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Abstract
Visualizing biological processes and cellular structures in real time helps understand the
mechanisms that constitute a living system. Optical microscopy is compatible with live-cell
imaging but this method can only resolve structures larger than a couple hundred nanometers.
This constraint is due to the diffraction limit of light that causes blurring of most sub-cellular
interactions and morphological changes essential for studying cell biology. Super-resolution
microscopy emerged as a way to overcome this limitation and to visualize live processes
happening at the nanoscale. The main goal of this Thesis is to present the design and
implementation of new functional fluorophores that improve live-cell super-resolution
imaging.
Single-molecule localization microscopy works by detecting the precise location of fluorescent
molecules within a diffraction-limited spot. To fulfill this requirement, the fluorophores need
to be switched from a fluorescent, ON, to a dark, OFF, state. This process often requires highintensity light irradiation that causes the fluorophores to be switched OFF irreversibly
(photobleaching), and damages the living sample (phototoxicity). To tackle these problems,
we crafted a xanthene dye that undergoes isomerization (E à Z) when subjected to irradiation
with light of ~400 nm. In the Z form, the molecule remains in an equilibrium between an ON
and OFF state that is independent of light irradiation (fluxional). Mechanistic studies revealed
that the total number of molecules in the ON state mainly depends on protonation but can be
controlled with the photoactivation step. Using this probe, we were able to perform, for the
first time, super-resolution imaging of acidic vesicles in live cancer cells for longer than 30
min. The low light irradiation method used resulted in no apparent signs of phototoxicity to the
sample and no loss of fluorescent signals over the entire course of the acquisition. Using this
methodology, we imaged acidic synaptic vesicles in human neurons in two and threedimensions to study the spatiotemporal compartmentalization of vesicle diffusion.
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Abstract
Locating regions of enzymatic activity in live cells is valuable for designing, targeting and
understanding inhibitor efficiency and drug metabolism. Inspired by the prospects of locating
single emitters with super-resolution microscopy, we designed a photoactivable diazoindanone
rhodol that is dependent on enzymatic cleavage to generate a fluorescent signal. The dual
activatable sensor contains an electron-deficient core that can be transformed into an electronrich core by enzymatic hydrolysis of the acetyl protecting group. This step determines whether
photoactivation generates dark or fluorescent photoproducts. Experiments in live cells
confirmed that this sensor is pre-activated in regions close to the endoplasmic reticulum (ER)
by active carboxylesterases. Upon photolysis, the pre-activated, electron-rich probe undergoes
a Wolff rearrangement to give a ketene intermediate that reacts with nucleophiles in the site of
the photoactivation. Therefore, we could link enzymatic activity to a non-diffusive intracellular
fluorescent signal, which allowed us to image carboxylesterase activity in live-cells using
super-resolution microscopy. Pre-treating cells with inhibitors of human carboxylesterase I and
II, revealed a significant decrease in the total number of active sites detected. This proof-ofprinciple study introduces an unprecedented sensing mechanism for single-molecule detection
of enzymatic activity with great potential for other biologically relevant targets.

Observing the structure and monitoring the changes in morphology of sub-cellular
compartments is important for elucidating their role and function. The highly-controlled
trafficking system in cells makes it very difficult to place non-genetically encoded fluorophores
at a specific cellular location. We report a diazoindanone photoactivatable rhodamine that
intrinsically accumulates in the ER of live cells, where it can be photoactivated to generate a
fluorescent

signal.

Single-molecule

microscopy

experiments

revealed

that

upon

photoactivation, this probe emits a large number of photons before it is photobleached. We
performed two- and three-dimensional super-resolution microscopy to expose the formation of
loops and the presence of pores within fine ER structures located at the periphery of live cells.
Using this simple approach, we were able to distinguish these nanometric details otherwise
impossible to discern using conventional optical imaging.
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Abstract

The last project in this Thesis presents the development of a new staining method for detecting
live cells using a dual activatable sensor. Cell experiments demonstrated that once the dye is
photoactivated inside cells, the fluorescent signal can be retained for long periods of time (>27
h). Moreover, the fluorescent signal is not lost upon exposure to harsh fixation and
permeabilization conditions which makes this method advantageous to other cell tracking
methods that implement genetically modified organisms expressing photoswitchable proteins.
The low irradiation intensity required for the photolysis of diazoindanones enabled labeling of
sensitive primary cells without showing significant signs of cytotoxicity. Finally, we used
inverse fluorescent recovery after photobleaching to selectively irradiate one cell and detect
fluorescence in long (>20 h) cell-tracking experiments using confocal microscopy. We
envision that this facile staining method can be further exploited for detecting other cellular
migration events in live animals.
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Zusammenfassung
Die Visualisierung biologischer Prozesse und zellulärer Strukturen in Echtzeit hilft, die
Mechanismen, die einen lebendige Organismus ausmachen, zu verstehen. Mit der optischen
Mikroskopie ist das Abbilden lebender Zellen möglich, aber es können nur Strukturen
aufgelöst werden, die größer als ein paar hundert Nanometer sind. Diese Einschränkung ist auf
die Beugungsgrenze des Lichts zurückzuführen, die dazu führt, dass die meisten subzellulären
Interaktionen und morphologischen Veränderungen, die für das Studium der Zellbiologie
unerlässlich sind, verschwimmen. Die hochauflösende Mikroskopie entstand als Möglichkeit,
diese Einschränkung zu überwinden und Prozesse in Echtzeit im Nanobereich zu visualisieren.
Das Hauptziel dieser Arbeit ist das Design und die Implementierung neuer funktioneller
Fluorophore vorzustellen, die die hochauflösende Bildgebung von lebenden Zellen verbessern.
Die Einzelmolekül-Lokalisationsmikroskopie funktioniert, indem sie die genaue Position von
fluoreszierenden Molekülen innerhalb eines beugungsbegrenzten Punktes mathematisch
bestimmt. Um diese Anforderung zu erfüllen, müssen die Fluorophore von einem
fluoreszierenden, AN- in einen dunklen, AUS-Zustand geschaltet werden. Dieser Prozess
erfordert oft eine hochintensive Laserbestrahlung, die dazu führt, dass die Fluorophore
irreversibel ausgeschaltet werden (Photobleichen) und die lebende Probe beschädigt wird
(Phototoxizität). Um dieses Problem zu umgehen, haben wir einen Xanthenfarbstoff
entwickelt, der eine Isomerisierung (E nach Z) untergeht, wenn mit Licht von ~400 nm
bestrahlt wird. In der Z-Form bleibt das Molekül in einem von der Lichteinstrahlung
unabhängigen (fluxionalen) Gleichgewicht zwischen einem AN- und AUS-Zustand.
Mechanistische Studien zeigten, dass die Gesamtzahl der Moleküle im AN-Zustand zwar
hauptsächlich von der Protonierung abhängt, aber mit dem Photoaktivierungsschritt gesteuert
werden kann. Mit dieser Probe konnten wir erstmals saure Vesikel in lebenden Krebszellen für
mehr als 30 Minuten mit Superresolution aufnehmen. Mit der verwendeten schwachen
Lichtbestrahlung waren keine Anzeichen von Phototoxizität sichtbar und die Probe zeigte kein
Verlust von Fluoreszenzsignal während der gesamten Aufnahmezeit. Mit dieser Methodik
haben wir saure synaptische Vesikel in menschlichen Neuronen in zwei- und drei Dimensionen
abgebildet, um die raumzeitliche Kompartimentierung der Vesikeldiffusion zu untersuchen.

X

Zusammenfassung

Die Lokalisierung von Regionen enzymatischer Aktivität in lebenden Zellen ist wertvoll für
das Design, die Zielrichtung und das Verständnis der Inhibitoreffizienz und des
Medikamentenstoffwechsels. Inspiriert von den Möglichkeiten, Einzelemitter mit der
hochauflösenden Mikroskopie zu lokalisieren, haben wir ein photoaktivierbares DiazoindanonRhodol entwickelt, dessen Fluoreszenz von einer enzymatischen Spaltung abhängig ist. Der
doppelaktivierbare Sensor enthält einen elektronenarmen Kern, der durch enzymatische
Hydrolyse der Acetylschutzgruppe in einen elektronenreichen Kern umgewandelt wird. Dieser
Schritt bestimmt, ob die Photoaktivierung ein dunkles oder ein fluoreszierendes Photoprodukt
erzeugt. Der elektronenreiche Vorläufer unterläuft eine Wolff-Umlagerung zu einem
Ketenzwischenprodukt, das mit Nucleophilen am Ort der Photoaktivierung reagiert.
Experimente an lebenden Zellen bestätigten, dass dieser Sensor in Regionen nahe dem
endoplasmatischen Retikulum (ER) durch aktive Carboxylesterasen voraktiviert wird. Nach
der Photolyse ist ein helles Signal, das nicht von der Stelle der Photoaktivierung
wegdiffundiert, detektierbar. Auf diese Weise konnten wir die enzymatische Aktivität mit
einem fixen intrazellulären Fluoreszenzsignal detektieren. Dies erlaubte uns diese Probe zur
Abbildung der Carboxylesterase-Aktivität in lebenden Zellen mittels hochauflösender
Mikroskopie zu verwenden. Die Vorbehandlung von Zellen mit Inhibitoren der menschlichen
Carboxylesterase I und II ergab einen signifikanten Rückgang der Gesamtzahl der aktiven
Stellen. Diese Proof-of-Principle-Studie stellt einen beispiellosen Sensormechanismus für den
Einzelmolekülnachweis enzymatischer Aktivität mit großem Potenzial für andere biologisch
relevante Zielen vor.

XI

Zusammenfassung

Die Beobachtung der Struktur und die Überwachung der Veränderungen in der Morphologie
subzellulärer Kompartimente ist wichtig, um deren Rolle und Funktion zu erforschen. Das
hochgradig kontrollierte Zelltransportsystem erschwertes die Zelllokalisation von nichtgenetisch

kodierte

Fluorophore

zu

bestimmen.

Wir

stellen

ein

Diazoindanon

photoaktivierbares Rhodamin vor, das sich im ER der lebenden Zellen ansammelt, wo es
photoaktiviert werden kann und so fluoreszent wird. Einzelmolekülspektroskopie-Experimente
ergaben, dass diese Probe nach der Photoaktivierung eine große Anzahl von Photonen emittiert,
bevor

sie

Photogebleicht

wird.

Wir

führten

zwei-

und

dreidimensionale

Hochauflösungsmikroskopie in lebenden Zellen durch, was die Bildung von Bögen und das
Vorhandensein von Poren in feinen ER-Strukturen am Rand der Zellen aufzeigte. Mit diesem
einfachen Ansatz konnten wir diese nanometrischen Details unterscheiden, die in der
konventionellen optischen Bildgebung nicht sichtbar sind.

Im letzten Abschnitt dieser Arbeit berichten wir über die Verwendung der vorgestellten dualaktivierbaren Sensoren zur Entwicklung einer neuen Färbemethode zum Nachweis von
Krebszellen und empfindlichen primären Immunzellen in vivo. Zellversuche zeigten, dass das
Fluoreszenzsignal, sobald der Farbstoff in den Zellen photoaktiviert ist, über einen längeren
Zeitraum (>27 h) erhalten bleibt. Darüber hinaus geht das Fluoreszenzsignal bei rauen
Fixierungs- und Permeabilisierungsbedingungen nicht verloren und macht diese Methode
vorteilhaft gegenüber der Verwendung von gentechnisch veränderten Organismen, die
photoschaltbare Proteine exprimieren. Die geringe Bestrahlungsstärke, die für die Photolyse
von Diazoindanonen erforderlich ist, ermöglichte die Markierung von empfindlichen

XII

Zusammenfassung
Primärzellen ohne signifikante Anzeichen von Zytotoxizität. Schließlich haben wir die
umgekehrte Fluoreszenzrückgewinnung nach Photobleaching Methode verwendet, um eine
Zelle

selektiv

zu

bestrahlen

und

deren

Fluoreszenz

in

langen

(>20

h)

Zellverfolgungsexperimenten mit konfokaler Mikroskopie zu erkennen. Wir erwarten, dass
diese einfache Markierungsmethode weiter genutzt werden kann, um andere zelluläre
Migrationsereignisse bei lebenden Tieren zu erkennen.
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Chapter 1

Introduction

From single-molecule detection
to live-cell tracking

Chapter 1 – Introduction

1.1

Imaging Living Systems Using Light

Structures of living systems can be found in sizes that range from a few nanometers (e.g.
proteins) to bodies that are more than nine orders of magnitude larger (e.g. human body, Figure
1).[1] Different imaging techniques are used to visualize this broad range of sizes to understand
better the processes responsible for maintaining or influencing biological function. One main
difference between these imaging techniques is the resolution they can attain at a specific
length scale (Figure 1).

Figure 1. Relevant length scales for imaging cell biology (highlighted in yellow). The diffraction limit
of light and the range of distances covered by nanoscopy are depicted with red lines.

1.1.1 Imaging techniques and biological length scales
Macroscopic imaging technologies, such as magnetic resonance imaging (MRI), positron
emission tomography (PET) and computed tomography (CT) can display metabolic
information and structural changes occurring in large samples (e.g. human organs).[2,3] These
imaging technologies, often applied in pre-clinical imaging, can achieve excellent contrast
through tissue and are considered to be moderately to minimally invasive in nature.[4] However,
intrinsic instrumental limitations allow only features above ~1 mm to be adequately imaged.[5]
Optical microscopy is widely used to detect microscopic details of sub-cellular structures
(<20 µm) and cellular interactions in the multicellular length scale. Because this technique uses
visible light as a signal for detection, it is relatively safe and compatible with live biological
samples. Thus, optical microscopy is beneficial to study cellular morphologies, cell
2
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phenotypes, monitor cell-cell interactions, and organelle behavior occurring in real time.[6]
Resolution for optical imaging becomes a problem when the light source is focused to its limit
of diffraction. This phenomenon is a physical limitation caused by the wave-like nature of light
that was reported back in 1873 by the German physicist Ernst Abbe.[7] Due to this physical
obstacle, optical microscopy cannot sufficiently resolve sub-cellular structures or observe
biological processes smaller than about 200 nm in size.
Electron microscopy (EM) and X-ray diffraction (XRD) crystallography are mostly used to
obtain molecular and subcellular (<100 μm) structural information.[8] EM uses a beam of
electrons to achieve nanometric resolution (~4 Å).[9] Because it requires an ultra-high vacuum
system, pre-treatment of the biological specimen with toxic chemical agents, and dehydration
protocols, it is not compatible for visualizing live cells. To circumvent this problem, the
biological material can be cooled down to cryogenic temperatures (cryogenic EM) which
prevents crystallization and preserves the sample’s structure. This technique reduces the
damage caused to the sample and can achieve atomic resolution.[10] XRD crystallography is
also

used

to determine the absolute configuration

and function of biological

macromolecules.[11] The intrinsic limitations of classical XRD have been circumvented by
time-resolved serial crystallography that implements femtosecond pulses of X-ray free electron
lasers to obtain atomic resolution of biological structures with temporal dynamics.[12] Other
tools include nuclear magnetic resonance (NMR), that has found recent applications for
studying protein interaction and function inside live cells.[13,14]
Collaborative work in the fields of biology, chemistry and physics has made possible the
development of super-resolution microscopy (nanoscopy).[17] These modern optical tools use
unique fluorophores that can emit light in a controlled manner.[16] Because light, to a certain
extent, is non-detrimental to biological samples, we can use these super-resolution methods to
detect changes in the molecular and cellular length scale[15] without the need to fix, or kill, the
specimen. Even though a large variety of fluorophores have found applications in medical
diagnostics[18] optical and bioimaging,[19] developing novel functional fluorophores is the main
challenge to surpass current limitations of live-cell super-resolution imaging.[20]
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1.1.2 Fluorescence microscopy
The first use of microscopes dates back to the 17th century when Galileo Galilei transformed
his telescope into a shorter focal length instrument to observe close-up details of insects.[21]
Since then, optical microscopes are widely-used to visualize cellular structures and biological
processes as they occur in living samples. One form of optical microscopy utilizes organic
molecules and/or fluorescent proteins that are able to absorb photons of a specific wavelength
(lex) and emit photons of a longer wavelength (lem). This fast process, known as fluorescence,
occurs in the nanosecond (ns) range as the molecules relax from the singlet excited state to the
ground state.[6] This radiative process causes the emission of photons with wavelengths found
in the visible region of the electromagnetic spectrum (Figure 2, A). In fluorescence microscopy,
the detection of an emitter is done with very high sensitivity and low detection limit because
most biological samples don’t emit light in the visible range of the spectrum. Therefore,
fluorophores create high-contrast images of intracellular compartments. Modern fluorescent
microscopes with camera-based detection system can contain multiple wavelength channels
(e.g. lex = 405, 445, 488, 561 and 647 nm) that can image several fluorescent probes
simultaneously given that their absorption and fluorescence spectra do not overlap spectrally
(Figure 2, A).[22] Multi-channel imaging is useful to determine the relative location of two
fluorophores within a cell, as well as to visualize real-time interaction between organelles
labeled with fluorophores that emit light of different wavelengths (Figure 2, B).[23]

4

Chapter 1 – Introduction

Figure 2. A) Absorption (grey) and fluorescence (colored) spectra from three hypothetical fluorophores
absorbing and emitting light in different regions of the electromagnetic spectrum. B) Image of a
mammalian cell containing three distinct fluorescent markers staining the nucleus (blue) and the
endoplasmic reticulum (ER, red and green). The two ER markers signals co-localize (yellow). Scale
bar for B = 10 µm.

1.1.3 Confocal microscopy and modes of illumination
In wide-field imaging, the signal collected from out-of-focus fluorescence reporters leads to
blurry images with high background noise.[24] Confocal microscopes create sharper images due
to two pinholes apertures inserted in the light-beam path that filter out-of-focus light and detect
only the light emitted from a specific focal plane (Figure 3, A). The diameter of the pinhole
used determines the optical thickness of the acquired image. Even though this feature increases
the resolution of the image it also decreases the amount of light that can reach the detector (e.g.
charged coupled device CCD or photomultiplier tube PMT).[25] To obtain high-resolution
images, confocal imaging techniques need to scan the entire sample point by point using a
relatively large amount of light. This exposure to light and somewhat slow scanning process
can induce photo-damage to the sample and can hinder imaging of fast biological processes,
especially when multiple-wavelength imaging and time-lapse experiments are required.[26] To
reduce the acquisition times, spinning-disk microscopes were designed with two disks that
contain multiple holes and can spin at high speed.[25] This modification facilitates scanning of
the sample by detecting multiple high-resolution points simultaneously.
Another important parameter that affects accuracy and resolution in optical imaging is the
angle that is used to irradiate the sample.[27] An epifluorescence (EPI) mode of illumination
uses a perpendicular angle of incident light (0 o) that enhances light penetration through the
5
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specimen (Figure 3, B). However, this mode can cause high background fluorescence (Figure
3, C). To enhance contrast, imaging techniques implement a total internal reflection
fluorescence (TIRF) illumination mode.[28] With TIRF, the goal is to find an angle for the laser
path that causes the light to hit the surface of the cover-glass in a way that it is refracted back
without passing through the sample. This is usually achieved by directing the laser to the
periphery of the objective lens. At the refraction point, the light path creates an evanescent
wave that expands perpendicular to the surface (along the z direction) with an intensity that
decreases exponentially with the distance.[28] Therefore, the wave can excite molecules present
within a couple of microns from the surface interface. Even though this feature significantly
reduces background signal, it has low sample penetration (Figure 3, C).[28] This illumination
mode has been implemented with spinning disk technologies to observe the plasma membrane
of cells with high resolution and for imaging particles that reside close the surface of the coverglass.[29] If the angle of the illumination is varied from these two cases, a highly inclined and
laminated optical sheet (HiLO) mode is achieved.[30] This mode of illumination exhibits
enhanced contrast to epifluorescence illumination and better light penetration than TIRF,
making it optimal for imaging intracellular structures and for detecting single molecules in
organelles that reside deep within the cell (Figure 3, B-C).[30]

Figure 3. A) Schematic representation of a confocal microscope. B) Illumination modes for imaging
cells. C) Schematic representation of the imaging results obtained from the different illumination modes
presented in panel (B).
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1.1.4 Resolution and the limit of resolution in light microscopy
Resolution is a parameter that determines how well we can distinguish two objects from one
another. In fluorescence microscopy, resolution mainly depends on the wavelength of light
used to image the sample and the numerical aperture of the objective (NA).[31] The latter is a
dimensionless property, distinctive for each objective, that depends on the angle of incident
light (α), the refractive index (n) of the immersion medium (e.g. oil) and the distance between
the objective and the sample (Figure 4, A).[7] The problem of resolution becomes apparent when
we realize that light, as it interacts with matter, spreads in many directions forming a diffraction
pattern orders of magnitude larger than the actual size of the object that it interacts with. The
diffraction pattern of a point-like light source, like a fluorescently emitting molecule, generates
an image that can be depicted as an Airy disk, composed of a diffraction circle surrounded by
diffraction rings (Figure 4, A). The size of the central spot is what dictates the limit of resolution
(d) we can achieve. In the lateral (x-y) and axial (z) directions, this limit is represented by
equations 1 and 2 respectively (Figure 4, B), where (λ) is the wavelength of light and (n(sinα))
denotes the NA of the objective. Modern fluorescent microscopes have objectives with NA of
up to 1.5 and they require the use of oil immersions that match the refractive index of the coverglass.[32] Following equations 1 and 2, we can calculate that using a short wavelength of visible
light (l = 400 nm), a limit in resolution (d) of ~150 nm and ~500 nm is reached in the lateral
and axial direction respectively (Figure 4, B). The intensity distribution of the Airy disk in
three-dimensional space is referred to as the point-spread function (PSF) of an emitter and fully
represents its diffraction pattern. Objects that are closer to each other than these threshold
values have overlapping PSFs and cannot be resolved individually (Figure 4, C).
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Figure 4. A) Schematic depiction of the NA. B) Limit of resolution in the lateral and axial direction
given by equations 1 and 2 respectively. The size of a diffraction-limited spot is shown considering
~400 nm light irradiation. C) Schematic representation correlating the relative position of two objects
with varying distance from one another, and their Airy disks showing which cases are resolvable
(d = 500 nm and 350 nm) and not resolvable (d = 250 nm and d < 100 nm).

1.1.5 Image deconvolution and single-molecule detection
Another way of enhancing the resolution of an image is to apply image deconvolution.[33] This
computational, post-acquisition process can enhance the resolution of a blurred image by
determining the real shape of an object given its PSF. Using this process, we can use the
diffraction pattern of a single molecule emitting light to estimate its precise location.
To deconvolve an image, it is necessary to approximate the PSF of a single emitter, for example
by measuring the emission of a single molecule (Figure 5).[31] For simplicity, a Gaussian
function is chosen in most cases. The single-molecule signal can be described as the full width
at half maximum (FWHM) or σPSF of the fitted Gaussian (Figure 5). The FWHM is important
for estimating the precision with which we can detect that single emitter. The localization
precision of the emitter can be calculated from equation 3 and is given by the standard mean
error (σ2). Following equation 3, the total number of photons detected (N) needs to be as large
as possible to obtain better localization precisions. The reason is that the probability (σ2) is a
factor that scales with N1/2, therefore, a large N gives a better estimation of the location of the
emitter.[34]
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Figure 5. Schematic representation of the deconvolution process used to determine the precise location
of a single molecule given its diffracted image. Scale bars = 250 nm.

