal suppression light is described
in Chapter 3, replacing thin film interference filters with fixed spectral properties.
Additionally, a new phase plate approach significantly simplifies the alignment procedure.
The spectral adaptive filter system consists of a quadruple AOTF arrangement and a prism

based spectrometer.
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2) The quadruple AOTF arrangement allows for the complete control of the sample exposure
which is a basic requirement for a method introduced in chapter 4. This approach reduces
the number of excitation and signal suppression cycles in zero based high resolution
methods using metastable off-states (RESCue) and therefore prevents photobleaching and
dark state transitions by adaptively controlling the light dose on the fluorescent sample
without sacrificing localization information. The efficiency is exemplarily demonstrated on
STED microscopy which is the first and most prominent candidate among all
subdiffraction microscopy techniques. RESCue takes the high resolution information itself
as a basis to locally adapt the sample exposure and therefore significantly reduces the
photobleaching even compared to the standard confocal imaging mode. The common
opinion, that high resolution microscopy is always connected to higher bleaching, now has

to be reconsidered.

3) The development of new fluorophores is a highly active field. The high requ