Single-molecule localization is key for enhancing image resolution.[33] Resolution, however,
does not depend only on how precisely we can identify each single emitter, but also on how
many emitters can be resolved in a defined structure. According to the Nyquist criterion, to
avoid losing features in an image, the distance between two points of sampling should be lower
than half the size of the feature to be resolved.[35] Thus, to resolve a nanometric structure,
several emitters need to reside within an area smaller than the limit of diffraction of light. Two
simultaneously emitting fluorophores laying within this limit, however, emit light in a way that
causes their individual PSFs to overlap (Figure 4, C). This overlap drastically affects both
resolution and localization precision. Therefore, super-resolution imaging uses different
methods that can separate such two emitters and determine their location precisely.
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1.2

Visualizing Nanometric Structures with Super-Resolution Microscopy

In the past couple of decades, extraordinary achievements in light microscopy were made by
scientists who developed new ways to image the nanoscale surpassing the diffraction limit of
light. In 2014, the Nobel Prize in chemistry was awarded to William E. Moerner, Eric Betzig
and Stefan Hell, for the development of super-resolved fluorescence microscopy and for
revealing, for the first time, images of nanometric structures in living samples.[36] Any
technology that can image a structure with a resolution of at least two-fold the resolution of
conventional light microscopy is considered a super-resolution imaging technique.[37] There
are two general methods for creating super-resolved images.
1.2.1 The deterministic approach to super-resolution microscopy
The first method relies on spatially decreasing the size of the illumination spot and scanning
the sample point by point using a new scanning volume/area that is smaller than the diffraction
limit (Figure 6, A-B).[36] Examples include stimulated emission depletion (STED)
microscopy[38] and the more general method, reversible saturable optical linear fluorescence
transitions (RESOLFT).[39] For these techniques to work, the fluorophores need to display
certain distinctive photophysical properties, including high brightness, high photostability to
high-intensity laser irradiation and should possess a unique ability to efficiently deplete the
excited state.[40] To control the size of the illumination spot, these techniques use two
superimposed laser beams that are aligned in a specific way that creates a spatial node of a size
smaller than the diffraction of light (Figure 6, B). One laser is responsible for activating the
fluorophores into an excited fluorescent state, while the second laser is superimposed
concentrically with a low intensity at the center (doughnut-shaped) and induces the molecules
in the periphery of the inner spot to transition from an excited state back to the ground state
resulting in an effective PSF spot (Figure 6, B). In the case of STED, depletion of the excited
state is promoted by stimulated emission and the photons generated from this radiative process
can be filtered out before reaching the detector.[41] Because STED is not an efficient process,
high-intensity light irradiation is required for depleting the excited states. In the case of
RESOLFT, the molecules can be photoswitched to a non-emissive state.[42] RESOLFT requires
less amount of light to switch the molecules, therefore it is often less phototoxic and can
achieve longer acquisition times with respect to STED microscopy.[39]
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Structured-illumination microscopy (SIM) is an alternative technique that uses a special type
of widefield illumination and irradiates the sample with grated patterns.[36] These patterned
illumination creates Moiré fringes that excite the fluorophores only in defined parts of the
sample and ensure that neighboring regions are not simultaneously excited. Because the
frequencies used to irradiated the sample are also limited by the diffraction of light, and the
fluorescence emission rate depends linearly to the excitation intensity, the resolution obtained
using SIM can only be enhanced by a factor of 2 relative to conventional diffraction-limited
microscopy.[36] Other techniques aim to saturate the excited state of fluorophores or use
photoswitchable dyes that generate a non-linear dependence of the fluorescence emission rate
and access higher spatial frequencies which are not anymore limited by the diffraction of
light.[43] This feature limits non-linear SIM to the observable signal to noise ratio.[44] Previous
studies have demonstrated that structures with 50 nm resolution can be resolved using very low
irradiation intensities.[45]
1.2.2 The stochastic approach to super-resolution microscopy
The second approach to super-resolution imaging aims to detect the location of single
molecules and use temporal separation of the signals to achieve sparse signal density at each
time point. One example is points accumulation for imaging in nanoscale topography (PAINT),
which consists of imaging an object in a constant flux of fluorophores that are only detected
once they bind to a specific target.[46] However, to obtain high-resolution images and avoid
signal overlap within the diffraction-limited areas, the labeling density must be kept low (1
molecule per µm2) during each observation period. Live-cell imaging of intracellular
compartments using PAINT still remains very challenging.[47] Other methods aim to separate
single molecules by irradiating the sample entirely in a way that only a set of random, sparsely
located molecules are activated simultaneously. Examples of these techniques include
stochastic optical reconstruction microscopy (STORM)[48] and photoactivated localization
microscopy (PALM).[49] STORM was developed in the laboratory of Xiaowei Zhuang and is
closely related to PALM, as both methods achieve single-molecule resolution by localizing
single emitters in a densely labeled sample. Relatively weak light is used to activate (turn ON)
only a random (stochastic) subset of fluorophores at a specific time point (Figure 6, C). The
activation step ensures that the probability of two probes emitting light simultaneously within
the diffraction-limited space is significantly reduced. The activated subset of fluorophores is
detected with a different wavelength of light and the emitters are localized using
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deconvolution.[48] To avoid multiple-emitter overlap, the subset of molecules are quickly
photobleached (turned OFF, Figure 6, C).[48] The ON-OFF cycle generates one super-resolved
single frame at one time point, which is an under-sampled representation of the actual object.
Typically, thousands of single frames need to be sequentially generated and merged to
reconstruct a super-resolved image. Relative to STED and RESOLFT, STORM and PALM
require longer imaging times to reconstruct the same super-resolved image but they benefit
from the use lower intensity light which is better for prolonged live-cell super-resolution
imaging.[36]

Figure 6. Schematic representation of the different imaging approaches: A) diffraction-limited
conventional microscopy, B) selected methods of deterministic super-resolution microscopy and C)
stochastic super-resolution microscopy.

Regardless of the super-resolution technique applied, the emitting and non-emitting states of a
fluorophore must be optically controlled via photoactivation/photobleaching cycles,[50]
photoswitching[40] or the molecules must undergo spontaneous blinking.[51] The fluorophores
presented in this Thesis were designed to fulfill the requirements for single-molecule
localization microscopy (SMLM) methods like STORM or PALM. Therefore, we will focus
on strategies that can improve imaging using this second approach to super-resolution
microscopy.
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1.2.3 Additional parameters that can affect image resolution
To enhance image resolution, the sample subjected to SMLM should be labeled in a way that
ensures that all locations within the structure can be detected at a specific point. For this reason,
the labeling density of the fluorophore is important to fulfill the Nyquist criterion and resolve
nanometric structures (Figure 7, A).[52]
Another parameter that can significantly affect resolution is the brightness of the fluorophore.
Brightness is the product of the extinction coefficient (e) and the quantum yield (F) of a
fluorophore.[53] The extinction coefficient determines how well the molecule can absorb light,
whereas the quantum yield is a measure of how many photons the molecule emits with respect
to how many photons it absorbs.[53] Because the localization precision depends on the number
of photons we can detect from an emitter (see Section 1.1.5), the larger the amount of detected
photons (N), the better the localization precision and the higher the resolution of the image
(Figure 7, B).[31,54]
The temporal resolution of an image dictates the number of single frames required to
reconstruct one super-resolved image at a given time point (Figure 7, C).[37] To increase
temporal resolution, SMLM techniques use dyes that can emit large number of photons fast to
enhance data acquisition rates.[55,56] This way, live processes undergoing fast diffusion and
morphological changes can be well resolved.[36]
Lastly, exposure to high-intensity light irradiation can irreversibly photobleach the
fluorophores and cause photodamage to biological specimens. In addition, activating too many
molecules at the same time can lead to signal overlap from multiple emitters and decrease
image resolution (Figure 7, D). For this reason, novel photoswitching fluorophores resistant to
light exposure can reduce exposure to phototoxic light irradiation and prolong imaging.
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Figure 7. Schematic depiction of the parameters that affect resolution: A) labeling density, B)
brightness, C) the number of resolved frames used to reconstruct an image and D) light exposure.[57]
The picture was adapted from the respective reference with permission.

1.2.4 Imaging nanometric structures in three dimensions using SMLM and astigmatism
Two-dimensional super-resolution can determine precisely the location of the molecules in the
lateral direction (x-y). To gain information about the location of the molecules in the axial (z)
direction, three-dimensional (3D) SMLM uses diverse methods that include astigmatism,[58]
the use of a bi-plane,[59] a double spherical or double helix PSF,[60] interferometry,[61] and
micromirrors.[62] Astigmatism aims to locate single molecules according to the shape of the
PSF relative to a focal plane.[58] A single-molecule emits a PSF that is detected as a sphere and
it is assumed to be in focus (z = 0) when the edges are sharp and visible (z = 0, Figure 8, A).
When that same emitter is located in an out-of-focus plane, the shape of its PSF becomes larger
and blurry equally in both +z and -z directions (Figure 8, A). This degeneracy caused by the
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intrinsic nature of a spherical shape prevents us from determining the localization of the
molecule in the z direction.
One way of relating the shape of the PSF to the axial position of an emitter is to use a cylindrical
lens that bends light only in one direction and creates an aberration known as astigmatism.[63]
Astigmatism alters the shape of the spherical PSFs into ellipsoids. The orientation of the
ellipsoidal PSF can be adjusted by changing the focus point along the z direction. This results
in a break of the degeneracy of the spherical shape (Figure 8, B), thus allowing localization of
emitters relative to their location in the z direction. Astigmatism is implemented as a widefield
technique and it is limited to several hundred nanometers of depth (Figure 8, C). This limited
range is determined by a calibration curve obtained from imaging nanospheres of various sizes,
before the acquisition.[55] Imaging of larger volumes in 3D has been done by scanning different
planes of the cell until the whole cell is covered (Figure 8, D).[64] These experiments have been
performed using a 4Pi[65] microscopy setup, multi-color STORM imaging,[64] and using a tilted
light sheet with PSF engineering.[66] Current PSF engineering methods using double helix PSFs
can perform 3D particle tracking in live cells.[67]
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Figure 8. A) Degeneracy present in spherical shapes. B) Depiction of astigmatism as a solution to break
degeneracy and introduce different shapes according to their location in the z plane. C) Schematic
representation of a three-dimensional super-resolution acquisition in one plane of the cell, showing
three molecules (yellow spheres) in different z positions relative to one another. D) 3D imaging of a
whole cell using multi-plane 3D super-resolution imaging and astigmatism.

1.2.5 Current challenges of super-resolution microscopy
We can use SMLM to image live or dead (fixed) samples. Live-cell super-resolution imaging
suffers from lower spatial resolution than fixed-cell super-resolution imaging.[63] This
difference is mainly caused by changes in cellular morphology and motion blur that happen
during the acquisition. Live-cell SMLM, however, has several advantages over fixed-cell
SMLM as it allows the investigation of dynamic processes like protein-protein interactions, it
can detect changes in cellular environments and visualize intracellular distribution of specific
targets in real time. To improve live-cell SMLM we need to use fluorophores that emit a large
number of photons quickly and can be switched efficiently under physiological conditions.
These probes need to display low cytotoxicity and target a specific location.
With SMLM, we can detect fluctuations in fluorescence intensity to quantify changes inside
living cells. Chemo- and biosensors that operate at resolutions beyond the diffraction limit hold

16

Chapter 1 – Introduction
a huge potential for obtaining information on cellular events that are so far not resolvable.[68]
For example, ratiometric measurements of kinase activity have been reported for a system of
fused fluorescent proteins connected by a flexible linker.[69] Even though this system proves
compatible with SMLM, it relies on genetically expressing the fluorescent marker.
With these challenges and opportunities in mind, the development of small-molecule dyes is
imperative to circumvent current limitations of live-cell SMLM. Because we can easily alter
the structures of fluorophores, we can use chemical design to optimize the properties of smallmolecule dyes.[70]

1.3

Functional Fluorophores for Super-Resolution Microscopy

Fluorophores can either be small-molecule fluorescent probes,[71] quantum dots[72] or
genetically encoded fluorescent proteins.[73] Small-molecule probes have certain advantages
over fluorescent proteins, such as higher quantum yield,[70] higher photostability,[74] simplicity
of handling,[75] and reduced complexity of experiments, as they do not require genetic
alternations of the model organism. Another advantage of organic dyes is that their chemical
structure can be easily altered to achieve high specificity towards diverse biological targets and
to optimize their photophysical properties for super-resolution imaging.[76]
1.3.1 Tuning the photophysical properties of xanthene dyes
The main requirement for a SMLM functional fluorophore is to be able to access two different
states: a bright, emissive and a dark, non-emissive state. Even though there is a large scope of
fluorophores compatible with SMLM, including boron-dipyrromethene (BODIPY),[77]
naphthalimides[78] and cyanine dyes[79] among others, in this Thesis, we mainly focus on the
design of functional xanthene dyes. Xanthene dyes are a unique class of fluorophores because
they exist in an equilibrium between an open-ring, quinoid form, and a closed-ring,
spirolactone form. In the spirolactone form, the molecule is non-emissive, whereas in its
quinoid form the molecule is fluorescent (Figure 9, A).[80]
In the open form, the xanthene core is connected by a conjugated system that makes the
molecule planar and allows for conjugation between the electron donor and electron
withdrawing substituents. In its closed form, the conjugated system is interrupted leading to
the non-emissive spirolactone form. One advantage of the xanthene dyes is that their
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photophysical properties can be easily tuned by altering their chemical structure (Figure 9,
B).[80] The quantum yield of the xanthene dyes strongly depends on the donor or acceptor
substituents installed on the xanthene core.[81] Alkyl nitrogen-bearing groups are good electron
donors that increase the brightness of the fluorophores, however, bulky sterically hindered
groups like julolidines,[82] can significantly increase the quantum yield of the dye by inhibiting
a quenching process known as twisted intramolecular charge transfer (TICT).[83]
Introducing different heteroatoms or donor groups has a significant effect on the excitation
(lex) and emission (lem) wavelengths, but can also affect the brightness (eF) of the
fluorophore. Some chemical strategies include replacing the oxygen atom with B,[84] C,[85]
Si,[86] Ge,[87] S, Se, Te,[88,89] or P,[90,91] to induce bathochromic shifts in the absorption and
emission wavelengths and expand their applications of xanthene dyes for bioimaging.[85,90]
Replacing the oxygen with a dimethylsilyl group causes a shift in the absorption and emission
wavelengths by ~100 nm compared to the respective oxygen rhodamine (Figure 9, B).[86] This
red shift in emission, caused by modifying the energy gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels,[92]
is often desirable to decrease background fluorescence signal from natural autofluorescence in
living samples,[93] to decrease phototoxicity, and to enhance tissue penetration for in vivo
imaging.[94] Finally, xanthene dyes can cover a wide range of emission wavelengths, making
them ideal for simultaneous multi-color imaging (Figure 9, B).
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Figure 9. A) Structure of xanthene dyes showing the equilibrium between the open (quinoid) and closed
(spirolactone) form and different selected substituents (X and D). B) Selected xanthene dyes covering
five different wavelength emissions, with their photophysical values.[86,95] GFP = green fluorescent
protein, YFP = yellow fluorescent protein, RFP = red fluorescent protein, Cy = cyanine. Data were
adapted from the respective references.

1.3.2 Chemical sensors
Fluorescent chemical sensors are molecules that exist initially in a dark, non-emissive state,
and in the presence of a specific analyte, undergo a change in their chemical structure that
renders them fluorescent. These fluorogenic molecules have broad applications for sensing
biologically relevant targets such as Ca2+,[96] and Mg2+,[97] small metabolites like hydrogen
peroxide[98] and other signaling molecules.[99] Furthermore, they can be used to monitor the
intracellular redox balance,[100] can serve as indicators of intracellular pH values,[101,102] and
can detect enzymatic activity.[103]
Numerous chemical modifications can be made to a fluorophore to make it a sensor.[104] One
possibility is to install a functional group that shifts the equilibrium of the xanthene dye to its
spirocyclic form. This form is then maintained until the functional group is removed by a
specific target. An example of such a reaction-based sensor is the cell tracker fluoresceindiacetate, which is used as a reporter for active carboxylesterase (CE) activity (Scheme 1).[105]
Acylation of the phenolic oxygen atoms on the xanthene moiety shifts the equilibrium of the
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fluorescein to the non-emissive spirolactone form. Only upon hydrolysis by intracellular CEs
a fluorescent signal is recovered. In its fluorescent state, fluorescein is charged and membraneimpermeable, therefore it is used to label the intracellular space of living cells, decrease
background fluorescence of extracellular material and observe single fluorescent cells over
prolonged times (cell tracking).[106] Based on the same principle, different fluorescein and
rhodamine derivatives have been reported as substrates for various enzymes such as
esterases,[107]

nitroreductases,[108]

β-D-galactosidases,[109]

phospholipases,[110]

and

proteases.[111]

Scheme 1. Activation of fluorescein-diacetate by intracellular CEs to label cells.

Regardless of the mechanism of activation, whether caused by a small-molecule analyte or an
active enzyme, these probes become fluorescent only by interacting with a target. This strategy
is applied to obtain qualitative information in diffraction-limited microscopy. However,
fluorogenic sensors compatible with super-resolution microscopy require more complex
mechanisms that control the ON states of the fluorophore and avoid signal saturation and
overlap of emitters.
1.3.3 Photoactivatable xanthene dyes
Xanthene dyes can be derivatized as photoactivatable fluorophores by installing photolabile
groups such as nitrobenzyl groups,[112] or by transforming them into spirocyclic
diazoindanones.[113] These transformations interrupt the conjugation system, but the fully
conjugated xanthene form can be recovered photochemically.
Rhodamines-NN are photoactivatable dyes that were first reported by Belov, Wurm, and
Hell,[114] and they contain a 2-diazoketone moiety that locks the rhodamine dye in a nonemissive spirolactone form (Scheme 2, A-B). The 2-diazoketone group is a small, non-polar
blocking group that does not interfere with cellular uptake, and upon photolysis (l = 400 nm),
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releases a non-toxic and non-absorbing byproduct, molecular nitrogen. The release of this
group causes the formation of a reactive carbene that can lead to two types of photoproducts
with very different photophysical properties. In one case, the carbene intermediate can form a
ring-expanded non-emissive photoproduct (path A, Scheme 2, A-B). In the other case, the
carbene undergoes a Wolff rearrangement, forming a ketene intermediate that is readily
attacked by nucleophiles present in the surrounding area. This attack leads to ring-opening of
the strained four-member ring, which restores the conjugation in the xanthene core and gives
a highly emissive fluorescent photoproduct (path B, Scheme 2, A-B).[113] Photolysis
experiments with electron-rich, rhodamine-NN dyes revealed higher ratios of fluorescent
photoproduct to non-emissive photoproduct formation.[115] Regardless of the outcome of the
photoreaction, rhodamines-NN have been implemented as photoactivatable fluorophores
compatible with live-cell, super-resolution imaging.[116]
Lavis and co-workers observed that diazoindanone derivatives of silicon rhodamines-NN, in
contrast to oxygen-containing rhodamines-NN, mainly form a ring expanded, non-emissive
photoproduct (Scheme 2, C).[50] The reason for this different reactivity is that silicon xanthene
dyes have an electrophilic core and their equilibrium is shifted to the closed, spirolactone
form.[117] However, this equilibrium can be affected by binding these molecules to
macromolecules like proteins, which has been reported to shift the equilibrium to the open,
fluorescent form.[118] Rhodamine-NN dyes have been used for single-molecule tracking
experiments,[50] however, they are dependent on specific environmental conditions (e.g. pH
and polarity) to provide optimal single-molecule localization.[57]
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Scheme 2. A) Photoactivation mechanism of rhodamine-NN dyes. B) Absorbance and fluorescence
emission of the photoactivation products of rhodamine-NN.[119] Data adapted from the respective
reference with permission. C) Photolysis of silicon rhodamine-NN dye leading to a non-emissive major
photoproduct.

1.3.4 Acylhydrazones as chemical sensors and potential photoswitches
Acylhydrazones are a class of tunable switches that can isomerize upon light irradiation,[120]
and can also coordinate metal ions such as Cu2+[121] and Mg2+ with low affinity constants.[122]
These properties make them interesting as functional building blocks for the design of
photoswitches,[123] polymers,[124] pH sensors and fluorescent reporters.[125] Acylhydrazones can
be substituted with different groups (R1, R2 or R3) to influence the isomerization between the
E and Z form that occurs at the C=N bond (Figure 10, A). The photophysical properties of these
switches can be studied with UV-vis spectroscopy to determine the effectiveness of reversion
upon a specific stimulus (e.g. light or metal ion, Figure 10, B). Aprahamian and co-workers
have reported the use of reversible hydrazone-switches fused to BODIPY dyes that can emit in
the near-infrared (NIR) region and can efficiently switch between both isomers in the presence
of a light stimulus.[125] These photophysical properties are desirable for super-resolution
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techniques that implement two lasers to control photoswitching events (e.g. RESOLFT).
However, to the best of our knowledge, only spectroscopic experiments in solution have been
undertaken and no live-cell imaging has yet been reported for these switches.
The fusion of xanthene dyes to specific hydrazones has been previously reported for detecting
levels of Cu2+ in solution (Figure 10, C-D).[121] Fluorescence emission, in this case, is
dependent on the presence of the ion. Such a scaffold could be useful for super-resolution
imaging if the coordination with the ion could be altered by light irradiation. For this reason,
an additional photoactivatable unit is often desired to enhance the control of the emissive, ON
state and prevent overlap of single emitters.[126]

Figure 10. A) Structure of an acylhydrazone showing photoisomerization induced by two different
wavelengths of light and/or heat. B) Absorbance of an acylhydrazone showing reversibility between
the E and Z isomer.[123] Data adapted from the respective reference with permission. C) Rhodamine B
(RhoB) fused to a hydrazine containing an OH group that allows detection of copper atoms via threepoint coordination. D) Similar RhoB hydrazine derivative as in panel (C) but without a coordination
group. Data confirms that no reaction occurs when exposed to copper atoms.
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1.3.5 Targeting strategies
An important aim of super-resolution imaging is to reconstruct subcellular structures from
single-molecule localizations. Whereas fluorescent proteins can be fused genetically to their
targets, small molecule dyes need to be directed using different targeting strategies to reach
specific intracellular locations.
One targeting strategy is to employ fusion tag proteins such as SNAP-tag[127] or HaloTag.[128]
These unique tags can be in principle fused to any desired protein. The SNAP-tag protein is an
O6-alkylguanine-deoxyribonucleic acid

(DNA) alkyltransferase that reacts with a

benzylguanine group,[127] and the HaloTag protein is an engineered haloalkane dehalogenase
that reacts with terminal alkylchlorides (Figure 11, A).[128] Upon interaction, the fluorophoresubstrate forms an irreversible covalent bond with the protein tag allowing for specific labeling
of fusion proteins.[129] The possibility of specifically labeling proteins has enabled multiple
applications in super-resolution imaging, such as single-particle tracking (spt) PALM
experiments with rhodamine-NN dyes,[116] imaging of transcription factors including the sex
determining region y-box 2 (Sox2)[130,131] and serum response factor.[132]
Another strategy is to circumvent genetic modifications of organisms and take advantage of
the intracellular accumulation of specific small molecules based on their physicochemical
properties. This way, the complexity of the experimental setup can be reduced, provided that
the probe crosses the plasma membrane. For example, microtubules (MTs) are nanometric
structures that can be targeted with paclitaxel derivatives (e.g. taxol) that bind to the b-tubulin
subunit of MTs (Figure 11, B).[133] These probes are often employed for imaging microtubules
in fixed cells and determine the resolution given by the FWHM of the detected nanometric
structure.[134] In addition, triphenylphosphonium (TPP) groups are targeting units that carry a
delocalized positive charge. The inner membrane of mitochondria has a negative potential that
causes fluorophores containing TPP moieties to accumulate there (Figure 11, B).[135]
Rhodamine dyes are easily protonated in acidic environments causing a shift in their
equilibrium to the open, fluorescent form.[136] Subcellular acidic compartments, such as
endosomes and lysosomes can protonate these molecules, in contrast to other pH-neutral
organelles, and therefore can be selectively detected.[137] Finally, there are certain short peptide
sequences that are recognized by the endogenous protein-sorting machinery and they can be
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used to direct a fluorophore towards a specific organelle. For example, the C-terminal KDEL
signals transport to the ER.[138]

Figure 11. Selected examples of A) genetically encoded and B) non-genetically encoded targeting
strategies to label different targets (M = mitochondria, MT = microtubules, L = lysosomes).

1.4

Applications of Functional Dyes in Super-Resolution Microscopy

1.4.1 Tracking single molecules using sptPALM
Single-particle tracking is useful to gain insight of dynamic cellular movements and
reorganization of proteins in cells. Single-particle tracking in combination with PALM,
referred to as sptPALM,[139] has proven to be useful for reconstructing mechanisms of complex
biological processes with nanometric resolution.[140] In analogy to PALM, in sptPALM, a small
subset of fluorophores in the target of interest is stochastically activated during the acquisition.
The individual signals are detected and traced over multiple frames until the fluorophores are
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photobleached. This process creates trajectories that can be recorded until a new subset of
fluorophores is activated (Figure 12). With this tool, it is possible to create maps of singlemolecule trajectories within a high-density area. Trajectories that intersect or overlap can also
be spatially separated, provided they were recorded in different activation cycles. Detailed
spatial and dynamic information using sptPALM has been done on two different membrane
proteins, the vesicular stomatitis virus G (VSVG) and group-specific antigen (Gag) proteins
fused to different fluorophores.[139] Comparing the diffusion coefficients and localizations
obtained from each target, the results revealed that VSVG diffuse freely within the membrane,
whereas a large fraction of the Gag proteins is immobilized in clusters (Figure 12). This study
demonstrates how the statistical description of single-molecule imaging can help elucidate the
properties and behavior of cellular processes occurring in the nanoscale.

Figure 12. A) Schematic depiction of single-particle tracking experiment using sptPALM. B) VSVG
and Gag trajectories and diffusion plots.[139] Data were adapted from the respective reference with
permission.

1.4.2 Long-term imaging with spontaneously blinking dyes
One of the reasons why SMLM is generally unsuitable for long-term imaging of live specimens
is that it generally relies on a photoactivation step, often using high-frequency pulses of short
wavelengths of light, which are toxic to cells.[141] To overcome this limitation, spontaneously
blinking probes are implemented because they decrease the amount of light used during the
acquisition by eliminating the photoactivation step.[57,142] An example of a spontaneously
blinking probe include the hydroxymethyl(silicon)rhodamine (HMSiR) scaffold that display a
dynamic ground-state equilibrium between a dark and an emissive form (Figure 13, A). The
fraction of molecules that exist in the emissive form depends on the polarity and pH of the
medium.[57] Keeping this emissive fraction low (<0.01%) and the total labeling density high
decreases substantially the apparent photobleaching of the dye.[57] This condition, however,
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can only be met at low polarity and relatively high pH with HMSiRs (Figure 13, B). Whereas
the low polarity medium can be obtained by “hiding” the probes in organelle membranes,[57]
the requirement for neutral or slightly basic pH makes these probes unsuitable for imaging
acidic organelles such as the Golgi apparatus, lysosomes/endosomes, and secretory vesicles.

Figure 13. A) Mechanism of spontaneously blinking HMSiR probes. B) Schematic depiction of the
mechanism of action of HMSiR probes.[57] Embedding HMSiR probes in apolar membranes shifts their
equilibrium to the OFF state which allows for prolonged single-molecule detection with a single readout
wavelength.

1.4.3 Two- and three-dimensional imaging of cellular vesicles
The active endo-lysosomal apparatus is responsible for the breakdown of benign and malign,
intra- and extracellular macromolecules, a process known as autophagy.[143] Lysosomes are
cytosolic organelles that contain acidic hydrolases (pH = 4.5–5). They can vary in size and
shape (0.1–1.2 μm) and undergo active trafficking (diffusion coefficient (D) = 0.67 μm2 s–1) or
random diffusion towards or away from the nucleus.[144] STORM was previously used to image
lysosomes with a membrane targeting BODIPY-based fluorophore (LysoTracker Red),
achieving a localization precision of 19 nm under continuous photoactivation and readout laser
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excitation.[145] Furthermore, mitophagy was also recorded with SIM by using a carbopyronine
dye (Atto 647N) to achieve a resolution of ~90 nm over a 13 min time-lapse.[146]
Single-molecule localizations of 14.3 nm allowed observation of lysosomal diffusion with
PALM using a novel nitroso-photoactivatable rhodamine dye.[147] However, photoactivation
with 405 nm light (10 W cm–2) for 2 s was needed to induce photolysis and only short readout
acquisition (30 s) were performed. Two-color STED images with an additional silicon
rhodamine fused-tubulin dye were reconstructed to visualize lysosomal movement, stained
with a rhodamine dye, along microtubules (D = 1 μm2 s–1).[129] In this experiment, the silicon
rhodamine dye was coupled to pepstatin A, an inhibitor of the lysosomal protease, cathepsin
D.
Synaptic vesicles are acidic organelles present in neurons that undergo vesicle recycling active
diffusion.[148] Trafficking of synaptic vesicles has been previously detected with nanometric
precision using STED microscopy and an Atto 647N dye labeled with an antibody selective
for synaptotagmin, a membrane trafficking protein present in vesicles that undergo endocytosis
(Figure 14, A).[149] Using a 62 nm focal point, a complex network of tracks and hot-spots of
vesicle trafficking were identified in highly confined synapses (Figure 14, B). Additionally,
time-lapse microscopy was used to reconstruct the movements of such vesicles in diffractionlimited space with excellent resolution and to measure precisely the diffusion coefficients of
the transport of vesicles across neuronal projections (Figure 14, C-D). This study reveals the
importance of visualizing and tracking synaptic vesicles in real time and encourages 3D superresolution imaging of these processes to understand better vesicle trafficking in human
neurons.
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Figure 14. A) Bright-field image of cultured hippocampal neurons and schematic depiction of the Atto
647N dye labeling the synaptotagmin molecule. B) Super-resolved reconstructions of tracks and hotspots from live-neuron STED imaging. C) STED time-lapse of the diffusion of a synaptic vesicle
between two hot-spots. D) Examples of the range of diffusion coefficient found for synaptic vesicles.[149]
Data adapted from the respective reference with permission.

1.5

Expanding the Use of Fluorophores for Single-Cell Tracking

Single-molecule tracking is useful to reconstruct nanometric processes occurring between the
molecular and cellular length scale. However, fluorescent probes also allow direct visualization
of biological processes like cell proliferation, cell-cell interactions and cell migration over long
periods occurring at the multicellular length scale.[150,151] In contrast to genetically encoded
fluorescent proteins, small-molecule cell trackers are easy to use and can afford bright and
stable fluorescent signals. However, they need to fulfill multiple requirements like membrane
permeability, uniform cytoplasmic staining, fluorogenic response upon intracellular targeting,
covalent cross-linkage and low cytotoxicity to be useful for in vivo cell tracking.[152,153]
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1.5.1 Mechanism of common cell trackers
Cell proliferation dyes are used to study cell division and track cell populations in live
animals.[154] Their chemical structures often contain functional groups like Nhydroxysuccinimide (NHS) esters[155,156] that form irreversible bonds with reactive
nucleophiles. This way, the fluorescent marker can be trapped inside the cells even after cell
division.[153] One example of a cell tracker is eFluor670TM, which like other cell proliferation
dyes, is always in a fluorescent state. This feature can cause high-background fluorescence and
false-positive signals if the molecule accumulates in an off-target location.[157] In contrast, other
cell trackers, like carboxyfluorescein diacetate succinimidyl ester (CFSE), react with
intracellular CEs to give a bright fluorescein reaction product.[158] Chloromethyl containing
probes, like chloromethyl fluorescein diacetate (CMFDA), form irreversible bonds to
intracellular proteins containing free thiols and to glutathione.[159] Even though this strategy
enhances selectivity towards specific intracellular nucleophiles, irreversible cross-linking to
reduced glutathione can affect the cell’s redox balance and affect cellular function in normal
conditions.[160,161] Both of these fluorescein derivatives are protected with acetyl groups, which
make them very labile towards active CEs. In inflammatory processes, immune cells secrete
abundant cytotoxic products that can lead to cell death with the subsequent release of
intracellular components to the extracellular space, including active CEs.[162,163] Therefore, the
use of acetyl-containing dyes can be limited to experiments under mild, non-inflammatory
conditions (steady-state).[153]
Genetically modified organisms are another alternative used as a state-of-the-art technique to
track cells that express endogenous fluorescent proteins (e.g. GFP and YFP),[164] or
photoswitchable fluorescent proteins like Kaede[150,165] and Kikume.[166] The latter ones are
green fluorescent proteins that undergo a bathochromic shift in emission wavelength (∼55 nm)
upon irradiation with UV light (∼400 nm).[167] The main advantage of this system is that it uses
photoswitching to increase spatial and temporal control of the staining region and thus allows
for kinetic studies of cellular migration.[168] Their use, however, is limited by the availability
of the transgenic organism and gene knock-out comparative studies are difficult to perform.
Furthermore, these engineered proteins often lose their fluorescent signal following fixation
and permeabilization protocols.[169] An overview of the most common cell trackers used to
study in vivo and in vitro cellular migration is given in Table 1.
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Table 1. Overview of common cell trackers, their cross-linking mechanism and selected advantages
and disadvantages for each cell tracker.

1.5.2 Challenges of cell trackers
Quash and Parish compared the efficiency of labeling immune cells with commercially
available cell trackers like eFluor670TM, cell violet tracker (CTV) and CFSE.[158] Immune cells
can be differentiated from one another by detecting cellular cluster differentiation (CD). CDs
are extracellular receptors or ligands specific to their role and function of immune cells. Cell
proliferation of CD4+, CD8+ and B220+ immune cells were resolved using flow cytometry
(Figure 15, A).[158] These experiments suggested that more than 7 cell generations of CD4+
cells could be detected using CFSE, while cells stained with eFluor670TM and CTV displayed
broad signals, and high variance between cellular uptake (Figure 15, B). With this analysis,
they concluded that cellular retention of eFluor670TM and CTV were substantially less efficient
than labelling with CFSE, likely caused by non-specific labeling and intercellular leakage of
the dyes.[158]
So far, no other cell proliferation dye has proven to be as efficient as CFSE for labeling cell
proliferation, therefore, it is imperative to design new alternative dyes with different emission
wavelengths that can detect cell proliferation and migration with minimal leakage. Smallmolecule photoactivatable cell trackers can profit from the enhanced spatiotemporal staining
control, similar to the Kaede or Kikume transgenic mice, for fate-mapping and tracking cells
of interest in vitro and in vivo.[170] This additional feature can allow for mechanistic studies in
gene-knock-out mice models while simplifying experimental setup and reducing costs.
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Figure 15. A) Schematic representation of a general proliferation and/or migration study. B) Analysis
of a proliferation study showing histograms of generation plots obtained from lymphocytes stained with
CFSE and eFluor670TM.[158] These plots reveal leakage between cell generations and difference in
uptake across cell lines. Data were adapted from the respective reference with permission.
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1.6

Thesis Outline

The projects presented in this Thesis focus on the design of functional fluorophores to tackle
important limitations of super-resolution imaging and tracking of live cells. To do so, we
chemically altered the structure of common xanthene dyes and fused them with photolabile or
photoswitchable groups. Solution experiments and single-molecule microscopy were used to
study photophysical properties of these dyes and to investigate the mechanisms of
photoactivation. Using confocal microscopy, live-cell experiments were performed to confirm
photoactivation inside cells, to determine the toxicity of the probes towards mammalian cancer
cell lines and primary cells and the co-localization of these probes to specific cellular
compartments. 2D and 3D SMLM was used to image live processes and resolve subcellular
features of organelles in real time. Finally, we expand the use of functional dyes for long-term
tracking of immune cells and enhanced staining control of single cells.
Chapter 2 presents a method that implements a new class of molecules for prolonged superresolution imaging of acidic vesicles in mammalian cancer cells and human neurons. In this
study, we demonstrate how the total ON population of fluorophores can be controlled using a
photoactivation step, that induces a ground-state, fluxional equilibrium between the ON and
OFF form. The presented probe allows for long-term super-resolution imaging with no
apparent photobleaching.
Chapter 3 presents a photoactivatable diazoindanone rhodol designed as the first smallmolecule sensor compatible with super-resolution imaging. With this dye, we perform PALM
and track single CEs using sptPALM. We measure the average diffusion coefficients of the
detected particles with nanometric resolution and compare results to cells treated with known
CEs inhibitors.
In Chapter 4, we propose the use of a rhodamine diazoindanone dye for imaging the membrane
structures of the ER using STORM. This work highlights the use of a simple photoactivatable
probe for reconstructing two- and three-dimensional projections of ER membranes with
adequate spatial and temporal resolution.
Chapter 5 reports an alternative way to label sensitive primary immune cells and to perform
long-term tracking of single cells in cell cultures and in live mice.
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Photoregulated Fluxional Fluorophores
for live-cell super-resolution microscopy
with no apparent photobleaching

Parts of the results and text presented in this Chapter were published in Nature Communications.[171] I
performed all experiments, analyzed data, prepared figures and prepared the manuscript, Dr. Dorothea
Pinotsi performed some microscopy experiments and helped with super-resolution data analysis.
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2.1

Project Aim

Fluxional molecules, in contrast to photoactivatable molecules, undergo rapid degenerate
rearrangements in the electronic ground state exhibiting a switching behavior. Such behavior
has great potential for applications in organic,[172,173] coordination,[174] main group,[175]
organometallic,[176,177] and theoretical chemistry,[178,179] however, only a few examples have
been reported so far.[180,181] The aim of this Chapter is to present a new class of xanthene dyes
that combines photoactivation and fluxionality. Using this probe, we try to perform for the first
time, very long single-molecule microscopy by circumventing the common problem of
photobleaching of the fluorophores (Figure 16).

Figure 16. Schematic representation of photoregulated fluxional dyes governed by a photoactivation
step, and fluxional equilibrium to achieve long SMLM acquisition and low photobleaching.

2.2

Design of a Photoregulated Fluxional Fluorophore

Substances that isomerize upon photoirradiation can be utilized in super-resolution microscopy
because the number of emitting molecules can be controlled.[182–187] We envisioned that a new
class of photoactivatable probes, that could undergo fluxional equilibrium in a controlled
manner, would be beneficial for reducing the required light often applied in SMLM.
2.2.1 Benefits of a photoregulated fluxional mechanism
SMLM relies on the transformation of a random subset of fluorophores, small-molecule or
proteins, from an initial dark non-emissive state, into a bright fluorescent state.[48, 50, 134, 141,
145,188,189]

To allow for single-molecule detection, the number of emitting molecules must be

low enough so that they are sparsely distributed within the sample. In this case, distances
between emitting molecules are larger than the diffraction limit of light. By tuning the intensity
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of the activating light one can control precisely the number of fluorescent reporters. For this
reason, imaging experiments using these techniques are easy to implement and widely used.
Because these methods require repeated photoactivation with light of high energy, they induce
phototoxicity in the specimen and accelerate photobleaching of the fluorophore (Figure 17, A).
Spontaneously blinking dyes require less phototoxic light irradiation.[57, 142,145] However, superresolution imaging of specific molecular targets outside the optimal environmental conditions
remains limited to short acquisition times because the fluorescent ON fraction is difficult to
control (Figure 17, B).[51,142]

Figure 17. Schematic representation of existing methods employing A) photoactivatable dyes and B)
spontaneously blinking dyes in a low polarity environment (e. g. membranes).[171] Scheme was adapted
from the respective reference.

In contrast, we hypothesized that a combination of photoactivation and fluxionality would
allow us to control the fraction of fluorescent molecules without being dependent on the
polarity of the environment. Starting from a dark, non-fluxional isomer, photoactivation would
convert a fraction of the total molecules with the use of a short pulse of short-wavelength
irradiation, to activate a defined number of molecules into a fluxional form (Figure 18). The
total fraction of fluorescent molecules would ideally be controlled by the photoactivation step,
which can be precisely set in each experiment. Molecules undergoing fluxional equilibrium
would exist in a dark and a fluorescent form and can be detected using a longer wavelength of
light. This feature allows for single-molecule imaging with reduced phototoxicity enabling
longer acquisition times. Before the whole population of fluxional molecules is photobleached,
a new subset of molecules could be photoconverted to the fluxional state (Figure 18)
replenishing the population of fluxional molecules. Therefore, the number of emitting
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molecules could be kept optimal without constant activation to allow extremely long singlemolecule acquisitions with minimal phototoxicity.

Figure 18. Schematic representation of a method employing a photoregulated fluxional fluorophore
showing its advantages over other super-resolution methods.[171] Scheme was adapted from the
respective reference.

2.2.2 Probe synthesis and characterization
To create a photoregulated fluxional fluorophore (PFF), we installed an acylhydrazone
photoswitchable unit[123,190] on a RhoB scaffold in a facile two step protocol (Section 7.17).[191]
We constructed a library of hydrazone-rhodamines 1–6 from a high-yielding condensation
reaction of the corresponding aldehydes with the hydrazone rhodamine precursor 7 (Scheme
3, A). The hydrazone functionality was modified by introducing a neutral substituent for
compound 2, an electron withdrawing group for compound 3 and electron donating ring for
compound 4. Pyridine derivatives 1, 5 and 6 were included to study the influence of protonation
with respect to spirocyclization. Compound 8, lacking the hydrazone moiety, was synthesized
from RhoB in a one-step condensation with 2-aminopyridine (Scheme 3, B). Because of the
close proximity of the pyridine nitrogen, and free rotation of the C-N bond, we expected this
probe to be largely in a fluorescent state due to protonation of the carbonyl oxygen, and
therefore used was as a positive control.
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Scheme 3. A) Synthesis of rhodamine hydrazone derivatives 1–6. B) Synthesis of compound 8.

We determined the spectroscopic properties of compounds 1–6 in microplate experiments
measuring fluorescence intensity at 590 nm in citric acid and Na2HPO4 buffers with various
pH values before and after photoactivation (Section 7.3.2). Before activation, compound 1
showed higher fluorescence intensity than compounds 2–4 only in acidic medium (pH < 5,
supporting Figure S1, black bars). Pyridine analog 1 also displayed higher fluorescence than
compounds 5, 6 and 8, which is an indication that protonation of the pyridine nitrogen has a
direct effect on fluorescence emission (supporting Figure S2, black bars). Upon
photoactivation (UV-lamp, 366 nm, 10 min) rhodamines 2–4 showed a small change in
fluorescence with respect to compound 1, especially at pH < 5 (supporting Figure S1, color
bars). Likewise, compounds 5 and 6 exhibited only a small change in fluorescence when
compared to activation of compound 1 even at low pH values (supporting Figure S2, color
bars). Increasing the pKa of the nitrogen (pKa = 9.2) as in the 4-dimethylaminopyridyl (DMAP)
compound 6, significantly enhanced the fluorescence emission before activation with respect
to 1 (pH = 3–6), confirming that more molecules are protonated, and in the fluorescent form,
even at high pH values. Removing the hydrazone moiety, as in compound 8, led to an increase
in fluorescence across all pH values with very little change upon photoactivation. These
spectroscopic experiments showed that protonation of the nitrogen of the pyridine ring of
compounds 1, 5 and 6 has a direct effect on fluorescence emission. The pKa of the pyridine
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nitrogen proved to be essential to allow for protonation at a specific pH value to generate
significant fluorescence increase upon photoactivation (supporting Figure S2, color bars). In
acidic medium (pH < 5) there was a larger turn-on fluorescence for compound 1 with respect
to all other compounds. Therefore, we selected probes 1 and 2 to further investigate the
fluxional mechanism in solution.
2.2.3 Mechanism for photoregulated fluxional fluorophores
Prior to photoactivation, we hypothesize that compound 1 exists predominantly as the E isomer
giving a dark, non-fluxional, spirocyclized derivative (Figure 19, A), which is the
thermodynamically favored form of 1. This structure was confirmed by X-ray crystallography
(Section 7.16) and ultraviolet (UV) and visible (Vis) spectroscopy (Figure 19, B). Upon
photoisomerization with light of 405 nm, compound 1 exhibits approximately a 12-fold
increase (pH = 7), whereas photoirradiation of compound 2 gives only a 1.6-fold increase under
the same conditions (Figure 19, C). Furthermore, photoactivation of compound 1 at pH = 5 led
to an even larger increase in fluorescence of 22-fold, but for compound 2 the increase was only
3-fold.

40

Chapter 2 – Photoregulated Fluxional Fluorophores

Figure 19. A) Mechanism of photoactivation of compound 1. B) Photoactivation of compound 1 in
cuvettes. UV-Vis and fluorescence spectra of compound 1 (1 µM) before irradiation (t = 0 min) and
after irradiation (t = 10 min) at pH = 5 and pH = 7.4 respectively. All measurements were carried out
in phosphate-citrate buffer at the indicated pH and irradiation was performed with a light-emitting diodi
(LED) trans-illuminator (lex = 405 nm, 2 mW cm–2). The quantum yield of emission of compound 1 in
its emissive form is 17 ± 3% at pH = 5. C) Fluorescence increase of compounds 1 and 2 upon
photoirradiation at lex = 405 nm in buffered aqueous solutions. Bars represent average values of three
independent measurements (N = 3) and error bars indicate standard deviation (SD).[171] Data were
adapted from the respective reference.

1

H NMR and high-pressure liquid chromatography (HPLC) analysis of compound 1 prior to

photoactivation also confirmed that, in solution, virtually all molecules are present as the E
isomer (Figure 20, A-B). Upon irradiation in a UV photoreactor (10 min, 375 nm), a
photostationary state was reached with about 17% conversion to the Z form (Figure 20, A and
C). 1H NMR analysis showed that in the aromatic region (8.65–8.45 ppm), the shift of the
highlighted pyridyl hydrogen is promoted by the interaction with the carbonyl oxygen upon
isomerization. Additional aromatic protons (6.70–6.3 ppm) exhibit a shift corresponding to the
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change in the conjugation system of the xanthene core. Finally, the aliphatic region (3.5–3.3
ppm) displays a slight shift in the alkyl protons upon formation of the partially charged nitrogen
species. The integration of the respective peaks correlates to approximately 16% conversion
(E à Z, Figure 20, A). These values were also validated by liquid chromatography coupled to
mass spectrometry LC-MS analysis of the irradiated solutions (Figure 20, B-C). Before
irradiation, the E isomer exists predominantly (>99%) and can be monitored at 254 nm and
560 nm. At 560 nm, the Z isomer has a much higher absorbance than isomer E. After
irradiation, an approximate conversion (17.8% E à Z) was estimated using the area under the
curve monitored at 254 nm. All isomers could be identified by mass spectrometry (546.6 m/z)
and by their retention time in LC-MS experiments.
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Figure 20. A) 1H NMR spectrum in CD3CN before (blue) and after (red, 10 min, 375 nm lamp)
irradiation. LC-MS trace (CH3CN:H2O with 0.1% formic acid) of a solution of compound 1 in CH3CN
B) before and C) after irradiation (10 min, 375 nm lamp).[171] Data were adapted from the respective
reference.
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2.2.4 Determining the percentage of ON molecules
The spirocyclic and the open rhodamine form absorb light at 254 nm with essentially the same
extinction coefficient, whereas the open rhodamine form absorbs strongly at 560 nm, and the
spirocyclic form does not absorb in this region at all (Figure 19, B). Therefore, we reasoned
that we could use HPLC with detection at the wavelengths mentioned before to determine the
exact fraction of molecules in both the E and Z isomers that are present as the open rhodamine
form (Figure 21, A and B, Sections 7.4 and 7.5). Evaluation of these chromatograms revealed
that the Z isomer has a much higher absorbance at 560 nm compared to the E isomer
(supporting Figures S3 and S4). This result indicates that the formation of the fluorescent
rhodamine form is preferred in the Z but not the E isomer.
Based on these absorbance measurements, we determined that in the case of the Z isomer,
approximately 39% of the molecules are in the fluorescent state, whereas only 0.004% of the
E isomer is emissive at pH = 5 (Figure 21, C). Because the population of the Z isomer before
irradiation is only 0.18% (supporting Figure S5), the total percentage of fluorescent molecules
is ~0.07% (Figure 21, C). After photoactivation (100 s, ~8.5 mW cm–2), 0.64% of molecules
will be isomerized to the Z isomer, which corresponds to ~0.25% of fluorescent molecules.
These experiments confirm that even after photoactivation, the total fraction of fluorescent
molecules is very small, which is a desirable feature for SMLM. Unfortunately, it was not
possible to separate the two isomers at pH = 7.4 (supporting Figure S4), but the overall fraction
of fluorescent molecules could be estimated before and after photoactivation as 0.003% and
0.012%, respectively (Section 7.5).
Photoisomerization using an LED source (405 nm, 8.5 mW cm–1) proceeded with a quantum
yield of 0.4(2)% at pH = 5 and 0.5(5)% at pH = 7.4 (supporting Figure S5), confirming that the
photochemical process does not depend strongly on pH. After photoirradiation, the Z isomer
did not revert to the E form thermally over a period of 2 h (supporting Figure S6).
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Figure 21. Quantification of the total ON fraction of the E and Z isomers. A) Chromatographic peak
corresponding to RhoB (pH = 1) recorded by HPLC. A total of five concentrations were measured
(0.05, 0.1, 0.25, 0.5 and 1 µM) employing the same method (absorbance monitored at 560 nm). B)
Calibration curve built using the area under the curve for the solutions measured in panel A. The
obtained slope was used for estimating the concentration (µM) of fluorescent molecules of compound
1 assuming that they have the same absorbance as RhoB at pH = 1. C and D) Chromatograms of the
fluorescent molecules of Z and E isomer before (t = 0 s) and after irradiation (t = 100 s) irradiated at pH
= 5, respectively recorded by HPLC .[171] Data were adapted from the respective reference.

These experiments support the proposed mechanism (Figure 19, A), in which the formation of
the Z isomer of the acylhydrazone in compound 1 brings the protonated 2-pyridyl substituent
near to the carbonyl group, facilitating ring opening induced by proton transfer. This
mechanism is further supported by density functional theory (DFT) modeling, which suggests
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that the energy barrier of interconversion between the open fluorescent rhodamine state of the
Z isomer and its dark spirocyclic form is very low (6.6 kcal mol–1, Figure 22).

Figure 22. A) Calculated potential energy surface for ring-opening of the Z isomer of probe 1. The
structures of open (Z, fluorescent) and closed (Z, dark) correspond to those in Figure 19, A. Relative
energies were obtained at the level theory (Becke, 3-parameter, Lee-Yang-Parr (B3LYP), basis set
(def2-TZVP) with an integral equation formalism polarizable continuum model (IEFPCM) in H2O).[171]
Data were adapted from the respective reference.

2.2.5 Single molecule imaging in PVA films
We embedded compound 1 in a polyvinylalcohol (PVA) film on a coverslip to image single
molecules of compound 1 and demonstrated that upon photoactivation, the molecule is
converted to its Z isomer which is fluxional (Figure 23, A, Section 7.11.3). The molecules in
the PVA film were irradiated with a photoactivation pulse (405 nm, 2.6 W cm–2, 20 ms), and
imaged with a 561 nm laser (0.25 kW cm–2) in TIRF illumination mode. This method for
observing molecules in PVA films has been used before to evaluate the blinking properties of
photoactivatable small molecules.[192] We validated the method by employing the nonfluxional compounds 2 and RhoB as negative controls and a spontaneously blinking molecule
(HMSiR-1) as a positive control (Figure 23, B-E). This experiment revealed that single
molecules of compound 1 transitioned several times between their dark and emissive forms,
confirming the fluxionality of the probe.
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Figure 23. Examples of camera frames in which single molecules of compounds A) 1 and B) 2 were
observed in the fluorescent state, and average intensity over all frames collected during a 10 s
acquisition, color-coded according to time. Most spots in the color-coded image display multiple colors
because single molecules emit photons at various time points. C) Kymograph of a single molecule of
probe compound 1 switching for 10 s. D) Kymograph of a single molecule of RhoB where few ON
states are observed followed by irreversible transformation into a dark state (photobleaching). E)
Kymograph of a single molecule of probe HMSiR-1 blinking spontaneously for 10 s. The chemical
structure of each compound is displayed under the indicated panel. Scale bars for A-B = 1 µm.[171] Data
were adapted from the respective reference.

47

Chapter 2 – Photoregulated Fluxional Fluorophores
We then compared the single-molecule fluxionality of compound 1 at pH = 5 and 7.4 (Figure
24, A). The switching behavior of compound 1 at pH = 5 was robust, providing numerous
switching cycles (221 ± 17, N = 30) and a large number of emitted photons per switching cycle
(640 ± 93, N = 30) with respect to those obtained at pH = 7.4 (Figure 24, B). These parameters
are comparable to those of commonly used SMLM dyes,[192] but unlike these previously
reported compounds, compound 1 does not require continuous photoactivation to switch.
Moreover, single molecules of compound 1 could be localized with an average precision of
22 ± 9 nm in film experiments, demonstrating that compound 1 could be used for singlemolecule localization because of its fluxional equilibrium.

Figure 24. A) Kymographs of single molecules blinking at pH 5 (blue) and pH 7.4 (red) for 75 s. B)
Comparison of switching cycles, total photon output, and total ON time (in the emissive form) for
particles at pH = 5 and pH = 7.4. Mean and SD are displayed for N = 30 molecules obtained from three
separate film preparations. Statistical significance was assessed by unpaired t-tests and two-tailed P
values are provided.
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2.3

Live-Cell Experiments

2.3.1 Determining cell viability
After assessing the photophysical properties of the photoregulated fluxional compound 1, we
proceeded with live-cell imaging experiments by first determining the toxicity range of 1 in
mammalian

cancer

HeLa

cells

(Figure

25,

Section

7.10).

We

employed

a

methylthiazolyldiphenyl-tetrazolium bromide (MTT) colorimetric assay for detecting the
metabolic activity in cells. Even after 48 h no loss of viability was detected at concentrations
up to 100 µM, which is the limit of solubility of compound 1 in growth medium at 37 ºC.

Figure 25. MTT assay of HeLa cells incubated with compound 1. Plot of cell viability against the
concentration of compound 1 after 48 h of incubation.[171] Data were adapted from the respective
reference.

2.3.2 Intracellular photoactivation efficiency
We then imaged HeLa cells using spinning-disk confocal microscopy to determine whether
compound 1 would freely diffuse across the plasma membrane and if it could be photoactivated
with the 405 nm laser line. In contrast to compounds 2–6 and 8, photoirradiation of cells treated
with compound 1 gave an approximate 3-fold increase in fluorescence, whereas the others
remained unchanged (Figure 11, supporting Figure S7 and S8). Because compound 1 has the
largest turn-on fluorescence with a low background signal, and can be modulated with
photoactivation, we used this probe for further experiments.
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Figure 26. Photoactivation experiments in live HeLa cells. Cells were incubated with compound 1 (10
µM) and imaged with lex = 561 nm laser excitation (140 mW cm–2, 0.5 s) A) before and B) after
photoactivation (lex = 405 nm, 600 mW cm–2, 1 s). Cells were incubated with compound 2 (10 µM) and
imaged with lex = 561 nm laser excitation (140 mW cm–2, 0.5 s) C) before and D) after photoactivation
(lex = 405 nm, 600 mW cm–2, 1 s). E) Photoactivation efficiency of compounds 1 and 2 in HeLa cells
using the same imaging conditions as in panel A-D. Mean and SD are displayed for N = 10 cells. Scale
bars for A-D = 10 µm.[171] Data were adapted from the respective reference.

2.3.3 Co-localization studies using compound 1
According to spectroscopic experiments, to obtain a fluorescent signal from compound 1, the
fluorophore should be irradiated in an acidic environment (pH < 5). We therefore performed
co-localization experiments in HeLa cells transfected with plasmids containing a targeting unit
for mitochondria, Golgi apparatus, ER and lysosomes fused with a cyan fluorescent protein
(mTurquoise2, Section 7.9). Hoechst 33342 was used to stain the cell nucleus and was
incubated 30 min prior to imaging. Images were acquired by confocal microscopy using the
following excitation wavelengths lex = 405 nm (nucleus), 445 nm (other organelles) and 561
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nm (compound 1). Co-localization of the signal was quantified to obtain a Pearson’s correlation
coefficient P by merging the 405, 445 and 561 nm channels (Figure 12, A-C). The highest colocalization was found in lysosomes (P = 0.8), whereas the other organelles exhibited low colocalization (P < 0.3) coefficients (Figure 12, D-G).

Figure 27. Co-localization in live HeLa cells. A-B) Fluorescent signals obtained from a HeLa cell
transfected with pLAMP1-mTurquoise2 plasmid (cyan) and incubated with compound 1 (10 µM,
magenta), respectively. C) Overlay of mTurquoise2 and probe 1 emission from panels A and B, as well
as emission from the nuclear stain Hoechst 33342 (blue). D-F) Co-localization experiments of
compound 1 (10 µM, cyan) with mTurquoise2-Mitochondria, mTurquoise2-ER, and mTurquoise2Golgi respectively (magenta). Nuclei were stained with Hoechst 33342 (10 µM, blue). Activation was
carried out with lex = 405 nm laser (60 mW cm–2, 500 ms), read out with a lex = 445 nm laser for
mTurquoise2 (100 mW cm–2, 0.5 s) and a lex = 561 nm laser for compound 1 (100 mW cm–2, 0.5 s). G)
Pearson’s correlation coefficients (P) for the co-localization of compound 1 with nucleus (N),
mitochondria (M), Golgi apparatus (G), endoplasmic reticulum (ER), and lysosomes (L). Mean and SD
of at least N = 3 measurements from biological triplicates are depicted. Statistical significance was
assessed by unpaired t-test and two-tailed P value is provided. Scale bars for A-C = 2 µm; D-F.

[171]

Data were adapted from the respective reference.
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2.4

Long-Term Super-Resolution Imaging

2.4.1 Imaging lysosomes for over 30 min using SMLM
We then set forth the challenge to optimize imaging conditions to record long SMLM
acquisitions in live HeLa cells. Prior to imaging, the cells were incubated with 500 nM of
compound 1 for 10 min and then subjected to an initial photoactivation pulse (lex = 405 nm,
2.6 W cm–2, 10 ms) that would transform a small subset of molecules into fluxional isomers.
After this initial photoactivation step, cells were imaged either using only the fluxionality of
compound 1 (initial photoactivation, Figure 28, A and B) or by repeating the photoactivation
pulse (sequential photoactivation, Figure 28, A and C) to provide more single-molecule
emitters. Imaging using only the fluxional equilibrium (red circles) gave information about the
total time it takes for the initial fluxional population to be photobleached. In this case,
substantial photobleaching occurred after 15 min (Figure 28, A and B). Sequential
photoactivation replenished the population of fluxional molecules before the loss of signal (3
pulses every 10 min, Figure 28, A, blue triangles). By applying these few pulses of activation,
we could maintain a constant number of detected molecules throughout the whole acquisition
(30 min, Figure 28, A and C). Single molecules could be localized with an average precision
of 33 nm in both experiments, showing that the brightness of 1 in the fluxional equilibrium is
sufficient for live-cell SMLM.
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Figure 28. A) Plot of the number of emissive molecules per frame obtained from the SMLM time-lapse
performed in HeLa cells incubated with probe 1 (500 nM) with an initial single-photoactivation pulse
(lex = 405 nm, 2.6 W cm−2, 20 ms, red circles) or with the same pulse applied every 10 min (blue
triangles). Examples of time-lapse SMLM of lysosomes in a live HeLa cell applying B) a single
photoactivation pulse (405 nm, 2.6 W cm−2, 20 ms) or C) photoactivation pulses (lex = 405 nm, 2.6 W
cm−2, 20 ms) every 10 min and used to construct the plot in panel A. The green, dashed square in the
bright-field image indicates the area imaged during the SMLM experiment. The bottom left corner of
the image at 0 s displays the diffraction-limited image for comparison. Scale bars for B-C = 10 µm
(bright-field images); 1 µm for region of interest (ROI).[171] Data were adapted from the respective
reference.

2.4.2 Assessing phototoxicity
Even though SMLM with compound 1 enables long time-lapse acquisitions, we were interested
in investigating the effect on cell morphology, disruption of the plasma membrane, and
activation of caspase-3, all of which are signs of phototoxicity generated by the experimental
setup. The cells were treated with corresponding cytotoxicity markers after long time-lapse
acquisition to reveal that even after this very long time-lapse acquisition, only modest signs of
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phototoxicity were observed (Figure 29). This experiment highlights the advantages of using a
combination of very mild photoactivation and fluxionality over other typical SMLM
experiments (supporting Table S1).

Figure 29. Bright-field images of a HeLa cell A) before (t = 0 min) and B) after (t = 33 min) prolonged
2D SMLM imaging. Zoom-in region (green dashed square in panel A) of the HeLa cell imaged with

lex = 561 nm (1.2 kW cm–2, 20 ms) C) before and D) after long-term imaging. Bright-field images of
HeLa cells E) before (t = 0 min) and after (t = 33 min) prolonged 2D SMLM imaging. G-H) Same cells
as in panel F incubated with 4’,6-diamidino-2-phenylindole (DAPI, 10 µM, 10 min, membrane
permeabilization indicator) and imaged with lex = 405 nm (2.6 W cm–2,10 ms) and CellTox™ Green
Dye (10 µM, 10 min, capase-3 activation assay) imaged with lex = 488 nm (0.18 kW cm–2, 10 ms)
respectively. Scale bars for A-B and E-H = 10 µm; C-D = 3 µm.[171] Data were adapted from the
respective reference.

2.5

Imaging and Tracking Lysosomes with SMLM

SMLM imaging requires high labeling density of the target structures and optimal detection of
single molecules. Because we measured localization precision of 33 nm in live-cell SMLM,
we investigated how well we could resolve the size and shape of the detected lysosomes with
2D and 3D SMLM.
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2.5.1 Resolving lysosome structures with 2D SMLM
Applying the aforementioned SMLM imaging conditions, we were able to distinguish
individual acidic vesicles within diffraction-limited areas. These cellular structures, when
observed with conventional optical microscopy, would appear as blurred images, sometimes
indistinguishable from one another (Figure 30). This experiment proved that compound 1
accumulates well in these acidic compartments and can afford optimal labeling density with
fast switching kinetics that can be used to localize approximately 1’100 molecules per µm2
within vesicles using only 23 camera frames. This large number of localizations corresponds
to Nyquist resolution limit of 60 nm, in case of an image reconstructed just over 0.5 s. This
excellent spatiotemporal resolution allowed us to track in detail the fast motion of single
lysosomes.

Figure 30. A) Two examples comparing diffraction-limited (HiLO) and super-resolved images of two
groups of acidic vesicles in close proximity to each other. Examples of B) a single super-resolved acidic
vesicle and C) two super-resolved acidic vesicles within a diffraction-limited space. The magenta lines
indicate the path used for the intensity profiles of the plots. The pixel values along the lines were fit to
a Gaussian distribution function (R2 > 0.99 in both cases). FWHM were calculated from the SD of the
Gaussian fit. Scale bars for A = 250 nm; B-C = 100 nm.[171] Data were adapted from the respective
reference.
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2.5.2 Lysosome tracking in HeLa cells and human neurons
Motivated by the precision with which lysosomes could be detected employing probe 1, we
decided to track individual vesicles in live HeLa cells and human neurons differentiated from
neuroblastoma cells (Figure 31, A and B, supporting Figure S9 and Section 7.6.2).[193] Based
on their diffusion coefficients, we categorized the detected vesicles in three distinct motion
types. Some vesicles, for example V1 (Figure 31, A), displayed fast and directional movement,
likely because of active transport with diffusion coefficients ranging between D = 0.012–
0.03 µm2 s–1. Vesicles like V2 (Figure 31, A), however, exhibited mostly slow Brownian-like
motion (D = 0.003–0.012 µm2 s–1). When long time-lapse experiments were carried out, we
observed that most vesicles transitioned between these two types of motion, usually displaying
short intervals of active transport (<1 s) between long periods of Brownian-like motion. This
behavior only becomes clear during time-lapse experiments of several minutes, highlighting
the importance of long-term experiments enabled by probe 1.
In human neurons, however, we monitored very different dynamics of synaptic vesicles
trafficking. These small, acidic vesicles are known to move between the cell body (soma) and
synaptic terminals through axons and dendrites.[194] The details of how these vesicles are
transported to and within synaptic terminals remain challenging to study in live cells. Some
vesicles within axonal varicosities, such as V3 (Figure 31, B), exhibited Brownian-like motion
(D = 0.0075 µm2 s–1) similar to what was observed for lysosomes in HeLa cells. Other vesicles
like V4, however, displayed diffusion coefficients an order of magnitude smaller (D = 0.0005
µm2 s–1, Figure 31, B). These vesicles were localized in well-defined regions, or “hotspots”,[149] which did not seem to change position throughout the entire acquisition.
Importantly, this behavior was not observed for any vesicle in HeLa cells (Figure 31, C). These
hot-spots seem to act as reservoirs for vesicles traveling along neuronal projections.
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Figure 31. Single-vesicle tracking in a HeLa cell and a differentiated (diff.) SH-SY5Y cell. Bright-field
images show A) a HeLa cell and B) two neuronal projections meeting at an axonal varicosity. The green
dotted boxes indicate the area selected to analyze the vesicle tracks. Total tracks from the selected ROI
are shown with random color selection. Acidic vesicles (V1 and V2) extracted from the measured HeLa
cell, display active diffusion and Brownian-like motion respectively. Vesicles V3 displays active
diffusion and V4 is likely to be inside a hot-spot. C) Comparison of diffusion coefficients measured for
vesicles in HeLa and differentiated SH-SY5Y cells. Scale bars for A-B = 2 µm (bright-field); 500 nm
(total tracks), 250 nm (selected tracks).

A time-lapse acquisition (1000 frames, 20 s) revealed that vesicles could diffuse between two
hot-spots (H1 and H2, ~8 µm from each other) within a few seconds (1–2 and 10–11 s), with
long resting states that occur after entrapment within the receiving hot-spots (Figure 32). This
phenomenon was consistently observed in neuronal projections, suggesting that fast transport
between hot-spots might be a general mechanism of movement of synaptic vesicles, at least in
this cell type.
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Figure 32. Bright-field image of a single neuronal projection and images of fast diffusion of an acidic
vesicle (V5) between hot-spots (H1 and H2) in 96 frames (20 s) acquired in the red channel (lex = 561
nm). The arrows indicate the direction of travel of the fast-moving vesicle. Scale bars = 1 µm.[171] Data
were adapted from the respective reference.

We calculated the speed (v = distance traveled in µm s–1) and diffusion coefficient (D) for these
vesicles manually because we observed that some vesicles moved along projections so fast,
that the particle tracking software struggled to recognize them. A representative example is
displayed in Figure 33 (V6). This vesicle traveled along the projection at a speed of
0.91 µm s–1. Compared to vesicle V7, V6 exhibits a 256-fold higher diffusion coefficient (D =
3.206 µm2 s–1). The diffusion coefficient obtained for V7 correlated to vesicles displaying
Brownian-like motion within the neuronal varicosities (D = 0.0125 µm2 s–1) with speed of v =
0.057 µm s–1. Moreover, vesicle V6 moved fast along the projection, but suddenly stopped when
it arrived at hot-spot V4 located at the neuronal varicosity (Figure 33), exhibiting the distinctive
hot-spot fusion vesicle behavior.

Figure 33. A) Bright-field image of a neuronal projection and varicosity. The green box indicates the
area depicted in panel B. B) Image reconstructed from 76 frames (10 ms each, total 16 s) and colorcoded according to time. Track lengths were determined for two vesicles (V6 and V7) estimated from
the distance traveled during the acquisition (16 s). Scale bars for A = 2 µm; B = 1 µm.[171] Data were
adapted from the respective reference.
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2.5.3 Imaging lysosome diffusion in 3D
Lysosomal diffusion and vesicle active transport have been widely studied across multiple cell
lines using confocal microscopy.[144] Because these vesicle move in three dimensions and are
not restricted to motion only in the x and y plane, we decided to implement 3D super-resolution
imaging using probe 1. To visualize this unique vesicle transport mechanism, we performed
3D SMLM using astigmatism and adaptive optics,[33] and reconstructed high-quality 3D images
with a temporal resolution of 2 s. These images revealed the 3D distribution of lysosomes
within a 1 µm-thick slice of a living cell (Figure 34, A-B) with a mean lateral localization
precision of 11 ± 5 nm and 140 ± 60 nm in the axial direction. A single lysosome moving
primarily in the axial direction could be tracked in this experiment (Figure 34, C-D). In this
particular case, the vesicle starts in the upper part of the imaging volume (+500 nm, orange
color), where it stays relatively static for the first 14 s (Figure 34, D), not changing its axial
position and staying within an area of ~0.25 µm2 in the focal plane. Suddenly, between 16–20
s, the vesicle moves rapidly in the axial direction, traveling ~1 µm in 4 s (Figure 34, D). This
example illustrates the level of spatiotemporal detail with which acidic vesicles could be
tracked employing probe 1.

Figure 34. A) Single lysosome diffusing laterally within the focal plane. B) Bright-field image of a live
HeLa cell. The green dashed square indicates the area displayed in panel C. C) Snapshot between 0–2
s (200 acquisition frames) of lysosomes in a 3D SMLM, time-lapse experiment, colored according to
depth in a 1 µm slice. The magenta solid square indicates the area displayed in panels D. D) Snapshots
at different time points of a single lysosome diffusing in the axial direction. Color-coded according to
the scale depicted in panel C. Scale bars for A = 500 nm; B = 10 µm; C = 5 µm; D = 200 nm.[171] Data
were adapted from the respective reference.
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2.5.4 Tracking synaptic vesicles in live neurons with 3D SMLM
Having shown that we could detect vesicle diffusion in the lateral and axial dimensions with
sub-second time resolution in live HeLa cells, we performed 3D SMLM at an axonal synapse
(Figure 35, A) to uncover additional information of how vesicles move along tracks and join
hot-spots.[195] We first confirmed that probe 1 targets synaptic vesicles by co-localization
analysis with FM1-43, a common stain for these vesicles (supporting Figure S10). 3D SMLM
experiments revealed that tracks (T1 and T2, Figure 35, B) are localized approximately 1 µm
higher (relative to the coverslip) along the axial direction than hot-spots H3-H6. These tracks,
however, have connections to these hot-spots (Figure 35, C). The diffusion of a vesicle between
H4 and H5 confirmed that vesicles are able to leave the hot-spots, by first moving up in the z
direction, move rapidly along a track, and fall back in the z direction at the next hot-spot (Figure
35, C, D, and E). A reconstructed 3D projection over the whole acquisition clearly illustrates
the morphology of the hot-spots, vesicle tracks, and how vesicles move within and between
hot-spots in three dimensions (Figure 35, F). More examples of this phenomenon are displayed
in the supporting Figure S11.
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Figure 35. A) Bright-field image of a neuronal cell. The cell membrane is displayed with a dashed
magenta line. The green dotted box indicates the field of view of panel B. B) 3D SMLM depiction
employing all acquired frames, giving a long-term acquisition live image where tracks of fast vesicle
movement emerge. This image was reconstructed from 4000 frames (40 s) in the lateral plane (x-y)
with a color-coded depth of 1.5 µm. C) Long-term SMLM image of panel B projected across the axial
plane (y-z). A ROI was selected (red solid square) including a track and associated hot-spots (T2, H4,
and H5). D) 3D SMLM image of the ROI in panel C from a 3 s, long-exposure acquisition (300 frames)
in the lateral plane (x-y) with a color-coded depth of 1.5 µm. E) Snapshots of time-lapse imaging (3 s)
of the diffusion of an acidic vesicle from H4 to H5 in the lateral plane (x-y). F) 3D rendering of the
trafficking of the same acidic vesicle in panel E. The unit cell is 1.5 µm x 1.5 µm x 1 µm and labeled
with ticks of 0.5 µm. Scale bars for A = 5 µm; B = 1 µm; C = 750 nm; D-F = 500 nm.[171] Data were
adapted from the respective reference.
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2.6

Imaging Other Organelles with PFF Derivatives

Because compound 1 proved to be an excellent probe for imaging acidic vesicles in living cells,
we synthesized derivatives of compound 1 that could target other organelles. Precursor 7 was
condensed with ethyl 2-formylisonicotinate in ethanol (EtOH) to give the intermediate
compound 9, which was subsequently deprotected with lithium hydroxide (LiOH) in methanol
(MeOH). The free acid 10 was reacted with N,N’-dicyclohexylcarbodiimide (DCC) and Nhydroxysuccinimide (NHS) to make the reactive ester precursor 11 (Scheme 4).

Scheme 4. Synthesis of precursor 11. TFA = trifluoroacetic acid.

2.6.1 Resolving nanometric details in mitochondria with PFF 12
We next decided to test whether PFFs could also resolve structures outside the optimal acidic
environment by targeting mitochondria, which display neutral or slightly basic pH. The
synthesis of mitochondria targeting probe 12 was carried out by nucleophilic addition of a
primary amine-containing alkyl triphenylphosphonium moiety to precursor 11 (Figure 36,
A).[196] Co-localization studies in live HeLa cells confirmed the effectiveness of using this
targeting group to direct PFF dyes to mitochondria.[135] The highest Pearson’s correlation
coefficients were found in mitochondria (P = 0.6) followed by lysosomes where probe 12
becomes brightest (Figure 36, B-E).
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Figure 36. A) Synthesis scheme and structure of compound 12. DMF = dimethylformamide. B)
Pearson’s correlation coefficient (P) values for the co-localization of compound 12 with nucleus (N),
mitochondria (M), Golgi apparatus (G), endoplasmic reticulum (E), and lysosomes (L). Mean and SD
of at least N = 10 measurements from biological triplicates are depicted. Statistical significance was
assessed by unpaired t-test and two-tailed P value is provided. C-D) Fluorescent signals obtained from
a HeLa cell transfected with pmTurquoise2-Mito (cyan) and incubated with compound 12 (10 µM, red).
E) Overlay of mTurquoise2 and probe 12 emission from panels C and D. Scale bars for C-E = 5 µm.[171]
Data were adapted from the respective reference.

We decided to implement 2D SMLM using probe 12 to image mitochondria. Because the pH
of mitochondria (pH ~ 8) is significantly higher than that of lysosomes, we expected the
number of fluorescent molecules to be significantly lower, therefore, we increased the
concentration of probe 12 (10 µM) and applied sequential photoactivation pulses during image
acquisition (see Section 7.11). Using the optimized conditions, we were able to resolve
nanometric structures of mitochondria with a time resolution of 2 s (Figure 37).
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Figure 37. A) Bright-field image of a HeLa cell incubated with compound 12 (10 µM). B) Diffractionlimited image of the cell in panel A (overlay of 6000 frames). C) Super-resolution of the same frames
in panel A (2 s time resolution, 30 frames) colored in time (1–60 s). The green dotted square indicates
the area displayed in panel D. D) Reconstruction of mitochondria in a 1 min time-lapse (2 s time
resolution). Scale bars for A-C = 2 µm; D = 500 nm.[171] Data were adapted from the respective
reference.

2.6.2 Imaging microtubules with PFF 13

Compound 13, a taxol conjugate of compound 1, was prepared from precursor 11 and docetaxel
to target the b-subunit of tubulin (Figure 38, A).[133] The goal with PFF 13 was to detect singlemolecule localizations to evaluate if PFFs would remain in fluxional equilibrium even upon
binding to a large macromolecular target such as microtubules. Using PFF 13 we could
determine the spatial resolution obtained from imaging extracted microtubules from live cells
(see Section 7.11.6). For this reason, the cells were washed thoroughly with phosphate buffered
saline (PBS, pH = 5) after incubation with probe 13 (10 µM) and the extracted microtubular
structures were imaged at pH = 5. Super-resolved images of single microtubules were
reconstructed with a total of 12000 frames (120 s). Under these conditions, single microtubules
could be resolved with adequate resolution (Figure 38, B, C). Multiple microtubules contained
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within a diffraction-limited area were resolved with a FWHM of 100 ± 10 nm (Figure 38, D).
We presume that better resolution could be obtained by increasing the homogeneous labeling
density of PFF 13 in the nanometric structures. However, we could still confirm that the
fluxionality of the PFFs is not compromised when bound to a macromolecule.

Figure 38. A) Chemical structure of PFF 13. B) Reconstructed image of a single microtubule using
12000 frames (120 s, camera rate 100 frames s–1). Two regions of the microtubules were selected and
the FWHM was calculated by fitting the obtained intensity curve to a Gaussian distribution and
multiplying the SD by 2.35. C) Additional example of a microtubule network showing a ROI as a dotted
white square. D) ROI of panel C showing two microtubules contained within the diffraction limit and
resolved. The FWHM was determined by fitting the intensity points to a sum of Gaussian functions.
Scale bars for B-C = 500 nm; D = 200 nm.[171] Data were adapted from the respective reference.
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2.7

Conclusions and Outlook

Combining photoactivation and fluxionality in probe design led to the development of
compound 1, which enabled control of the total number of ON molecules and alleviated
photobleaching and phototoxicity resulting in excellent live-cell SMLM performance. Because
of the protonation-dependent mechanism, we were able to selectively image acidic vesicles in
live cells. Using SMLM experiments, we tracked and categorize three different classes of
acidic vesicles according to their diffusion coefficients. Moreover, we performed for the first
time, very long (>30 min) time-lapse imaging with excellent spatial and temporal resolution.
During these long SMLM experiments, we detected minimal changes to the number of emitter
molecules per frame when applying sequential activation pulses. The reason for this is that the
reserves of the fluxional Z form could be replenished before photobleaching all molecules.
Therefore, we suggest that a photoregulated fluxional mechanism can overcome, almost
entirely, the issue of photobleaching caused by high-intensity light irradiation during SMLM.
We showcase the versatility of probe 1 for imaging synaptic vesicles in human neurons, using
2D and 3D SMLM experiments. These experiments revealed the complex transport of vesicles
along projections and allow observation of vesicles fusing to hot-spot reservoirs. This facile
method for detecting synaptic vesicles creates new possibilities to understand how these
organelles interact, diffuse, and contribute to neural function.
Lastly, we synthesized derivatives of PFF 1 to test the compatibility of PFFs by directing them
to other organelles with different physiological environments. Mitochondria were effectively
targeted and imaged using PFF 12 by slightly adapting the sequential photoactivation steps
during image acquisition. Extracted microtubules were also resolved using PFF 13 confirming
that the fluxional mechanism is independent of binding the probe to a macromolecule. By
increasing the effective labeling density of the dye or by implementing more efficient labeling
strategies, we believe that even higher-quality time-lapses of long-term SMLM acquisition
(e.g. mitosis) in live cells are possible.
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A Dual Activatable Diazoindanone Rhodol
for super-resolution imaging
of enzymatic activity in live cells

Parts of the results and text presented in this Chapter were published in the Journal of American
Chemical Society.[197] Mr. Zacharias Thiel performed some of the chemical synthesis, experimental
planning and microscopy experiments during his M.Sc. Thesis. Dr. Dorothea Pinotsi performed some
microscopy experiments and helped with super-resolution data analysis. Dr. Niels Trapp determined
crystal structures by XRD.
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3.1

Project Aim

The main goal of this Chapter is to present a dual activatable sensor for imaging enzyme
activity with nanometric resolution using PALM. We envision that the electronic character of
the xanthene core in diazoindanone xanthene dyes could be used to generate different
photoproducts upon photolysis.[115] To design a super-resolution sensor, pre-activation of the
probe by an enzyme needs to be the rate-determining step to yield a fluorescent photoproduct
(Scheme 5). The main challenge, however, is to detect the fluorescent signal at the precise
moment and location where the enzyme resides. Using the probe designed in this project, we
plan to detect the initial locations of active enzymes and use sptPALM to follow these
intracellular signals in live cells. The ultimate goal of this study is to introduce a new sensing
mechanism for single-molecule detection of enzymatic activity that can serve as a proof-ofprinciple that can be used to image other enzyme targets.

Scheme 5. Principle for sensing enzymatic activity using a dual activatable fluorophore.

3.2

Probe Design and Mechanistic Studies

Building upon previous observations from Wurm, Belov, Hell[50] and Lavis,[119] we set forth
the challenge to create a new sensing strategy that can link the outcome of a photoreaction to
the activity of an enzyme. As proof-of-principle, we envisioned that photolysis of an electronpoor xanthene dye should give a major dark, non-emissive photoproduct, whereas photolysis
of the electron-rich counterpart should yield a major fluorescent photoproduct (Section 1.3.3).
Acetyl protecting groups are electron-withdrawing substituents that can be easily installed on
xanthene dyes and are known to completely shift their equilibrium to the spirocyclic, non-
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emissive form. Because these groups are also labile towards hydrolysis by human
carboxylesterases (hCEs),[107] we thought that an acetyl-containing diazoindanone xanthene
dye could serve as an effective fluorescent sensor for endogenous esterase activity in
mammalian cells.
3.2.1 Chemical synthesis
We used a julolidine rhodol scaffold to construct our desired probe because it contains a
phenolic OH group that serves as a functionalization handle, and a julolidine nitrogen group
that enhances the brightness of the fluorescent product. For this reason, rhodol 14,[98] was
treated with acetic anhydride and pyridine to obtain the acetylated rhodol 15. The acyl chloride
intermediate of compound 15 was prepared by treatment with oxalyl chloride ((COCl)2), and
the photolabile diazo group was installed with (trimethylsilyl)diazomethane (TMSCHN2). This
step yielded the electron-deficient rhodol 16, which was kept from light exposure at all times.
The electron rich rhodol 17, regarded as a positive control, was obtained by deprotecting 16
with NaOH (Scheme 6, Section 7.17).

Scheme 6. Synthesis of probes 16 and 17. DIPEA = diisopropylethylamine; Ac2O = acetic anhydride;
THF = tetrahydrofuran; MeSO3H = methanesulfonic acid.

3.2.2 Photochemistry and photophysics
We investigated the outcome of the photoinduced Wolff rearrangement for compounds 16 and
17 in buffered solutions (0.25 µM, PBS, pH = 7.4). The samples were irradiated with UV light
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(~366 nm, Section 7.3.3) and fluorescence emission was recorded at defined time intervals
(Figure 39). A significant increase in fluorescence intensity was observed when irradiating
solutions containing probe 17 in contrast to solutions containing probe 16. This result
confirmed our initial hypothesis that the electronic properties of the xanthene probe influences
fluorescence emission upon photolysis (Figure 39).

Figure 39. Fluorescence increase upon irradiation (~366 nm) of solutions of 16 and 17 (0.25 µM, PBS,
pH = 7.4, in quartz cuvettes). Three independent measurements (N = 3) are depicted and the error bars
indicate SD.[197] Data were adapted from the respective reference.

The photoreaction was further investigated by isolating the major photoproducts from each
photoreaction (Section 7.3.3 and 7.17.1). We then characterized the photophysical properties
of each photoproduct by spectroscopic methods and detected their mass and retention time
using LC-MS. With high irradiation intensities (lex = 300 nm), photolysis of compound 16
yielded predominantly product 18, whereas photolysis of compound 17 yielded compound 19
as a major product (Figure 40, A and B). Performing the photolysis in MeOH at a slightly
longer wavelength (lex = 405 nm), however, we detected the formation of compound 21,
thereby confirming that decarboxylation of photoproduct 20 occurs upon prolonged exposure
to light of high energy and intensity.[114]
Single crystal XRD of compounds 18 and 19 confirmed the exact geometry of their chemical
structure (Figure 40, C, Section 7.16). Spectroscopic analysis of the isolated photoproducts
revealed that compound 18 has an absorption maximum at lmax = 565 nm, with an extinction
coefficient (e) of 3.8 × 103 M–1 cm–1, and exhibits essentially no fluorescence emission (Figure
40, D). In contrast, compound 19 displays different photophysical properties (Figure 40, D),
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including a large extinction coefficient (lex = 541 nm, e = 2.9 × 104 M–1 cm–1) and a quantum
yield of fem = 36%. Compounds 22–25 were also isolated by HPLC elution of the respective
peaks and characterized (supporting Figures S12 and S13). Only a few minor photoproducts,
present before and after the photoreaction, could not be isolated or characterized.

Figure 40. Main photoreactions of compounds A) 16 and B) 17, and structures of compounds 18–21.
C) X-ray structures of photoproduct 18 (CCDC: 1564214) and of photoproduct 19 (CCDC: 1564215).
D) Absorption and emission spectra for compounds 18, 19 and 21 (supporting Figures S12-S13 for
details). [197] Data were adapted from the respective reference.

The characteristic distribution of photoproducts from each photo reaction explains the large
differences in fluorescence intensity obtained from the photolysis of compounds 16 and 17 in
solution (Figure 39).
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3.2.3 Elucidating the mechanism of photoactivation
Quantum yields of photoactivation and disappearance (FPA/DA) were determined for the
disappearance of the starting materials 16 and 17 and for the appearance of some photoproducts
(supporting Figures S14–S17, Section 7.4). Using an LED (lex = 405 nm) source, we could
determine small values for the quantum yields of photoactivation of compounds 16 and 17
(FPA = 0.3% and FPA = 0.2%, respectively). Under these same conditions, compound 18
(FPA = 0.05%) and compound 20 (FPA = 0.16%) were found to be the main photoproducts of
the photolysis of compounds 16 and 17 respectively. Performing an irradiation experiment of
a solution of compound 17 using a UV-lamp (lex = 300 nm), induced the decarboxylation of
compound 20 to yield the emissive compound 19. Preparative amounts of 20 could not be
obtained for that reason, therefore a stable, methyl ester, compound 21 was synthesized and
used to estimate the photophysical properties of compound 20. An overview of the
photoproducts that formed in the reaction, as well as their quantum yields and other
photophysical parameters are listed in Figure 41, A and B.
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Figure 41. A) Overview of photoproducts of compounds 16 and 17 that were analyzed by LC-MS and
purified by flash or thin-layer chromatography (TLC). Conditions for the photoreaction of 16 and 17:
a) hv (lmax = 405 nm), CH3CN:H2O (1:1), 24 h, b) hv (lmax = 366 nm), c) hCE, d) hv (lmax = 405 nm) in
anhydrous MeOH. B) Table displaying the photophysical properties of compounds 16–24; extinction
coefficient (e), maximal absorption (lmax,abs) and emission (lmax,em), quantum yield of emission (Fem),
brightness (eFem) and quantum yield of photoactivation and disappearance (FPA/DA) for compounds 16
and 17 and their respective photoproducts.[197] The SD is given as a number in parenthesis. Data were
adapted from the respective reference.

Compound 25 was isolated from the reaction of 17 and single crystals were analyzed by singlecrystal XRD (Section 7.16). So far, this species had not been reported as a product of the
photolysis of diazoindanones, but it is known that diazirines can undergo reversible
photoisomerization to diazoketones.[198]
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Having isolated and characterized most photoproducts, we propose a mechanism for the
photoactivation of compounds 16 and 17 (Scheme 7). In the presence of a strong electron donor
(O–), for example in compound 17, the release of dinitrogen induced by photolysis forms a
reactive carbene intermediate. The carbene is quickly transformed into a ketene intermediate
via a Wolff rearrangement. In the presence of nucleophilic reagents like H2O, a b-keto
carboxylic acid 20 is formed.[199] When exposed to intense light radiation, carboxylic acid 20
undergoes decarboxylation resulting in the fluorescent methyl photoproduct 19 (Scheme 7, A).
In contrast, when an acetyl protecting group is present, for example in compound 16, the
formation of the ketene is not favored. In contrast, a seven-member, ring-expanded
photoproduct is formed (Scheme 7, B). We did not investigate the properties of diaziridine 25,
but it is reasonable to assume that this species could also be photolyzed to give the same
carbene intermediate as the one obtained from the photolysis of a diazoindanone.[200]

Scheme 7. Proposed mechanism of photolysis of compounds A) 17 and B) 16.[197] Data were adapted
from the respective reference.
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3.3

Enzymatic Hydrolysis and Live-Cell Experiments

3.3.1 Solution experiments with recombinant hCEII
We tested the efficiency of hydrolysis of compound 16 by recombinant hCEII in solution.
Irradiation of samples containing 16 in the presence of hCEII gave a strong fluorescent signal,
significantly higher than in the absence of the enzyme (Section 7.8.1). Conversely, almost no
change in fluorescence was detected when irradiating a mixture of compound 16, hCEII and
b-lapachone (26, Figure 42, A and B), a known inhibitor of carboxylesterases.[201] When
similar experiments were performed with compound 17, no change in fluorescence was
detected when adding inhibitor 26 (Figure 42, B), indicating that the presence of active hCEIIs
is imperative to give a fluorescent signal upon photolysis of compound 16.

Figure 42. A) Chemical structure of b-lapachone hCEII inhibitor 26. B) In vitro photoactivation
experiments of compounds 16 and 17 (10 µM) with recombinant hCEII (10 µg mL–1) and 26 (10
µM).[197] Data were adapted from the respective reference.

3.3.2 Viability studies in HeLa cells
To determine the ability of endogenous hCEs to convert compound 16 into 17 in living cells,
we first determined the cytotoxicity of compound 16 for HeLa cells with the standard MTT
protocol (Section 7.10). For conditions where the cells were incubated and placed in the dark
or incubated and irradiated with UV light, we measured very similar half maximal inhibitory

75

Chapter 3 – A Dual Activatable Diazoindanone Rhodol
concentration (IC50) values of 17 µM (non-irradiated) and 20 µM (irradiated, Figure 43). These
values indicate a safe working dose (<10 µM).

Figure 43. MTT assay of compound 16 without and with irradiation; blue dots are averages of six
measurements. Sigmoidal 4-parameter logistic fit (blue line) and 95% confidence bands (red dashed
lines). Error bars are the SD.[197] Data were adapted from the respective reference.

3.3.3 Cell experiments with hCE inhibitors
The efficiency of activation of compound 16 in live cells was tested by incubating HeLa cells
with compound 16 (10 µM) for 10 min and irradiating the sample using a 405 nm laser
(120 mW, 20%, 1 s) in a confocal microscope. The images detected in the red channel
(lex = 561 nm) revealed that photoactivation leads to a substantial increase in fluorescence
signal within the intracellular domain (Figure 44, A). In the case of cells pre-treated with
inhibitor 26 (10 µM), however, no significant decrease in fluorescence after photoactivation
was detected (Figure 44, B). Additionally, pre-treating the cells with compound 27 (10 µM,
Figure 44, C and D), a known inhibitor of hCEI,[202] decreased substantially the fluorescence
intensity after photoactivation (Figure 44, B). With these results, we could hypothesize that
either compound 16 is a better substrate for hCEI, in contrast to hCEII, or that compound 26 is
not an effective inhibitor of hCEII in live cells. In either case, it is clear that the photoactivation
of compound 16 depends to a large extent on the activity of at least hCEI and, therefore, can
be used as a fluorescent probe to image the activity of this enzyme.
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Figure 44. A) HeLa cells imaged at 561 nm laser excitation after 10 min of incubation with compound
16 (10 µM), before and after photoactivation (lex = 405 nm, 120 mW, 20%, 1 s). B) Plot of the
normalized fluorescence (fluorescence of compound 16 before photoactivation = 1) with 561 nm laser
excitation after photoactivation (lex = 405 nm, 120 mW, 20%, 1 s). Two conditions with HeLa cells
incubated with the indicated hCE inhibitors (inhib.) 26 and 27 with 10 µM of each. A total of 13−15
values of independent measurements, mean values, and SDs are shown. D) Structure of the hCEI
inhibitor, compound 27. Scale bars for A = 10µm. [197] Data were adapted from the respective reference.

3.3.4 Co-localization studies
To determine the location of the intracellular fluorescent signals, we performed co-localization
analysis with various organelle markers and determined the Pearson’s correlation coefficient
(P, Section 7.9). This experiment revealed that compound 16 is activated most efficiently in
the ER (P = 0.67). Some fluorescent signals were also detected in what appeared to be
mitochondria and the Golgi apparatus but these did not show a significant correlation with the
respective fluorescent markers (Figure 45, A and C). Co-localization experiments with
compound 17 showed no correlation with any fluorescent marker (Figure 45, B and C). This
observation demonstrates that the acetyl containing compound 16 is activated in areas where
the active hCEs are present, and, after hydrolysis in the absence of photoactivation, it can
diffuse to other areas within the cell.
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Figure 45. A) Co-localization experiments of A) 16 and B) 17 with mTurquoise2-ER (ER),
mTurquoise2-Golgi (G), Hoechst-Nucleus (N) and mTurquoise2-Mitochondria (M). Correlation values
were obtained with ICY program. Activation with a 405 nm laser (120 mW, 20%, 25 s), readout with a
445 nm laser (100 mW, 40%, 1s) and 561 nm laser (20%, exposure time 500 ms). C) Table depicts the
mean values with SD of the co-localization experiments in panels A and B.[197] Data were adapted from
the respective reference.

3.3.5 Intracellular diffusion dynamics
Determining the precise localization of an enzymatic event with a small-molecule fluorescent
sensor can be challenging if the activated probe diffuses away from the site of enzymatic
reaction before it can be imaged. After the Wolff rearrangement of compound 17, which is the
product of the esterase hydrolysis of compound 16, the ketene intermediate can be trapped by
nucleophiles present in the environment (see synthesis of compound 21, Section 7.17).
Therefore, we envisioned that if the photoactivation occurred immediately after compound 16
was converted into compound 17 by hCEs, the ketene intermediate could be trapped by the
esterase itself or at least within its vicinity.
To test this hypothesis, we irradiated a ROI within a cell that had been pre-treated with
compound 16 and recorded the fluorescence of the whole cell over a period of 15 min
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(Figure 46, A). Immediately after photoactivation, we observed fast diffusion of fluorescent
molecules to non-activated regions of the cell. This signal, however, was significantly weaker
than the fluorescence signal contained within the ROI (Figure 46, A). By plotting a line profile
of the fluorescence intensity over the 15 min period in a marked position (green dash), we
could show minimal broadening and no flattening of the fluorescent signal (Figure 46, B). This
feature indicates that most of the photoactivated molecules stay within the region where they
were converted.

Figure 46. A) HeLa cell imaged using a 561 nm laser excitation after 10 min of incubation with
compound 16 (10 µM), before photoactivation, immediately after activation (t = 0 min) and 15 min
after irradiation. A region of interest (ROI, magenta solid circle), the border of the cell (cyan solid line)
and the line for intensity profile (dashed green line) are highlighted. Readout was performed with a 561
nm laser and photoactivation with a 405 nm laser (120 mW, 20%, 1 s) within the ROI. B) Line profile
of the intracellular fluorescence intensity of cell in panel A: before photoactivation (blue circles)
immediately after photoactivation (black squares) and 15 min after photoactivation (red triangles).
Scale bars for A = 5 µm.[197] Data were adapted from the respective reference.
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3.4

Super-Resolution Imaging and Particle Tracking

The previous experiments confirmed that compound 16 can only emit light after it is preactivated by an active hCE and does not diffuse from the site of photoactivation. For this reason,
we probed whether a super-resolved image of intracellular esterase activity could be generated
by adding compound 16 to live cells undergoing constant cycles of irradiation of short 405 nm
laser pulses and constant 561 nm laser readout. To penetrate through the cytosol and reach the
ER structures where the enzymes seem to reside, we implemented HILO illumination mode.[30]
We envisioned that in such an experiment, molecules of compound 16 would diffuse into the
cell and, as soon as they react with hCEs, they could be rapidly photoconverted, trapped and
detected. After correlating the single emitter to the precise location of the enzyme, we would
photobleach the signal during readout to avoid signal saturation and overlap of fluorescent
signals. This way, we could image the intracellular locations and distribution of the hCEs
activity in whole, live cells.

3.4.1 Super-resolution imaging of enzymatic activity using sensor 16
We performed PALM imaging in HeLa cells using an activation pulse (lex = 405 nm, 100 µs
duration) followed by 100 readout camera frames using a 561 nm laser excitation (10 ms
duration). This sequence was repeated every second. Compound 16 was added to the cells
approximately 10 s after the beginning of the acquisition and the first single-molecule signals
started to appear only a few seconds after addition. A total of 30,000 frames and 360,771
localizations were obtained over a period of 300 s. Using these localizations, a super-resolved
image of esterase activity was reconstructed with a much higher resolution than its diffractionlimited (>200 nm), deconvolved counterpart (Figure 47, A). We were able to detect single
emitters with an average localization precision of 36 ± 11 nm (Figure 47, B).

80

Chapter 3 – A Dual Activatable Diazoindanone Rhodol

Figure 47. A) PALM super-resolved image of esterase activity in a live HeLa cell treated with
compound 16 (1 µM, 5 min acquisition time) and comparison to its diffraction-limited, deconvolved
image. B) Histogram and mean localization precision for single-molecule localizations used to
reconstruct the super-resolved image in panel A. The mean value is given with the SD. Scale bars for
A = 3 µm.[197] Data were adapted from the respective reference.

Moreover, a similar acquisition strategy, but employing cells previously treated with hCEI
inhibitor 27 (10 µM), gave significantly fewer signals than for the acquisition with the
untreated cells (Figure 48). These results suggest that single-molecule signals correspond to
active hCEI.

Figure 48. PALM super-resolved image of esterase activity in a live HeLa cell previously incubated
with hCEI inhibitor 27 (10 µM) and treated with compound 16 (1 µM, 5 min acquisition time) and
comparison to its diffraction-limited, deconvolved image. Scale bars = 3 µm.[197] Data were adapted
from the respective reference.
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The single-molecule data obtained from these experiments were used to extract dynamic
information about the sites of activation as compound 16 diffused into the cell. The total 30,000
single super-resolved frames (5 min, Figure 49, A) were divided into five intervals of 1 min
each and plotted using a different color for each time interval (Figure 49, B). Inspection of a
magnified section of this time-lapse, color-coded image revealed that early localizations are
very few and sparsely distributed (1 min, blue). As time progresses, the sites of active hCEs
were detected in vesicle-like structures (2, 3, and 4 min; green, yellow, and red). In the later
time points, the tubular structure of what seems to be the ER starts to become populated (5 min,
white). We could discern regions of active enzymes (white) from regions of no enzymes (black)
in distances smaller than the diffraction of light.

Figure 49. A) Same acquisition as in Figure 47. B) Time-lapse, color-coded image of the cell shown in
panel A with a magnification of the area inside the magenta square. Scale bars for A-B = 3 µm; 300 nm
(zoomed-in ROI).[197] Data were adapted from the respective reference.

3.4.2 Tracking single enzymes with sptPALM
Previously, we showed that photolysis of compound 16 in live cells, generates a signal that
seems to remain, to a large extent, within the site of activation (Figure 46). Because this feature
would be ideal for tracking single-particles from the PALM data with sptPALM, we analyzed
the diffusion coefficients of the single-emitters after photoactivation.[139] During this process,
each detected localization can be monitored over multiple frames to generate trajectories useful
to analyze the particle’s diffusion coefficients with nanometric resolution.
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Single tracks of emitters were generated by analyzing 20,000 consecutive super-resolved
frames (200 s) using DiaTrack software (Section 7.12.2).[203] Cells pre-treated with inhibitor
27 exhibited substantial decrease in particle detection with respect to untreated cells (Figure
50, A and B). We filtered out trajectories with a lifetime smaller than 3 s from further analysis
to reduce background signal and excluded all particles with D > 20 µm2 s–1, as these values are
higher than the average diffusion of monomeric cytosolic proteins.[204] A mean diffusion
coefficient of 0.013 µm2 s–1 was estimated for the calculated tracks (Figure 50, C). This
analysis confirmed that, upon photolysis, the cross-linked photoproduct of compound 16 binds
to proteins or membrane-macromolecules that remain in close proximity to the ER
structures.[205]

Figure 50. Single-particle tracks and overlay of the tracks with the respective bright-field image of
HeLa cells treated with sensor 16 and photoactivated A) without prior treatment with inhibitor 27 and
B) with prior inhibition with 27 (10 µM). The tracks are colored randomly. C) Histogram of diffusion
coefficients for single molecules localization in the acquisition from panel A. Scale bars for A-B = 5
µm.[197] Data were adapted from the respective reference.
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3.4.3 Locating regions of high enzymatic activity

Using DiaTrack, we identified the first signal of each track (“birth’’) and generated an image
of single-molecule activations (Figure 51, A). Images were obtained from similar sptPALM
experiments in which the cells were treated with inhibitors 26 or 27 (Figure 51, A). These
images indicate a significant difference in single-molecule activation events and intracellular
signal distribution. The generated “birth” map helps to locate the density of the overall
localizations present in the whole cell. Therefore, we performed Voronoï tessellation using SRTessler software on these generated “birth” maps (Figure 51, B).[206] Voronoï tessellation is a
segmentation analysis used to map complex structures and processes like the nanoarchitecture
of the synaptic release of neurotransmitters.[207] This segmentation procedure yields a broad
range of polygons, whose areas are proportional to the density of the detected points, or births
(Section 7.12.2). The segmented sptPALM acquisitions revealed different regions of active
hCEs sites (blue regions) and clusters of high enzymatic activity (green regions). In the case of
cells pre-treated with hCE inhibitors 26 and 27, we observed a significant decrease in areas of
high enzymatic activity. In this case, only 1 or 2 clusters were found, whereas up to 22 clusters
were located in untreated cells (Figure 51, C).
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Figure 51. A) Distribution of “birth” tracks for untreated and pre-treated HeLa cells with inhibitors 26
and 27 (10 µM of each) and incubated with sensor 16. B) Voronoï tessellation of cells in panel A.
Polygons are colored according to their areas, see the color bar (units: nm2). C) Objects (blue) and
clusters (green, for a definition of objects and clusters see Section 7.12.2) identified by Voronoï
tessellation in panel B. Scale bars for A-C = 5 µm.[197] Data were adapted from the respective reference.
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3.5

Conclusions and Outlook

In this project, we developed a dual activatable probe for detecting hCE activity in live cancer
cells using PALM. We incorporated an ester protecting group to a photoactivatable
diazoindanone xanthene, resulting in the dual activatable sensor 16. Because of its electronpoor core, 16 is transformed into a non-emissive, ring-expanded xanthene photoproduct in the
presence of UV light. However, when pre-activated by hCE, the electron rich compound 17 is
formed and upon photoactivation, it generates a highly emissive, cross-linked photoproduct.
Because sensor 16 is selective towards hCEs and attaches to the site of activation, we
performed PALM experiments to pinpoint the location of active hCEs with nanometric
resolution. These experiments allowed us to quantify regions of high enzymatic activity in live
cells. To perform this experiment, we applied simultaneous irradiation pulses of the activation
laser (lex = 405 nm) and readout laser (lex = 561 nm) while administering a solution of sensor
16 to the cells. The obtained localizations were compared to a similar experimental setup in
cells prior incubated with hCE inhibitors 26 and 27. After image reconstruction, we located
single molecules with a localization precision of 36 ± 11 nm.
Using sptPALM, we identified tracks of single molecules that helped us determine the diffusion
coefficients of these particles and confirm that the sensor, once pre-activated by hCEs, does
not diffuse away from their sites of photoactivation. Finally, we used these birth marks to
perform Voronoï tessellation and obtain polygons with areas proportional to the density of the
active enzymes. Locating regions of active enzymes is valuable for designing, targeting and
understanding inhibitor efficiency and drug metabolism.[208] We hope that the present findings
encourage the development of small-molecule probes able to detect the activity of other
enzymes and the presence of biological relevant targets.
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Chapter 4

A Photoactivatable Diazoindanone Rhodamine
for imaging the ER

Parts of the results presented in this Chapter were published in Helvetica Chimica Acta.[75] Ms. Salome
Püntener contributed to the synthesis of the probe during her M.Sc. Thesis.
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4.1

Project Aim

Some small-molecule fluorophores can accumulate in specific cell compartments and label
cellular structures that can be resolved using super-resolution microscopy. Quantification of
the photophysical properties of a fluorophore in bulk and at the single-molecule level help
determine its suitability for SMLM. The aim of this Chapter is to present a new, simple
photoactivatable diazoindanone dye that can yield high photon output upon photoactivation.
We propose that the ideal probe should accumulate in intracellular locations where it can be
detected and subsequently photobleached (Figure 52). The chemical structure of the envisioned
fluorophore contain a functional group to allow conjugation with targeting moieties. Our goal
is to prove the compatibility of this probe with live-cell 2D and 3D SMLM to reveal nanometric
morphological changes in the ER otherwise impossible to detect with conventional
microscopy.

Figure 52. Schematic depiction of the mode of action of the envisioned probe. In the first stage, the
compound diffuses through the cell plasma membrane and localizes, over time, to fine ER structures.
There, it can be photoactivated, detected and bleached to reconstruct super-resolution images.[75]
Graphical scheme was adapted with permission.

4.2

Probe Design and Single-Molecule Microscopy

4.2.1 Probe synthesis
The designed photoactivatable diazoindanone rhodamine 28 was obtained from a three-step
synthetic route starting from the condensation of trimellitic anhydride ethylester and 8hydroxyjulolidine to give rhodamine 29 as a mixture of isomers 5 and 6 (Scheme 8).[75] The
diazoindanone rhodamine 30 was prepared by treatment of 29 with oxalyl chloride, followed
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by a reaction with TMSCHN2 under basic conditions. Saponification of 30 gave the
corresponding ER probe 28 in good yields (Section 7.17). We envisioned that installing amine
donating groups, like the julolidine, we would promote a Wolff-rearrangement upon irradiation
to yield a bright fluorescent photoproduct.[119,197]

Scheme 8. Synthesis of the ER probe 28 and the expected photoproduct after irradiation (hv = 405 nm
light). [75] Data were adapted with permission.

4.2.2 Photophysical characterization of ER probe 28
We performed cuvette experiments in solution to determine the photophysical properties of
compound 28 using UV-Vis and fluorescence spectroscopy in PBS (pH = 7.4, Figure 53, A).
An approximate 150-fold increase in fluorescence emission was observed after irradiating
probe 28 for 15 min (λex = 405 nm, 2 mW cm–2, 10 min, Section 7.3). Consequently, fluorescent
signal saturation was achieved after 10 min of irradiation (Figure 53, B). From this experiment,
we could confirm that probe 28 can be photoactivated in solution and yields a fluorescent
photoproduct after photoactivation.
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Figure 53. Photophysical characterization of ER probe 28. A) UV-Vis (red) and fluorescence (blue)
spectra of a solution of 28 (50 µM, in PBS pH = 7.4) before irradiation (grey, solid lines, 0 min) and
after irradiation (colored, red squares and blue triangles, 20 min) with 405 nm light (2 mW cm–2).
B) Fluorescence fold-increase of 28 (50 µM, in PBS pH = 7.4) at different irradiation times
(λex = 405 nm, 2 mW cm–2).[75] Data were adapted with permission.

4.2.3 Imaging single molecules of compound 28 in PVA films
After determining the photochemical properties of compound 28 in bulk, we investigated the
photophysical properties at the single-molecule level. Therefore, we embedded molecules of
compound 28 in PVA films (PVA 1%, PBS pH = 7.4, total concentration = 10–9 M) on a cover
glass, following a previously reported protocol (Section 7.11.3).[171] To increase the contrast,
reduce the background signal and observe the molecules close to the cover glass, a TIRF
illumination mode was implemented on films that were hydrated 5 min prior to the acquisition
(Figure 54). For imaging, we applied an initial photoactivation pulse (λex = 405 nm, 20 ms,
2.6 W cm–2) and followed this pulse by constant fluorescence readout (λex = 561 nm, 20 ms,
0.25 kW cm–2). An initial photoactivation pulse (t = 0 s) gave bright, ON states for molecules
located in the field of view. After a few seconds, an irreversible, dark, OFF state was induced
by the readout laser causing permanent photobleaching of the fluorescent molecules (Figure
54, A). Because probe 28 requires photoactivation to emit a signal, we performed a similar
experiment using sequential photoactivation pulses (λex = 405 nm, 20 ms, 2.6 W cm–2) applied
every 200 ms. In this case, we could activate multiple particles throughout the whole
acquisition and the kymographs displayed full ON-OFF cycles, expected for a non-blinking
molecule (Figure 54, B and C). A total number of ~105 photons per molecule were detected,
with an average of 2.3 s ON time before photobleaching (Figure 54, D). Because these values
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are comparable to other photoactivation dyes compatible with super-resolution imaging, we
envisioned that probe 28 could serve the same purpose.[192]

Figure 54. A) PVA film embedded with compound 28 (10–9 M in PBS pH = 7.4) showing an area
containing five molecules at various time points (t = 0, 2.7 s) and an overlay of all-time acquisition
color-coded in time (t = 0–5 s). The green ROI is a 4 x 4 pixel size of a molecule undergoing
photoactivation. The plot shows the total photon count of the selected molecule in time (t = 5 s) within
an acquisition following one photoirradiation (λex = 405 nm, 20 ms, 2.6 W cm–2) under constant 561 nm
laser (20 ms, 2.6 W cm–2) irradiation. B) A second field of view containing molecules of 28 imaged
with the same parameters as in panel A but using a sequential activation pulse (λex = 405 nm, 20 ms,
2.6 W cm–2) every 200 ms depicting a particle at two time points (t = 0, 1.7 s). C) Photophysical
characterization of the total photons and the total ON time per molecule, per acquisition obtained for
N = 10 molecules of compound 28. Mean and SD are displayed. Scale bars for A = 500 nm.[75] Data
were adapted with permission.
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4.3

Live-Cell Experiments

As probe 28 exhibited good properties in single-molecule experiments, we decided to apply it
to live-cell imaging in HeLa cells. Using a spinning disk confocal microscope (Section 7.7),
we evaluated whether probe 28 was membrane permeable, could be photoconverted inside cells
and if so, whether it accumulated in any specific area of the cell.
4.3.1 Assessing membrane permeability and photoactivation efficiency
HeLa cells were incubated with probe 28 (10 µM) and imaged (λex = 561 nm, 200 mW, 0.5 s,
70%), before and after irradiation (Figure 55). Upon photoactivation, a significant increase in
fluorescence emission (100-fold) was observed in the intracellular space, excluding the
nucleus. This observation led us to conclude that probe 28, even with a negatively charged
polar carboxylic group, can diffuse freely through the plasma membrane and can be efficiently
converted into a fluorescent photoproduct upon 405 nm light irradiation (Figure 55).

Figure 55. Bright-field image of a HeLa cell incubated with compound 28 (10 µM, 1 h), merged with
the red channel (λex = 561 nm, 1 s) image, before and after photoactivation (λex = 405 nm, 1 s). Scale
bars = 5 µm. [75] Data were adapted with permission.
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4.3.2 Co-localization studies using ER probe 28
We performed co-localization analysis with HeLa cells transfected with mTurquoise2
fluorescent proteins expressed in the ER, mitochondria, Golgi apparatus, and lysosomes (see
general method 7.9). Prior to imaging, the cells were shortly incubated with compound 28 and
photoactivated. The Pearson’s correlation coefficient was determined by comparing the
respective signal localization of the cyan images (mTurquoise2) from the red laser channel
(corresponding to the photoproduct of 28). The highest correlation for probe 28 was observed
with the ER marker (P = 0.8), whereas co-localization with mitochondria, Golgi apparatus, and
lysosomes was significantly lower (P < 0.4, Figure 56).

Figure 56. Pearson’s correlation coefficients (P) after photolysis of 28 (red channel, λex = 561 nm)
with fluorescent markers mTurquoise2-ER (ER), mitochondria (M), Golgi apparatus (G), or lysosomes
(L) imaged in the cyan channel (λex = 445 nm). A total of N < 8 cells was selected per condition.
Statistical significance was assessed by unpaired, double-tailed Mann-Whitney test. P value
**** < 0.0001.[75] Data were adapted with permission.

A closer inspection of the overlay of the fluorescent signals from cells expressing fluorescent
mTurquoise2-ER marker and treated with probe 28 revealed excellent co-localization at the
periphery of the cytosol (green square, Figure 57, A), however, in contrast, close to the nucleus,
the photoproducts of probe 28 showed poor co-localization (magenta square, Figure 57, A).
For this reason, we performed further experiments, focusing at the periphery of the cytosol.
There, probe 28 labels exclusively fine ER structures and the signals from molecules trapped
in mitochondria can be avoided (blue square, Figure 57, B).
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Figure 57. A) Cell treated with probe 28 (10 µM, 1 h) expressing fluorescent mTurquoise2-ER marker
imaged in the cyan channel (λex = 445 nm) and displaying emission from probe 28 (red channel,
λex = 561 nm, 1 s) after photoactivation (λex = 405 nm, 1 s). The green dotted and magenta dashed
squares represent an area in the periphery and cell center, respectively. B) Cell treated with probe 28
(10 µM, 1 h), expressing fluorescent mTurquoise2-mitochondria marker imaged in the cyan channel
(λex = 445 nm, 1 s) and displaying emission from probe 28 (red channel, λex = 561 nm, 1 s) after
photoactivation (λex = 405 nm, 1 s exposure). The blue solid square represents an area in the periphery
and in the interior of the cell. Scale bars: A-B = 5 µm; zoomed in regions = 1 µm.[75] Data were adapted
with permission.

4.4

Super-Resolution Imaging of the ER

Because ER probe 28 fulfils the requirements of a photoactivatable probe in bulk and at the
single-molecule level, and localizes to ER structures located in the periphery of live cells, we
decided to test its compatibility with SMLM. We believed that this facile method of labeling
ER structures could reveal 2D and 3D-information of the ER morphology in real time.
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4.4.1 2D SMLM of fine ER structures
SMLM experiments were carried out employing HeLa cells treated with compound 28 (Section
7.11). To obtain artefact-free, super-resolved images, it is essential to avoid over-saturation of
the fluorescent signals, which could lead to overlapping signals from single emitters. For this
reason, the concentration of probe 28 used to incubate HeLa cells was decreased to 1 µM.
Following these SMLM experiments, ER tubules and sheets were evident after acquisitions of
250 s (10,000 frames, Figure 58, A). We were able to enhance the time resolution to 25 s
(1,000 frames per super-resolved image) and observe dynamics of the fine structures and
porous sheets that resembled previously reported ER morphologies (Figure 58, B).[209] Under
these imaging conditions, we could detect single molecules of the ER probe 28 with a
localization precision of 42 ± 12 nm in the lateral axis (Figure 58, C). Furthermore, this 2D
time-lapse demonstrates the highly dynamic structure of the ER and suggests fast movements,
rupture (75 s), and loop formation (125–175 s) of the tubular cisternae of the ER and movement
in and out of the focus plane (white arrows, Figure 58, B).

Figure 58. 2D Super-resolution imaging of a HeLa cell treated with probe ER probe 28 (1 µM). A)
Overlay of all 10,000 frames obtained in a 225 s acquisition. Photoactivation was achieved with 405 nm
(20 ms, 2.6 W cm–2 pulse every 200 ms) readout emission was obtained using 561 nm light
(2.6 W cm–2). The green dashed box represents a ROI selected in the periphery of the cell. B) Timelapse sequence of the region of interest in panel A shown in red depicting the breakage of a tubule
followed by the formation of a loop in a later time frame (white arrows) representing the ER at the
nanoscale. C) Histogram of localization precision for single-molecule localizations used to reconstruct
localization precision for 2D SMLM with ER probe 28. Scale bars for A = 5 µm; B = 500 nm.[75] Data
were adapted with permission.
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4.4.2 3D SMLM projections of fine ER structures
Even though 2D SMLM can reveal fascinating dynamics of the nanometric features of fine
structures that compose the ER, it is limited to the lateral (x-y) plane. To enhance our
understanding of such complex nanometric structures in the z direction, we performed 3D
SMLM by employing adaptive optics and astigmatism (Section 7.11.1). In these experiments
we were able to detect single-molecules with a localization precision of 49 ± 10 nm, a value
that represents nearly an order magnitude improvement over diffraction-limited optical
microscopy (Figure 59, A). Super-resolved 3D images could be reconstructed employing as
few as 2,000 acquisition frames with a 2 s time resolution (Figure 59, B). In this example, we
could identify multiple holes (H1-2) throughout the ER sheet. However, when dissecting the
axial plane in steps of 200 nm, we observed the formation of larger holes (merged H1-2, at
z = –200 nm) and closure of the pore (at z = +200 nm, Figure 59, C).
From this acquisition, we reconstructed a 3D projection, where one can see the existence of
nanometric holes (<250 nm diameter) in the ER membrane and differentiate these holes from
porous, concave structures that the ER structure can otherwise adopt (white arrows, Figure 60).
These nanometric details composing the topology of the ER are only visible at this temporal
and spatial resolution and highlight the benefits of using ER probe 28 in 3D SMLM. Similar
porous structures were observed for the first time using SIM of the peripheral ER expressing
an ER marker.[209] Because these structures undergo rapid-motion, they are often
misinterpreted as cylindrical tubules and flatted sheets when imaged using diffraction-limited
microscopy. These porous, tubular structures make the ER a very heterogeneously shaped
organelle, and this structure serves the purpose for maintaining the regular function of the
cell.[209] Moreover, changes in the expression of ER-shaping proteins has shown to be linked
to hereditary diseases.[210]
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Figure 59. A) Diffraction-limited image of a live HeLa cell treated with ER probe 28 obtained by
merging all signals found in 2000 frames (2 s) of acquisition. B) Super-resolved counterpart of the HeLa
cell in panel (A). All localizations were color-coded with an axial depth of 600 nm. A green region of
interest was selected in the periphery of the cell where fine ER structures were evident. C) Time-lapse
sequence of the region of interest in panel (B), depicting presence of nanometric holes
(H1-2, white arrows) at different axial depths. A depth color-coded image displays the respective depth
to which extensions are located within the field of view. Scale bars for A-B = 5 µm; C = 500 nm.[75]
Data were adapted with permission.

Figure 60. A 3D SMLM projection depicting the porous morphology of the ER and the presence of
real holes (H1-3) pointed with white arrows. Unit axis = 2 µm.[75] Data were adapted with permission.
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4.5

Conclusions and Outlook

This Chapter presented the development of a diazoindanone rhodamine probe suitable for
imaging nanostructures of the ER using a simple method compatible with SMLM. For this
purpose, we characterized the photophysical properties of probe 28 in bulk and at the singlemolecule level. Photoactivation experiments carried out in PVA-embedded films revealed that
each molecule yields a high number of photons before photodecomposition (100’000 photons),
allowing good localization precision (42 ± 12 nm) in single-molecule localization experiments.
We confirmed that, upon photoactivation, probe 28 targets ER structures, as confirmed by colocalization studies carried out in HeLa cells expressing fluorescent proteins as fiducial
markers of organelles (P = 0.8). We believe that the amphiphilic character of the chemical
structure of probe 28 (lipophilic core and the polar carboxylic acid moiety) might contribute to
the accumulation in ER and mitochondria, however, we did not perform further experiments
to confirm this hypothesis. 2D SMLM employing probe 28 permitted visualization of
nanoscopic pores within the network of tubules and sheets that constitute the ER. We further
analyzed this complex structure in three dimensions to distinguish pores from concave surfaces
and built 3D reconstructions of the tubular cisternae present in the ER. This simple probe
enables the study of the structure of cellular organelles and can help elucidate nanometric
morphological changes in non-genetically modified cells.
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A Dual Activatable Cell Tracker (DACT)
for long-term single-cell tracking

The results reported in this Chapter are from a collaborative project with the Halin research group at
ETH Zurich (Institute of Pharmaceutical Sciences). Ms. Salome Püntener worked on this project as
part of her M.Sc. Thesis. Dr. Jorge Arasa and Dr. Victor Collado (Halin group) performed in vivo
experiments. Dr. Jorge Arasa also contributed to the preparation of some of the figures presented here.
At the time this Thesis was written, a manuscript had been submitted for publication.
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5.1

Project Aim

Cell trackers are fluorescent chemical tools that facilitate imaging of biological processes in
vivo. Small-molecule fluorescent dyes or fluorescent proteins can be used for cell tracking.
However, when comparing fluorescent proteins to small-molecule dyes, the latter are
chemically more robust, emit a brighter fluorescent signal, and don’t require altering the
genetic code of an organism.[150,211] In this Chapter, we propose the design of a new staining
strategy that employs the photoactivatable diazoindanone rhodol 16 presented in Chapter 3.
Our aim is to demonstrate that this type of photoactivatable, dual activatable cell trackers
(DACTs), have several advantages over cell proliferation dyes like eFluor670TM currently
available in the market. These advantages include greater spatiotemporal staining control,
improved photostability of the fluorescent signal and high signal retention within the
intracellular space, as well as low levels of cytotoxicity and phototoxicity regardless of the cell
type (Figure 61). We envision that these traits would make a good small-molecule cell tracker
compatible with live animal studies that can help elucidate dynamics of single-cell migratory
behavior.[212]

Figure 61. Schematic representation of the general applications of DACTs as cell trackers.
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5.2

Experimental Design

We designed a five-step staining protocol to label live cells using DACTs (Figure 62). First,
DACT should be in an initial non-fluorescent form, be stable and non-cytotoxic under normal
biological conditions (Figure 62, I). Due to its neutral chemical structure, DACT should diffuse
quickly through the plasma membrane and accumulate within the intracellular space. As we
presented in Chapter 3, active intracellular CEs can hydrolyze the ester moiety of DACT to
give a non-emissive, pre-activated form (Figure 62, II).[197] Pre-activating DACT with
intracellular CEs is a crucial step that determines the outcome of the photoreaction.
Photoirradiation of a non-hydrolyzed DACT gives a non-emissive photoproduct, whereas
photoactivation of a hydrolyzed DACT yields a fluorescent photoproduct (Figure 62, III). This
rationale follows the same principle from the photolysis of an electron-rich diazoindanone
xanthene that gives major fluorescent photoproducts whereas photolysis of an electrondeficient diazoindanone xanthene gives mostly dark, non-emissive photoproducts. Confocal
microscopy can be used to track fluorescent cells for as long as the signal is retained within the
cells (Figure 62, IV). Given that the signal intensity is strong enough and that the fluorescence
emission from DACT does not have substantial spectral overlap with other imaging channels,
we can implement fluorescence assisted cell sorting (FACS) to quantify the total number of
stained cells and identify their cellular types (Figure 62, V).

Figure 62. Schematic depiction the five steps to label cells with DACTs and the respective chemical
structures before and after irradiation.
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5.3

Probe Synthesis and Cell Experiments

5.3.1 Chemical tuning of DACTs for enhanced resistance towards hydrolysis
Inflammation, in general terms, is a response of the organism towards a specific stimulus,
injury or infection.[213] Immune cells, e. g. dendritic cells, are antigen-presenting cells that
express high levels of signaling molecules required to initiate an immune response.[214]
Examples of such molecules are cytokines, such as tumor necrosis factor-alpha (TNF-α) and
interferon-gamma (INF-γ) that facilitate amplification of the immune response and promote
the recruitment of neutrophils to the inflamed tissue.[213] These neutrophils secrete high levels
of histotoxic mediators, such as reactive oxygen and nitrogen species,[162] that cause substantial
cell death within the area. Because dying cells undergoing necrosis release their cellular content
to the extracellular environment, inflamed tissue is usually considered to have high levels of
active enzymes, including CEs. Most commercially available dyes (e.g., CFSE) have acetyl
protecting groups that label the intracellular space of cells upon interaction with active CEs.
However, in the presence of extracellular active CEs the acetyl-containing probes can be
cleaved before reaching their target and produce high background signal and potential false
positives due to off-target labeling.[215]
To enhance the accumulation of the dye in the intracellular space and to decrease its sensitivity
towards aggressive enzyme hydrolysis, we synthesized four derivatives of DACTs, each
containing esters of different sizes. The selected ester protecting groups were previously used
for masking fluorescein derivatives to exert different reactivity towards CEs hydrolysis.[107]
We obtained DACTs 16 and 31–33 from a one-step synthetic procedure starting from the
diazoindanone rhodol precursor 17[197] and the corresponding acyl chlorides under basic
conditions (Scheme 9).
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Scheme 9. Synthesis of DACTs 16 and 31–33 from precursor 17.

With the DACTs 16 and 31–33 in hand, we tested their relative reactivity towards intracellular
CEs present in live HeLa cells by quantifying their intracellular fluorescence signal using
confocal microscopy. The cells were cultured and plated following standard procedures
(Section 7.6.1) and then incubated with compound 16, 31, 32, or 33 (10 µM) at three different
time points (t = 0.2, 1 and 18 h). The fluorescent signal was measured in the red channel
(lex = 561 nm, 0.5 s, 120 mW) before and after photoactivation, which was performed in the
violet channel (lex = 405 nm, 1 s, 60 mW, Figure 63, A). For the shortest incubation time
(t = 0.2 h), the highest normalized fluorescence fold-increase after irradiation was observed for
compound 16 (43-fold) and the lowest for compound 33 (4-fold, Figure 63, B).
Increasing the incubation time (>1 h) prior to photoactivation, the fluorescent signal plateaued
for compounds 16 and 31–32. We then propose a general reactivity trend for these compounds
that depends on the size of the ester substituent at the α-position from the carbonyl group. A
bulky substituent, as in compound 33, is significantly more resistant towards hydrolysis by
CEs. In part, this feature might increase the intracellular dye accumulation in the presence of
extracellular CEs, however, it can compromise the intensity of the detected signal. Therefore,
DACT 33 is unsuitable for experiments requiring short incubation times. On the other hand, a
reactive compound, such as 16, can be beneficial to study systems under mild conditions, as it
can generate a bright signal only after short incubation times (Figure 63).[107]
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Figure 63. A) Confocal images of HeLa cells incubated with all DACTs for 10 min showing
fluorescence emission in the red channel (lex = 561 nm, 0.5 s, 120 mW) before and after photoactivation
(lex = 405 nm, 1 s, 60 mW). B) Fluorescence fold increase obtained from the experiments shown in
panel A. P < 0.0001 (***), P < 0.001 (**), P < 0.01 (*), P < 0.1 (ns) was compared between 0.2 and 1,
and between 1 an 18 h. The fluorescent fold increase was calculated for each condition as the normalized
integrated intensity obtained within a defined ROI. To determine the normalized fluorescent intensity,
the background intensity was subtracted from the intensity before and after irradiation for each cell
body and the intensity before activation was normalized to the average value of all before irradiation
images per condition (Section 7.7.2). The data plotted was obtained from 10 different cells of at least 5
different fields of view in 2 different imaging days. Statistical significance was assessed by unpaired
t-test. Scale bar for A = 10 µm.

5.3.2 Assessing intracellular signal retention

An ideal cell tracker should be membrane permeable and should form irreversible bonds to
intracellular domains to allow for prolonged signal retention. The dye should therefore avoid
accumulation in secretory vesicles that can undergo exocytosis. If these prerequisites are
achieved, leakage of the fluorescent signal to the extracellular space can be minimized. This
feature would allow for more reliable intercellular staining in prolonged in vivo studies.
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We then assessed the intracellular retention of the DACT’s fluorescent signal after
photoactivation. Because rhodamines-NN can form covalent bonds with surrounding proteins
present at the site of photoactivation,[108,197] we expected that the photoproducts obtained from
the photolysis of DACTs inside the cells would covalently label non-diffusive proteins present
in the ER.[197] Given enough incubation time (~18 h) before photolysis, all the DACTs form
the same precursor 17 upon interaction with intracellular CEs. For this reason, we measured
the durability of the fluorescent signal after photoirradiation in cells incubated for 18 h with
DACTs 16, 31, 32, or 33 (10 µM). After irradiation, the fluorescent signal was recorded in the
red channel at two different time intervals (t = 12 and 27 h) using confocal microscopy (Figure
64). The cells were thoroughly washed with PBS (pH = 7.4) right after photoirradiation to
remove the non-bound photoproducts. Intracellular fluorescence was detected for all DACTs
even after 12 h following the photoirradiation. The fluorescent signal from cells treated with
DACT 16, and DACTs 31 was evident even after 27 h following photoactivation (Figure 64).
Given enough time to become pre-activated by intracellular hCEs, the fluorescent signal from
the photoactivation of DACTs can be traced for long periods after irradiating live cells. After
27 h, the fluorescent signal is substantially reduced, probably due to cell proliferation, which
halves the concentration of the intracellular fluorescence in each cell division cycle.[158]

Figure 64. Comparison of the intracellular fluorescence obtained from treating HeLa cells with DACTs.
Images were taken 12 and 27 h after irradiation in HeLa cells incubated with 10 µM DACT (16, 31, 32,
or 33) for 18 h. Images were recorded in the red channel (lex = 561 nm, 0.5 s, 120 mW).
Scale bars = 10 µm.
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We then compared cells treated with commercially available cell proliferation dye eFluor670TM
to cells treated with DACT 16. We selected DACT 16 for comparative experiments because it
gives the brightest signal after irradiation and requires short incubation time (<30 min). We
used eFluor670TM because it is a far-red emitting dye that interacts with intracellular
nucleophiles to form irreversible bonds and does not emit in the 561 nm channel. However,
this dye is always in a fluorescent form, therefore, we treated cells with eFluor670TM (5 µM)
and recorded the fluorescent emission in the far-red channel (lex = 647 nm) after 30 min of
incubation. In this time range, we observed signal accumulation within round structures that
resemble secretory vesicles (Figure 65, A). To determine the mobility of the dye within the
intracellular medium, fluorescence intensity was measured across a line drawn in the cell body.
Using the intensity measured along this line, we constructed diffusion plots and observed sharp
peaks that shifted and redistributed after 15 min (black arrows, Figure 65, A). This feature
confirms the fast movement of the compartments where the eFluor670TM dye accumulates. In
contrast, cells stained with DACT 16 showed better intracellular signal retention and
homogenous labeling in locations that resemble the ER (Figure 65, B).[197] In this case, we
measured three time points in the red channel (lex = 561 nm, 0.5 s, 120 mW), one before
photoactivation (lex = 405 nm, 1 s, 60 mW) and two after 1 s and 15 mins after irradiation in a
defined line (solid magenta line, Figure 65, A and B). The diffusion plots obtained from these
cells showed broad peaks that maintained their shape along the marked position (Figure 65, B),
suggesting that staining with DACT 16 labels the cell more homogeneously than staining with
eFluor670TM.
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Figure 65. Confocal images of HeLa cell treated with A) eFluor670TM (5 µM, 30 min incubation) and
B) DACT 16 (10 µM, 10 min incubation) and imaged in the far-red and red channel respectively.
Diffusion plots were constructed from the same cells, following the fluorescent signal over time, with
respect to the marked position (green dotted line on images in panel A or magenta solid line on images
in panel B). Black arrows show appearing and disappearing fluorescent signals within the plotted line.
Scale bars for A-B = 5 µm.

5.3.3 Determining intracellular diffusion of the fluorescent signal using iFRAP

Photoactivation of an intracellular region using iFRAP[216] is a powerful technique to measure
intracellular diffusion of a fluorescent signal.[197] Similar diffusion plots were made from cells
incubated with DACTs (16, 31, 32, or 33) for 18 h, selecting a small intracellular ROI and
irradiating using iFRAP (Section 7.7.3). These results show that, upon photolysis, the
fluorescent signal for all DACT compounds is contained within the activated site (Figure 66,
A). Low intracellular diffusion and photobleaching of the fluorescent signal indicate that the
compounds cross-link to slowly diffusing proteins (Figure 66, B).[197] Therefore, we believe
that photo-induced cross-linking of the probe, in contrast to the nucleophilic substitution of a
reactive ester, is a better way to label efficiently the intracellular space of cells and avoid
accumulation in secretory vesicles.

107

Chapter 5 – A Dual Activatable Cell Tracker (DACT)

Figure 66. A) Example of HeLa cells treated with DACT 16 (10 µM, 18 h incubation). A ROI was
selected (green dotted circle) and was irradiated in the violet channel (lex = 405 nm, 1 s, 30 mW).
Emission was detected in the red channel (lex = 561 nm, 0.5 s, 120 mW), 30 seconds and 5 minutes
after the initial iFRAP. The position (magenta solid line) was selected and the corresponding position
plots were created using Prism. B) Diffusion plots obtained from iFRAP analysis for cells treated with
DACTs (16, 31, 32 or 33). Scale bar for A = 5 µm.

5.3.4 Signal detection with FACS
To increase the scope of applications of DACT staining in biological experiments, we tested
the compatibility of DACT dyes with FACS. For this purpose, HeLa cells were incubated with
selected DACTs (16, 32 or 33, 10 µM, 30 min) and the signal intensity of the irradiated cells
was measured in the phycoerythrin (PE) channel and normalized to the background signal of
stained but non-irradiated cells (Section 7.14.1, Figure 67). All selected DACTs were
detectable by FACS, however, the fluorescent signals of DACT 31 and 33 were considerably
weaker with respect to the signal obtained for DACT 16 (Figure 67).
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Figure 67. HeLa cells were incubated for 30 min with selected DACTs (16, 32 or 33, 10 µM) and
irradiated and mixed with non-irradiated cells. Representative graphs of three independent experiments
are shown. Cells were identified based on their size (FSC–A: forward scattering) and granularity (SSC–
A: side scattering).

5.4

In Vivo Experiments with Primary Cells

We selected DACT 16 for further experiments because it displayed optimal signal for detection
with FACS only after short incubation times. We then determined the mildest conditions to
stain delicate primary cells harvested from the spleen of mice. These cells were chosen as they
are extremely sensitive to experimental manipulation, irradiation and have a short life-span
compared to HeLa cells (<24 h).[217,218]
5.4.1 Reducing phototoxicity and cytotoxicity
Primary cells were harvested from the spleen of a mouse (Section 7.13). We optimized the total
amount of UV irradiation necessary to obtain the brightest signal without showing signs of
apoptosis or necrosis (cell death). Apoptotic cells can be recognized by an increased amount
of phosphatidylserine in the outer layer of the cell membrane, which in healthy cells is
predominantly found in the inner cell membrane.[219] Annexin V is a cellular protein able to
bind to phosphatidylserine, and when bound to a fluorescent reporter, it can detect signs of cell
death induced by apoptosis. Zombie Aqua is a membrane-impermeable, reactive aminecontaining dye that diffuses into cells when the cell membrane is compromised or damage
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(necrosis). We therefore categorized cells as necrotic (Zombie Aqua+ and Annexin V+) or
apoptotic (Annexin V+ and Zombie Aqua–).
FACS analysis of irradiated cells showed that UV phototoxicity was by far more detrimental
to these cells than cytotoxicity of the probe itself. The cells could be irradiated for a maximum
of 1.5 min (lex = 405 nm, 2 mW) before showing signs of cell death (Figure 68, A and
supporting Figure S18). However, the concentration of DACT 16 could be increased up to
20 µM without causing increase in cell death (Figure 68, B). Plotting the percentage of Zombie
Aqua+ and Annexin V+ cells after 1.5 min of irradiation with varying concentrations of DACT
treatment revealed that the optimal fluorescence signal detection and contrast to label primary
cells require 10 µM of DACT 16 (Figure 68, C and supporting Figure S18).
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Figure 68. A) UV phototoxicity assessed on primary cells. Splenocytes were irradiated with UV light
for different time intervals, stained with Zombie Aqua and Annexin V and analyzed by FACS.
B) DACT cytotoxicity assessed on primary cells. Splenocytes were incubated with different
concentrations of DACT 16, irradiated for 1.5 min, stained with Zombie Aqua and Annexin V and
analyzed by FACS. C) Splenocytes were incubated with different concentrations of DACT 16,
irradiated for 1.5 min and stained with Zombie Aqua and Annexin V. The percentage of Zombie Aqua+
and Annexin V+ cells is shown after 5, 10 and 24 h of incubation. All results and representative graphs
are shown as mean ± SEM of three independent experiments (N = 3).

5.4.2 Resistance towards harsh fixation and permeabilization protocols
One important limitation of most of genetically-modified fluorescent proteins is the loss of
signal when cells are subjected to fixation and permeabilization protocols.[169] These
procedures are essential, not only for sample preservation, but also for labeling intracellular
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and nuclear targets where fluorescent antibodies are required, as well as in experiments using
electron microscopy imaging.[220] For instance, the nuclear transcription factor foxp3 is a
protein involved in the development and function of regulatory T cells. High expression levels
of foxp3 has been linked to tumor progression, wheareas low expression levels have been
linked to the development of autoimmune diseases.[221] Because foxp3 is located in the nucleus,
quantification protocols require permeabilization of the cell and nuclear membrane. Therefore,
DACT 16 labeled splenocytes were mixed with unlabeled cells in a 1:1 ratio and the resulting
mixture was fixed and permeabilized using a kit suitable for staining foxp3 (Section 7.15.2).
After FACS acquisition, the ratio of DACT+ to DACT– cells was maintained, indicating that
DACT 16 was retained and that the fluorescent signal was not lost during fixation (Figure 69).
This result proves the robustness of DACT staining and its compatibility for applications where
fixation and permeabilization protocols are needed.

Figure 69. Splenocytes were incubated for 30 min with DACT 16 (10 µM), irradiated and mixed with
non-irradiated cells. The mixture of cells was fixed, permeabilized and measured by FACS. The results
of a representative example out of three independent experiments are given.

5.4.3 Homogeneous staining of different cell types
Cell trackers compatible with multi-wavelength detection are useful because several
fluorescent reporters (e.g. fluorescent antibodies) can be used simultaneously to distinguish
different cell types. Because splenocytes are composed of several cell types, we determined
whether DACT staining could homogeneously label all splenocytes regardless of their
phenotype. For this purpose, we harvested fresh splenocytes and divided them into two groups
(stained and non-stained with DACT 16) and treated them with staining solutions containing
FACS buffer and fluorescent antibodies for 30 min (Section 7.14.2). Cluster differentiation
(e.g CD11c, CD4, CD8 and CD3) are cell surface molecules that can act as receptors or ligands
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and provide immunophenotyping of cells according to their function.[222] Major
histocompatibility complex (MHC) class II molecules (e.g. MHCII) are receptors located in
the surface of antigen-presenting cells (e.g dendritic cells (DCs), phagocytes) that can initiate
an immune response.[223] Using DACT staining, we could distinguish dendritic cells
(MHCII+CD11c+), T cells (CD4+ and CD8+) and other leukocytes (MHCII+CD11c–, supporting
Figure S19). Remarkably, DACT+ stained cells were consistently distinguishable from the
unstained DACT– cells and the initial staining ratio (1:1) was maintained for all types. These
results demonstrate that DACT 16 efficiently stains heterogeneous cell populations and that it
can be used to characterize cell phenotypes in combination with other fluorescent markers
(Figure 70).

Figure 70. DACT+ and DACT– splenocytes (ratio 1:1) were stained with Zombie Aqua, CD45, CD3,
CD4, CD8, MHCII, and CD11c and acquired by FACS. DACT+ and DACT– cells are shown gating on
CD4 T cells, CD8 T cells, DCs and MHCII+CD11c- cells. Representative graphs of three independent
experiments are presented.
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5.4.4 In vivo homing experiments
Because immune cells require significant viability to actively migrate into the lymphatic
system, we can determine whether their function is compromised upon exposure to a compound
or by knocking-out genes that encode for proteins that regulate migratory processes (e.g.
MHCII).[224] To further evaluate the innocuousness of DACT 16 staining in primary cells, we
performed an in vivo homing experiment that consist in adoptively transferring live and stained
splenocytes in a live mouse and quantifying the stained splenocytes found in three different
lymph nodes (LNs, Section 7.15.3). Only healthy cells are able to migrate actively to LNs. A
mixture of eFluor670TM+ DACT– and eFluor670TM+ DACT+ labeled splenocytes (ratio 1:1) was
prepared and subsequently injected into the mouse tail vein (Figure 71, A). After being released
into the blood circulation, we allowed the splenocytes to migrate actively through the high
endothelial venules to reach the peripheral LNs (~19 h). The auricular, axillary and inguinal
LNs were harvested and analyzed by FACS (Figure 71, B). Similar ratios of eFluor670TM+
DACT– and eFluor670TM+ DACT+ cells were found in all the LNs (Figure 71, C), suggesting
that DACT 16 is non-toxic as it does not inhibit cellular migration. Furthermore, the
fluorescence signal of DACT 16 remains present for a long time.

Figure 71. A) Representative FACS analysis of intravenously injected eFluor670TM+ DACT– and
eFluor670TM+DACT+ labeled splenocytes (1:1 ratio). B) Representative FACS analysis of LN cell
suspensions showing percentages of labeled cells. C) Analysis of LN ratios of three independent homing
experiments. The data are normalized to input and shown as mean ± SEM (N = 3).
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5.5

Prolonged Single-Cell Tracking

Most commercially available cell trackers present poor specificity over time mostly due to
intercellular dye transfer.[158] Because of the photo cross-linking method we implement with
DACT staining, we quantify the total intercellular leakage of splenocytes stained with DACT
16 and eFluor670TM in cell culture.
5.5.1 Determining intercellular leakage by confocal microscopy
We quantified the leakage of the fluorescent signal from stained splenocytes to an immortalized
lymphatic endothelial cell (imLECs) monolayer in vitro (Section 7.15.4).[225] Freshly isolated
splenocytes were plated and stained separately with: i) eFluor670TM (5 µM) ii) DACT 16
(10 µM), or with a iii) 1:1 mixture of eFluor670TM and DACT 16. After 30 min incubation, the
wells were irradiated (1.5 min, lex = 405 nm) and transferred to the confluent imLEC
monolayer to a final concentration of 125 000 cells per dye treatment. After 19 h incubation,
the splenocytes stained with eFluor670TM or DACT 16 were detected, using confocal imaging,
in the 647 and 561 nm channel respectively (Figure 72, yellow arrows). No signs of bleedthrough between imaging channels was detected for any condition and only conditions with
eFluor670TM+ splenocytes showed intracellular leakage to the imLEC monolayer (Figure 72,
B white arrow). Co-localization of both signals was confirmed by treating splenocytes
simultaneously with both dyes and overlying the two imaging channels (Figure 72, C). Leakage
to the imLEC monolayer was evident in the 647 nm channel, which accounts for dye leakage
only from the splenocytes stained with eFluor670TM (Figure 72, C white arrow).
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Figure 72. Representative images of splenocytes labeled with A) DACT 16, B) eFluor670TM and
C) mixed in a 1:1 ratio and incubated on imLECs for 19 h. Example of splenocytes are shown with
yellow arrows, and examples of leakage are shown with white arrows. Scale bars for A-C = 50 µm;
5 µm in C (ROI).

5.5.2 Determining intercellular leakage by FACS
For FACS analysis, the cells were detached after 19 h incubation, labeled with the
corresponding antibodies (CD31 BV421, CD45 APC-Cy7, Zombie Aqua) and analyzed
(Section 7.14.2). We determined that 14.2% of the imLEC population was stained with
eFluor670TM+ whereas no imLECs co-stained with DACT 16 was detectable (Figure 73, A).
Similar leakage values were obtained for conditions implementing a 1:1 mixture of stained
splenocytes, suggesting that the leakage only comes from loss of eFluor670TM from
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eFluor670TM+ splenocytes. This result confirms that DACT 16 is better retained within the cell
and its retention is not affected by the presence of other dyes (Figure 73, B).

Figure 73. A) Representative FACS analysis of co-culture studies. B) Analysis of the total percentage
of imLECs stained with DACT 16 and eFluor670TM caused by intercellular staining from splenocytes.
Data are shown as mean ± SEM (N = 3).

5.5.3 Prolonged single-cell tracking
To demonstrate the benefits of introducing a photoactivation step, we used iFRAP to irradiate
a small splenocyte, convert the DACT 16 molecules into fluorescent, cross-linked
photoproducts and use confocal microscopy to track this single cell crawling on an imLEC
monolayer. We adhered unstained splenocytes (125 000 cells) to an imLEC monolayer for 19 h
to allow imLEC-splenocyte adhesion and interaction (Section 7.15.5). Before imaging, the
leukocyte medium containing DACT 16 (10 µM) was added and incubated for 10 min to ensure
the presence of active precursor 17 throughout the whole sample. We located and selected a
single splenocyte (bright-field) and then we implemented iFRAP to irradiate a ROI the size of
the splenocyte and irradiated only that cell (Figure 74, A). We could perform iFRAP activation
in more than 12 different fields of view simultaneously. In each field of view, we
photoirradiated only one splenocyte. One bright-field and one image in the 561 nm channel
were taken every hour (Figure 74, A). We could detect the fluorescent signal from the irradiated
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splenocyte for over 20 h given that the splenocyte would not leave the field of view (Figure 74,
B). From long time-lapses, we could distinguish the labeled splenocyte from other unlabeled
cells and observe crawling on the surface of imLECs (Figure 74, C, yellow arrows). These
results demonstrate the versatility of DACT staining for tracking single cells over time, without
the need to genetically modify the organism or isolate single cells for independent staining.

Figure 74. A) Bright-field image of a splenocyte (green dash line) on an imLEC monolayer. Fluorescent
intensity recorded before and after iFRAP (lex = 405 nm, 1 s, 30 mW) in the red channel (lex = 561 nm,
5 s, 120 mW). B) One example of a time-lapse of the ROI shown in panel A of the same lymphocyte
over the course of 20 h. C) Additional example of a splenocyte selected in the bright-field mode,
activated with iFRAP and tracked over 24 h in the same field of view using the same irradiation
conditions as in A. Crawling of the splenocyte is observed between 16 and 24 h (yellow arrows). Scale
bars for A-C = 5 µm.
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5.6

Conclusions and Outlook

In this project, we discussed how staining cells with DACT 16 provides several benefits over
other commercially available cell trackers. The chemical structure of DACTs can be adapted
to tune their reactivity towards CEs. Even though this feature has not been exploited in this
project, we believe it has great potential for studying cellular migration in the presence of large
amounts of extracellular CEs.
Because cells treated with DACT 16 are labeled using low levels of light irradiation, this
staining protocol is compatible even with very sensitive primary immune cells. The ability of
DACTs to cross-link to slowly diffusing proteins inside the cells also allows for long tracking
periods without any apparent intercellular leakage. This problem is often encountered with
other cell trackers.[158] In addition, in vivo homing experiments confirmed that the optimized
method for DACT staining does not affect cellular function and that fluorescent cells could be
recovered and identified in LNs after being adoptively transferred in a live mouse. Using FACS
analysis of a complex mixture of splenocytes stained with DACT 16 we could confirm that all
cells were equally stained regardless of their cell type.
The main advantages of using DACTs over genetically modified organisms, like those that
express the photoactivatable proteins Kaede or Kikume, are the versatility and ease of use of
the staining protocol, and the DACT’s compatibility with harsh fixation and permeabilization
protocols. Therefore, we could use DACTs for in vivo experiments on transgenic mice that do
not tolerate the simultaneous introduction of Kaede or Kikume reporter genes.[226]
Lastly, we performed single-cell tracking by taking advantage of the photoactivation-induced
fluorescence emission using iFRAP. Single cells were identified and tracked for over 23 h in
heterogeneous mixtures without the need to separate single cells for individual staining. We
envision that this selective photoirradiation technique can be used in vivo with intravital
microscopy to study single-cell migration with enhanced temporal dynamics.
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6.1

Conclusions

This Thesis described the design of functional fluorophores for imaging live processes and
elucidating subcellular structures using super-resolution microscopy. The design of a new
photoactivatable cell tracker was also presented for tracking sensitive immune cells in living
mice.
To circumvent two of the most challenging issues with SMLM, which are photobleaching of
the fluorescent signal and phototoxicity caused by high-intensity light irradiation, we designed
a probe that undergoes fluxional equilibrium upon irradiation with light of ~400 nm (Scheme
10). The fluxional equilibrium between the dark and emissive Z isomers was dependent on
protonation. For this reason, probe 1 could isomerize upon irradiation and remain fluxional for
very long time in acidic compartments like lysosomes. From 2D and 3D SMLM experiments,
we obtained excellent resolution in the lateral and the axial direction, which led us to
investigate further and classify these acidic vesicles, in mammalian cancer cells and human
neurons, according to their diffusion coefficients. In long-term 2D SMLM experiments, we
introduced sequential photoactivation pulses every 10 min to re-activate the population of Z
isomers in flux before all the reserves were exhausted. Using this methodology, we managed
to partially overcome the problem of photobleaching and perform, for the first time, very long
SMLM time-lapse experiments. Because the total number of molecules undergoing this
fluxional mechanism can be controlled with the photoactivation step, we managed to visualize
also mitochondria which have a higher pH environment using probe 12.

Scheme 10. Mechanism of PPF 1, depicting the photoactivation step, fluxional equilibrium and
comparison between confocal and super-resolved reconstruction of acidic vesicles. Scale bars =
250 nm.
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Imaging enzymatic activity in live cells is a challenging task because generating a fluorescent
signal needs to be dependent on the activity of the enzyme and photoactivation. In the
fluorescent form, the probe also needs to remain at the site of activation or be linked to the
enzyme long enough so that the signal can be detected and localized. Chapter 3 presented a
novel sensing mechanism using the small-molecule dye 16. In the presence of an active CE,
the acetyl protecting group of the electron-deficient diazoindanone rhodol 16 was hydrolyzed
to yield an electron-rich rhodol 17 (Scheme 11). This change in electronics of the xanthene
core is what determined the photophysical properties of the products after photoactivation.
Whereas photoactivation of probe 16 led to dark photoproducts, photoactivation of probe 17
favored the formation of a bright photoproduct that could be trapped by surrounding
nucleophiles present in macromolecules. To locate the exact position of active hCEs, we
performed SMLM experiments introducing photoactivation steps every 100 µs under constant
readout and subsequent addition of a solution containing probe 16. Using this setup, we were
able to reconstruct the location of these enzymes with nanometric resolution in discrete time
intervals for over 5 min. Co-localization studies revealed that these enzymes are located in
regions that resemble the ER. With sptPALM, we confirmed that these signals were not
diffusing from the site of activation throughout the entire acquisition. We used the localized
birth points of the reconstructed tracks to create a distribution map of the active enzymes in
live cells. We compared these results with cells prior incubated with hCEI and hCEII inhibitors
26 and 27 and concluded that the regions of high enzymatic activity (clusters) are lost upon
inhibition of the responsible hCEs.

Scheme 11. Mechanism of activation of probe 16 in the intracellular space in the presence and absence
of active hCEs.
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A simple method for imaging ER structures in live cells was discussed in Chapter 4. Using the
photoactivatable rhodamine probe 28, we could perform 2D and 3D SMLM. Co-localization
studies in live cells revealed that this probe localizes to the ER mostly at the periphery of cells.
We characterized the photophysical properties of the probe in bulk and at the single-molecule
level. The super-resolved reconstructions revealed the unique morphological changes of fine
ER structures undergoing rapid motion. 3D SMLM projections exposed the presence of
nanometric pores impossible to discern when imaging only in the lateral direction.
In a collaboration project with an immunopharmacology research group at the ETH (Prof.
Cornelia Halin), we developed a strategy to use the presented photoactivatable probe 16 as a
new photoactivatable cell tracker able to stain sensitive primary immune cells. The results
obtained, demonstrated that DACTs emit a bright and stable fluorescent signal that is
efficiently retained within the intracellular space of cells for over 23 h. Another advantage of
using DACTs is to prevent loss of fluorescence signal when submitting cells to harsh fixation
and permeabilization protocols. This feature is what distinguish DACT staining from other
current techniques that use genetically-modified photoswitchable proteins like Kaede or
Kikume. Lastly, we confirmed using confocal microscopy and FACS that splenocytes stained
with DACT 16 were significantly more efficient at retaining the fluorescent signal than those
stained with commercially available cell trackers like eFluor670TM. In contrast to cells labeled
with eFluor670TM, labeling splenocytes with DACT 16 did not show any signs of intercellular
leakage. Lastly, we highlighted the benefits of implementing a photoactivation step to increase
the staining control and label single-cells in complex heterogeneous mixtures.

6.2

Outlook

Based on these results, we propose alternative designs to further expand the use of the
functional dyes presented in this Thesis.
Multiple-color SMLM can be beneficial to study the interaction of two organelles like fusion
of mitochondria with lysosomes in real time.[146] To access different emission wavelengths with
photoregulated fluxional probes, we propose that the photoactivation efficiency of fluorescein
and silicon-rhodamine derivatives of PFF switches (Figure 75, A) should be tested both in bulk
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and with single-molecule microscopy. Because fluorescein is not protonated at low pH, we
envision that this probe can be used to label targets found in the cytosol at higher pH values
than those required to achieve optimal detection using probe 1. Another advantage of
fluorescein derivatives is that they would not emit light if they accumulate in acidic
compartments because low pH would shift their equilibrium to the closed spirolactone form.
We envision that the proposed PFF dyes should contain an alkyne functionality that can be
easily installed in the lower aromatic ring of xanthene dyes. This functional arm would serve
to attach the molecules to glass surfaces and study their blinking behavior with high signal to
noise ratio as well as to attach SNAP-tag or HaloTag substrates, or other targeting units, via
click chemistry (Figure 75, B). With these modifications, we could direct the PFFs to different
locations inside cells and image them simultaneously with multicolor SMLM. We propose to
use azetidine-substituted rhodamine PFFs to increase the quantum yield and photon output of
PFF 1 to increase temporal resolution required to resolve better moving structures using livecell SMLM.

Figure 75. A) Second generation PFF dyes for multi-wavelength emission, enhanced brightness and
addition of a targeting unit (alkyne group). B) Proposed synthesis for the silicon rhodamine targeted
second-generation PFF dye with SNAP-tag and HaloTag substrates.
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Finally, the use of cell trackers 16 and 31–33 could be beneficial to study cell migration using
live-animal confocal (intravital) microscopy. To enhance the sensitivity of DACTs towards
hydrolysis by CEs, we originally proposed that the acetyl group can be exchanged for a bulkier
substituent. Even though we do not further elaborate on this, we believe this is an important
trait of DACTs that can be useful for imaging systems under harsh conditions and cancerous
tissue with high levels of CE. In the context of immunology research, we envision that
photoactivating a region of the skin containing an adequate concentration of a solution
containing DACT (<40 µM), would allow for staining and tracking of fluorescent DCs into the
draining lymphatic vessels. These vessels can be visualized using mice models expressing GFP
under the control of the Prox1 promoter, a control element in lymphatic development.[227]
Because photoactivation can be used as a key step to enhance spatiotemporal control, it can
help determine the precise origin of the migratory cells, provide information about the speed
of diffusion through the lymphatic system and allow the use of gene knock-out experiments
(e.g. MHC II)[228] to understand better the function and mechanism of cellular migration in
vivo.
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7.1

General Remarks

All reagents (ABCR, Acros, Aldrich, Fluka, Lancaster, and Tokyo Chemical Industry) were
purchased as reagent grade and used without further purification. Solvents for flash column
chromatography and for reactions were of HPLC and technical grade, respectively. Dry
solvents for reactions were purified by a solvent drying system (LC Technology Solutions Inc.
SP-105) under nitrogen atmosphere (H2O content <10 ppm as determined by Karl−Fischer
titration). For all aqueous solutions, ultra-pure deionized water was used. Reactions under
exclusion of air or water were performed in oven-dried glassware and in a N2 atmosphere.
Flash column chromatography was carried out using silica gel (particle size: 40–63 µm, 230–
400 mesh ASTM; Silicycle) or using a Büchi Reveleris® PREP purification system with HPLC
grade solvents. Analytical TLC was performed on aluminum sheets or glass plates coated with
silica gel 60 F254 (Merck); visualization with a UV lamp (254 and 366 nm). Evaporation under
rotary evaporation was performed at 45 °C and 900–10 mbar.
1

H- and 13C-NMR spectra were recorded on Bruker AV 400 and Bruker AV-NEO 500 recorded

at 400 or 500 MHz (1H) and 100 or 125 MHz (13C), respectively. Chemical shifts (δ) are
reported in ppm downfield from tetramethylsilane SiMe4 (δ = 0) and were referenced internally
with respect to residual protons (δ = 7.26 for CD3Cl, δ = 3.31 for CD3OD and δ = 1.94 for
CD3CN, δ = 2.50 for (CD3)2SO) and carbons (δ = 118.26 for CD3CN, δ = 77.16 for CD3Cl and
δ = 49.00 for CD3OD, δ = 39.51 for (CD3)2SO) in the solvent respectively. For 1H-NMR,
coupling constants J are given in Hz and the resonance multiplicity is described as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet). All spectra were recorded at 25 °C. IUPAC
names of all compounds are provided and were determined using CS ChemBioDrawUltra 15.
Mass spectrometry (MS) and high-resolution mass spectrometry (HRMS) were performed by
the MS-service at the molecular and bioanalytical (MoBiAS) center of the Laboratory for
Organic Chemistry at the ETH Zürich on a Waters Micromass AutoSpec-Ultima spectrometer
on a Bruker maXis-ESI-Qq-TOF-MS using an electrospray ionization (ESI). Masses are
reported in m/z units for the molecular ion M+, or [M+H]+, [M+Na]+, or [M+K]+ with the
corresponding intensities in %.
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7.2

Computational Modelling and DFT Calculations

Structures of the E and Z isomers of compound 1 were optimized in the open- and closed-ring
isomers at the B3LYP/def2-TVZP level of theory, employing an intrinsic solvation model
(IEFPCM) for H2O in Gaussian 09. The two minima were characterized by zero imaginary
vibrational frequencies. The transition state was located by performing a relaxed scan of
elongation of the C–N bond that forms the lactam ring (steps of 0.02 Å). The structure of
highest energy in this relaxed potential energy surface was used as input for optimization of
the transition state, which was characterized by one imaginary vibrational frequency involving
the elongation of the C–N bond of interest. Energies of stationary states were corrected by their
zero-point energy.

7.3

Optical Spectroscopy

7.3.1 Absorption and fluorescence detection
Stock solutions the compounds were prepared in dimethylsulfoxide (DMSO) to a final
concentration of 1 mM, unless stated otherwise. The solutions were stored at −20 °C, and
thawed before each experiment. UV-visible spectra for all compounds were recorded on a
Varian Cary-500 Scan spectrophotometer and were measured in quartz cuvettes (ThorLabs,
CV10Q3500) at 25 °C. Irradiation experiments were performed using a homebuilt LED
transilluminator, unless stated otherwise, emitting at 405 nm and an incident intensity of ca. 2
mW cm−2, measured with a power-meter (ThorLabs, PM100D) equipped with a Si photodiode
detector (ThorLabs, S120VC). Fluorescence spectroscopy was measured in a Fluorolog 3
fluorimeter (Horiba Jobin-Yvon) fluorimeter with a cuvette sample charger in quartz cuvettes
or coupled to a Micromax plate reader coupled to a Fluorolog 3 (ThorLabs, CV10Q3500F-E,
Horiba Jobin-Yvon). All measurements with photosensitive compounds were conducted at
25 °C and performed under red light ambient illumination to avoid photoactivation of the
compounds.
7.3.2 Photoactivation experiments in microplates
Microplate experiments with compounds 1–6 and 8 (100 µM, 100 µL) were performed in citric
acid and Na2HPO4 buffers (pH = 3, 4, 4.5, 5, 6, 6.5, 7, 7.5, and 8) in a black-wall, clear bottom,
polysterene 96-well plates (Corning Inc.). Cuvette experiments were performed in citric acid
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and Na2HPO4 buffers at pH = 5 and 7.4. All measurements were performed in triplicate.
Photoactivation was achieved with a home-built LED transiluminator (405 nm, 2 mW cm−2)
for 10 min. Fluorescence intensity was measured as a single point (590 nm) before and after
photoactivation. The data were plotted as the fluorescence intensity normalized to the initial
intensity (I = 1).
7.3.3 Photoactivation experiments of compounds 16 and 17 in solution[197]
Photoactivation of compounds 16 and 17 was performed in an RMR-600 photoreactor
(Rayonet) equipped with eight RMR-3000 Å ultraviolet light bulbs, cooled with a constant
flow of nitrogen. For fluorescence analysis, solutions of 16 and 17 were prepared in
PBS/CH3CN (1:1, 0.25 µM) and transferred to a quartz fluorescence cuvette (Thorlabs) to a
final volume of 2.5 mL. The solutions were irradiated (32 W, 25 °C) for a total of 25 min.
Fluorescence intensity was measured (lex = 540 nm and lem = 550–650 nm) before activation
(t = 0 min) and at fixed time intervals (t = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20 and 25 min). The
data were plotted as the integrated fluorescence intensity normalized to the initial intensity (I
= 1).

7.4

Quantum Yield of Photoactivation[171,197]

Stock solutions of compound 1 (500 µM) were prepared in CH3CN and sonicated prior to the
experiment. Citric acid:Na2HPO4 buffer solutions (pH = 5 or pH = 7.4, 5 mM citric acid and
10 mM Na2HPO4) were used to adapt the pH during irradiation and were verified with a pH
meter (VWR), filtered and degassed before use. Diluted compound 1 solutions (50 µM) in
CH3CN:buffer (7:3) were prepared (3.2 mL) and irradiated in quartz cuvettes (Thorlabs) under
constant magnetic stirring. An LED light source (lex = 405 nm, Roithner Lasertechnik,
LED405-06V) was placed in direct contact with the cuvette containing the solution. A powermeter (Thorlabs, PMD100D) equipped with a Si photodiode detector (Thorlabs, S120VC) was
used to measure the total photon flux. The transmitted light and the total effective absorbed
power were monitored during each acquisition. The incident light measured with the blank
solution was adjusted to ~8.5 mW before each irradiation. For probes 16 and 17 the irradiations
were performed on 3.5 mL of ~300 µM solutions in PBS/ CH3CN 1:1 under constant magnetic
stirring. Every 5 minutes, solutions were manually stirred by pipetting. An LED emitting at
405 nm (Roithner Lasertechnik, LED405-06V) was employed as a light source, and placed in
contact with the cuvette containing the solution. The incident light intensity (~7.5 mW) was
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measured before every measurement with a power-meter (Thorlabs, PM100D) equipped with
a Si photodiode detector (Thorlabs, S120VC). The light transmitted through the cuvette during
the whole duration of the experiment was monitored as well as the total effective absorbed
power. Aliquots of the solutions containing the compounds 1, 16 or 17 (200 µL) were
transferred before and after irradiation into the HPLC autosampler and 100 µL were injected
for analysis. Six time points were taken in intervals of 20 s (t = 0, 20, 40, 60, 80, and 100 s).
An Excel 5 CN-ES ultra-high-performance liquid chromatography (UHPLC) column (ACE®)
was used to separate the compounds at 40 °C. All experiments were measured in triplicate.
The chromatograms were exported as American Standard Code for Information Interchange
(ASCII) files and imported into Prism 7 (GraphPad). The time range of the peaks of interest
were selected, a minimum value of each curve was subtracted from all the values within the
peak serving as a baseline correction. The area under the curve and linear fit of the areas were
calculated using Prism 7 (GraphPad). For small areas with irregular baseline the total area was
estimated as the difference between the total peak and the highlighted triangular section. The
calibration curves and the evolution of the areas for starting materials 16 and 17 as well as the
photoproducts 19, 20, 21, 22, 23, and 24 were measured in triplicate.
The concentration (µM) was determined from the initial concentration of the solution (50 µM)
and the molar fraction of the E and Z isomers for compound 1 was calculated from the areas
under the peaks in the HPL chromatogram. The difference in concentration (Δc) was
determined. The differences in molecules ΔM were determined by the product of the difference
in concentration (Δc), the irradiated volume (Veff), and Avogadro’s number (NA, Eq. (1)).
Δ$=%eff×&A,

(1)

The quantum yield of photoactivation (ΦPA) is given by the ratio of the differences in molecules
and the number of absorbed photons per time interval NPhotons (Eq. (2)).
Φ'(=Δ$÷&Photons,

(2)

NPhotons can be evaluated from the measured absorbed power (Iabs) and the energy of a photon
(EPhoton) at the irradiated wavelength 405 nm in time (Δt) (Eq. (3)).
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&Photons=)abs×Δ*÷+Photon

7.5

(3)

Determination of the ON States for Probe 1

A calibration curve of RhoB monitored at 560 nm was built (0.05, 0.1, 0.25, 0.5, and 1 µM) to
estimate the total number of ON molecules. The areas under the curve were obtained in
triplicate from the HPL chromatograms of probe 1 measured after irradiation (t = 100 s) at
pH = 5. The slope and y-intercept obtained from this linear regression were used to estimate
the concentration of photoproducts for both E and Z isomers. The ratio of the ON molecules
monitored at 560 nm (0.123 and 0.002 µM; Z, E, respectively) and total molecules monitored
at 254 nm (0.313 and 49.67 µM; Z, E, respectively) were given as percentages. The total
number of molecules in the ON state was calculated from the ratio of the sum of ON Z and E
molecules and the total concentration (0.25%).

7.6

Cell Culture and Plating

7.6.1 HeLa cells
Human cervical cancer (HeLa) cells were obtained from American Type Culture Collection
(ATCC CCL2) and were grown in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with fetal bovine serum (FBS, 10 %) and penicillin-streptomycin (0.1 %),
referred to as growth medium at 37 °C in a 95 % humidity atmosphere under 5 % CO2
environment. Cells were grown to 90% confluence and seeded onto 8-well NuncTM Lab-TekTM
II chambered cover glass plates (50 000 cells well–1l) for confocal microscopy, or onto Ibdi µslide 8-well plates (50 000 cells well–1) a day prior to imaging experiments.
7.6.2 Differentiation of human neurons from neuroblastoma cells
Human-derived neuroblastoma SH-SY5Y cells were obtained from ATCC (ATCC®-CRL2266), and cultured and differentiated following a reported protocol.[195] Differentiation into
mature neurons was confirmed using a primary antibody against phosphorylated neurofilament
H (SMI31, 801602, BioLegend) and mouse IgG (H + L) highly crossed-adsorbed secondary
antibody (AlexaFluor Plus 488, A32723, ThermoFisher). Neurons were fixed with a 4%
formaldehyde solution in PBS for 15 min, permeabilized with 0.25% Triton X-100 in PBS for
10 min and blocked with 3% bovine serum albumin (BSA) in PBS for 30 min at 25 °C. Cells
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were treated with a solution (1:200) of the primary antibody in PBS with 3% BSA for 1 h at
25 °C, followed by incubation with the secondary antibody in a solution (1:1000) in PBS with
3% BSA for 2 h at 25 °C. Neurons were washed with PBS before imaging.
7.6.3 Immortalized lymphatic endothelial cells
Conditionally immortalized cells (imLECs) were isolated from Immorto mice[229] and kept in
liquid nitrogen. To expand the cells, imLECs were seeded on collagen and fibronectin coated
dishes (both 10 µg mL–1) and cultured at 33 °C in medium containing 40% DMEM (low
glucose), 40% F12-Ham, 20% FCS, 56 µg mL–1 heparin, 10 µg mL–1 endothelial cell mitogen,
antibiotic antimycotic solution and L-glutamine. Additionally, murine IFNγ (1U mL–1) was
added to induce large T-antigen expression. 48 h before functional assays imLECs were
cultured without IFNγ at 37 ºC in the same medium.
7.6.4 Preparation of the imLEC monolayer
Cells were seeded in culture dishes coated with 10 µg mL–1 of collagen (PureCol, Advanced
Biomatrix) and 10 µg mL–1 fibronectin (Millipore) and grown at 33 oC in the presence of IFNγ
(10 units mL–1, Peprotech). For functional assays the cells were cultured for 48 h at 37 oC
without IFNγ prior the experiments [229] and the monolayer formation was confirmed under the
microscope.

7.7

Imaging Live Cells with Optical Microscopy

For compounds 1 and 2, prior to imaging, the medium was removed, the cells were washed
with PBS (pH = 7.4) and imaged with the defined concentration of probe using phenol red-free
imaging medium (Fluorobrite).
7.7.1 Confocal microscopy
Confocal microscopy was performed using a Nikon Eclipse Ti light microscope equipped with
a Yokogawa spinning-disk confocal scanner unit CSU-W1-T2, two scientific complementary
metal-oxide semiconductor (sCMOS) cameras (Orca Flash 4.0 V2), and a LUDLPrecision2
stage with a piezo focus. Diode-pumped solid-state (DPSS) lasers were used as light sources:
405 nm (120 mW), 445 nm (100 mW), 561 nm (200 mW) and 647 nm (150 mW). The exposure
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time, acquisition time, and laser powers were varied across all experiment and are stated in the
respective Figures. All images were collected using a 100× CFI Apo TIRF (NA = 1.49)
objective with oil-immersion. Emitted light was filtered using the filters: bandpass (BP)
450/50, BP 470/24, and BP 605/52. The microscope was operated using VisiVIEW
(Metamorph) software.
7.7.2 Quantification of the fluorescence fold-increase
Quantification of fluorescence intensity was carried out using Fiji. The cell body was selected
as the ROI, and the integrated intensity within the ROI was measured. An additional ROI of
the same size and shape was used to obtain the integrated intensity of the background (region
with no cell). The background intensity was subtracted from that of the cell-containing ROI.
The before irradiation intensity was normalized (average value of all before irradiation
conditions) and the after irradiation value was divided by the normalized before irradiation
value. All data sets were analyzed by unpaired, two-tailed, Student’s t test. The statistical
analyses were carried out using Prism 6 (GraphPad). Error bars represent SD, P-values are
given and results are depicted as mean.
7.7.3 General procedure for photoactivating probes using iFRAP
HeLa cells were incubated with the respective compound (~10 min). Without any further
washing step, a ROI was selected for irradiation using the FRAP module available in
VisiVIEW software. A time lapse imaging experiment is recorded in which the FRAP pulse
(405 nm, 120 mW, 20%, 1 s) is applied. Images of the same field of view were taken in the
561 nm channel (0.5 s, 120 mW) at experiment-specific timepoints after photoactivation.

7.8

Inhibition Experiments of hCEI and hCEII

CE inhibitors 26 and 27 were synthesized according to the reported procedures.[201,202]
7.8.1 Photoactivation of probe 16 in solution
DMSO stock solutions (1 mM) were prepared. Inhibition experiments in solution were carried
out in black 96-well plates with transparent bottom (VITARIS AG) for compound 16 (10 µM).
Different samples containing 16, hCEII (Sigma, final concentration 10 µg mL–1), and inhibitor
26 (10 µM) were prepared and the plate was irradiated with 405 nm light (LED trans134
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illuminator) for 30 min. Dark (non-irradiated) solutions containing compound 1 were added to
the plate after irradiation. Fluorescence intensities were measured with a plate reader coupled
to a fluorimeter (Horiba Jobin-Yvon). Triplicates of each sample were measured and the
average values were reported with their respective SD.
7.8.2 Photoactivation of probe 16 in live cells
HeLa cells were incubated for 30 min (10 µM) in growth medium followed by washing with
PBS. Probes 16 and 17 were incubated for 10 min (100 nM) in fresh imaging medium prior to
imaging. Pictures were taken at 561 nm excitation with a 500 ms exposure time prior to
photoactivation. Photoactivation of the dye was carried out with the 405 nm laser with 1 s
irradiation time. Pictures after photoactivation were taken at lex = 561 nm with a 500 ms
exposure time.

7.9

Co-localization Analysis

7.9.1 DNA plasmid transfection protocol
HeLa cells were transfected using plasmids pmTurquoise2-ER, pmTurquoise2-Mito, or
pmTurquoise2-Golgi (gift from Dorus Gadella, Addgene numbers 36204, 36208 and 36205,
respectively).[230] Glycerol stocks of E. coli (DH5a) containing the desired plasmids were
streaked on Lysogeny Broth (LB) agar plates containing kanamycin (50 µg mL–1) and
incubated for 24 h at 37 ºC. Single colonies were selected and inoculated in an LB liquid culture
for 15 h. DNA plasmids were isolated using a QIAprep spin miniprep kit (Qiagen) using
LyseBlue reagent. The identity of each plasmid was confirmed by DNA sequencing, which
was performed at Microsynth AG (Balgach, Switzerland). Cells were transfected employing
the jetPRIME kit (Polyplus) and incubated for 4 h at 37 ºC. Fresh growth medium was added
after 4 h and incubated for 24–48 h. The respective compounds were added 10 min prior to
photoactivation (laser powers and exposure time are given with the specific experiment).
Fluorescent emission (lex = 561 nm) was recorded before and after photoactivation
(lex = 405 nm). The nucleus was stained with Hoechst 33342 (10 µM). Lysosomes were
labeled by fusing mTurquoise2 to lysosome-associated membrane protein 1 (LAMP1)
(Section 7.9.3).
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7.9.2 Analysis and thresholding
The Pearson’s correlation coefficient (P) values for the different organelles were estimated by
selecting a ROI including the whole cell and running the colocalization plugging contained in
the image analysis program ICY. Thresholding of the images was done by selecting the active
sequence input, followed by a manual threshold treated as percentages and calibrated with an
output as a single ROI using the thresholding studio plug-in with the ICY software.
7.9.3 Cloning by Gibson assembly[171]
The fusion plasmid from mTurquoise2 to LAMP1 was prepared by Gibson assembly
employing sequences from commercial plasmids pmTurquoise2-ER (Addgene #36204), from
which the insert was taken, and pLAMP1-mCherry (Addgene #45147), which served as
backbone,

employing

the

following

primers:

(5′-TATGGTGAGCAAGGGCGAGGAG-3′),
(5′-ACAGCTCGTCCATGCCGAGAGT-3′),
(5′-GGCATGGACGAGCTGTACAAGGCTAC-3′)

insert

insert

reverse

backbone
and

forward

backbone

forward
reverse

(5′-TCGCCCTTGCTCACCATACCG-3′). The insert and backbone DNA fragments were
generated by polymerase chain reaction (PCR) using Phusion High-Fidelity PCR Master Mix
with HF buffer (NEB, M0531S). PCR products were purified using QiAquick PCR purification
kit and analyzed by gel electrophoresis. The insert and backbone DNA fragments were
assembled employing Gibson Assembly Master Mix (NEB, E3611). The assembled product
was transformed into competent E. coli (DH5α) cells, plated onto LB agar containing
100 µg mL−1 carbenicillin and incubated at 37 °C for 24 h. DNA was extracted with the
QiAprep spin miniprep kit and sequenced using a standard primer source cytomegalovirus
(CMV)-forward (5′-CGCAAATGGGCGGTAGGCGTG-3′) and bovine growth hormone
(BGH)-reverse (5′-TAGAAGGCACAGTCGAGG-3′). Mammalian cells were transfected after
an incubation time of 24 h after plating and 48 h before confocal imaging using plasmid DNA
(0.5 µg) and jetPRIME® according to the manufacturer instructions (Polyplus). The
transfection reagent was allowed to react for 5 h and the medium was exchanged with fresh
growth medium (10% FBS).
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7.10

Cell Viability Assay

The viability of HeLa cells upon incubation with compounds 1, 16 and 28 was determined
using an MTT colorimetric assay. Each well of a 96-well plate contained 9000 HeLa cells that
were previously grown to 90% confluency. The cells were allowed to attach for 24 h in
complete growth medium (10% FBS). A solution of the compound (20 mM) was prepared in
DMSO and diluted with growth medium so that the percentage of DMSO remained constant
throughout the concentration range (<0.5%). The cells were treated with each compound
separately in different concentrations (100 µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM, 3.13 µM,
1.56 µM, 781 nM, 390 nM, and 195 nM). For irradiation experiments using probe 16, the cells
were irradiated after 30 min of incubation using the hombebuilt LED trans-illuminator 405 nm.
The cells were incubated for 48 h at 37 °C under a humidified atmosphere containing 5% CO2.
To determine viability, the wells were treated with 10% MTT solution (5 g L−1) in imaging
medium (Fluorobrite) and incubated for 3 h. The supernatant was discarded and replaced with
isopropanol (100 µL). The plates were shaken at 450 rpm in a microplate shaker (VWR) and
absorbance was recorded for each well with a plate reader (SPARK 10 M, TECAN). Duplicates
of every three independent experiments (N = 6) were measured for every concentration. A well
with DMSO only (0.5%) was used as a positive control (100% viability). Absolute IC50 values
were determined with Prism 7 (GraphPad) and error bars represent SD.

7.11

Super-Resolution Microscopy

7.11.1 2D and 3D SMLM
2D and 3D SMLM was carried out using a Nikon N-STORM, microscope (Nikon, Ltd., UK)
equipped with an SR Apochromat TIRF 100x 1.49 NA. oil immersion objective lens. Excitation
laser at a wavelength lex = 561 nm illuminated the sample in HILO or TIRF mode.
Fluorescence was detected with an iXon DU897 (Andor) electron multiplying charged coupled
device (EM-CCD) camera (16 × 16 µm2 pixel size) for 2D SMLM and a Hamamatsu Orca
Flash 4 v3 (6.5 × 6.5 µm2 pixel size) for 3D SMLM. Exposure times varied according to the
experiment. An in-built focus-lock system (perfect focus system, PFS) was used to prevent
axial drift of the sample during data acquisition. The emission was collected and passed
through a laser Quad filter set for TIRF applications (Nikon C-NSTORM Quad 405/445/561)
comprising laser clean-up, dichroic and emission filters. The laser excitation at lex = 561 nm
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had a power density of 0.25 kW cm−2. 2D and 3D SMLM camera frames were recorded at 46
or 100 frames per second, respectively and for the later an adaptive optics plug and play
accessory MicAO 3DSR for SMLM (Imagine Optic, France) was inserted between the
microscope side port and the sCMOS, Hamamatsu Orca Flash 4 v3 camera. As a second step,
a controllable and aberration-free astigmatism was introduced to the PSF of single molecules,
which allowed us to perform 3D SMLM based on astigmatism by determining the z positions
of the fluorescent molecules based on the ellipticity of their PSF.[55] 3D calibration was
performed with fluorescent 0.2 µm beads (Tetraspect™, Invitrogen). From each image stack,
a reconstructed super-resolved image was generated using Thunderstorm (Fiji)[231] and 3D
projections were made using 3D Viewer (Fiji).
7.11.2 Single-molecule localization and image analysis.
Molecules were localized using the ThunderSTORM plugin of Fiji (ImageJ). Signals were
detected searching the local intensity maxima in each frame, which were fit using an integrated
Gaussian PSF. Localizations with a lateral sigma (FWHM) above 350 nm were filtered out.
For measuring the diffusion dynamics, a total of 300 frames were employed and localizations
were further filtered by density, applying a distance radius of 50 and 200 nm with a minimum
number of 20 and 2 neighbors for 2D and 3D reconstructions, respectively.
7.11.3 Preparation of embedded PVA films for single-molecule imaging
Eight-well glass bottom chambers (Ibidi) were thoroughly cleaned by sonication (30 min) in
NaOH (1 M) solution followed by etching for 2 h. The chamber was rinsed with abundant MiliQ water and subsequently sonicated (30 min). The chamber was treated with UV-grade ethanol
and allowed to dry at 50 °C. A PVA solution (0.1%) solution was prepared in PBS (pH = 7.4).
Preparation method A: 400 µL of PVA (1%) were added to each well and left to evaporate at
50 °C overnight. Before imaging, 400 µL of a solution containing the compounds (1, 2, 28,
RhoB, or HMSiR-1; 1 nM) at the desired pH (pH = 5 for compound 1 and 2 or pH = 7.4 for
compound 28, RhoB and HMSiR-1) was added, incubated for 5 min, washed thoroughly with
the same buffer, and imaged using a perfect focus system (PFS) for SMLM. Preparation
method B: 20 µL of PVA (1%) solution containing the desired compound (1 nM) were added
to each well and left to evaporate at 50 °C overnight. Before imaging, 200 µL the appropriate
buffer (pH = 5 or 7.4) was added, washed, and imaged using the PFS setting for SMLM. Both
preparation methods gave comparable results.
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7.11.4 Preparation of cells for SMLM
Experiments were done with HeLa cells plated in phenol red-free growth medium (Gibco) to
avoid high background noise. For 2D and 3D SMLM imaging of live neurons, differentiated
cells were washed with PBS once and treated with compound 1 (500 nM, 10 min) without any
further washing step. All conditions (incubation time and washing steps) varied in each
experiment.
7.11.5 Long time-lapse 2D SMLM in live HeLa cells
Before imaging, HeLa cells were washed with PBS and compound 1 (500 nM) was added
10 min prior to imaging. Readout was achieved with a laser at 561 nm (0.25 kW cm−2, 20 ms)
for a total of 100,000 frames. Initial pump acquisition was achieved with a single 405 nm laser
pulse (2.6 W cm−2, 20 ms). Sequential photoactivation acquisition was achieved with a 405 nm
pulse irradiation (2.6 W cm−2, 20 ms) repeated every 10 min. An incubator with controllable
temperature (37 °C) and CO2 (5%) was used to maintain the cells in an appropriate environment
during these long measurements.
7.11.6 Extraction of microtubules from HeLa cells for SMLM with probe 13
HeLa cells were cultured, permeabilized (PBS-0.1% Triton X-100, 15 s), fixed with MeOH
(–20 oC, 3 min), and incubated with a solution of compound 13 (10 µM in PBS, 1 h). Cells
were washed thoroughly with phosphate buffer (pH = 5) and the extracted microtubular
structures were imaged at pH = 5.
7.11.7 Imaging enzymatic activity with PALM using probe 16[197]
Cells were washed with PBS (0.5 mL) before imaging and refilled with imaging medium
(0.25 mL). Compound 16 (1 µM in imaging medium) was added to the cells within the first
10 s of acquisition. For inhibition experiments, cells were incubated with compound 26 or 27
(10 µM in imaging medium) 30 min prior to imaging and the same imaging procedure was
followed. Cells were imaged using a Nikon N-STORM microscope (see method 7.11.1). For
this experiment, the laser excitation was at 561 nm, with a peak power density of
1.2 kW cm–2. Photo-conversion was achieved with 100 µs-long activation pulses of 405 nm
laser of 46 W cm–2 peak power density, which were directed to the sample every 1 s. The pulses
were synchronized with the excitation laser using a data acquisition (DAQ) Board and a PXI
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1033 controller (National Instruments). Typically, 30,000 camera frames were recorded. From
each image stack, a reconstructed super-resolved image was generated as described below.

7.12

Analysis of Super-Resolution Data

7.12.1 Single-vesicle tracking and analysis
Single-vesicle tracks were reconstructed and analyzed using MosaicSuite (MOSAIC Group)
for ImageJ. Thresholding for 2D was done as follows: a radius of 12 pixels was selected with
an absolute intensity value of 0.005 with link range of 4 frames. Diffusion coefficients of fast
diffusing acidic vesicles in neurons were calculated manually from the distance between two
standing positions with respect to their time frame. Diffusion coefficients for slow diffusing
vesicles were obtained from MosaicSuite and 30 vesicles, from 3 different cells, were analyzed
for each imaging condition.
7.12.2 Single-particle tracking, Voronoï tessellation and cluster analysis[197]
Signals were detected searching the local intensity maxima in each frame, which were fit using
an integrated Gaussian PSF. Localizations with a localization precision above 40 nm and a
sigma above 250 nm were filtered out. The first 15 s (1500 frames) were omitted from the
analyses. Particle tracking and calculation of diffusion coefficients were performed using
DiaTrack.[203] The following parameters were used for particle tracking: maximum particle
jump of 6 pixels (0.48 µm) between frames and a minimum track length of 5 frames . A “birth”
map of the tracks with diffusion coefficients (D < 20 µm2 s-1) was exported as a text file and
cluster (segmentation) analysis was performed using SR-Tesseler software.[206] In brief,
Voronoï tessellation was applied to the image. Objects were defined as regions that enclose
Voronoï polygons in which the local density δ1i (particles per unit of area) is larger than twice
the average density of the whole image (2d). Clusters were defined as regions within the objects
in which the density of molecules was higher than the average density of the object.
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7.13

Isolation of Primary Cells from Live Mice

7.13.1 Splenocyte isolation from living mice
A murine spleen was harvested and placed in a 70 µm cell strainer over a 50 mL Falcon tube.
It was subsequently smashed and rinsed with leukocyte medium (Roswell Park Memorial
Institute (RPMI)-1640, ThermoFisher), 10% FBS, 1% penicillin-streptomycin, 1 mM (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES, 1 mM sodium pyruvate, 2 mM Lglutamine, 50 µM b-mercaptoethanol). The cells were centrifuged and resuspend in ACK
buffer (1 mL, 15 mM NH4Cl, 1 mM KHCO3, 0.1 mM, 150 mM Na2EDTA at pH = 7.2–7.4)
and left for 5 min for lysis of red blood cells. Then the solution was diluted to 10 mL with
leukocyte medium. Cells were spun, the supernatant was removed and the pellet was resuspended in leukocyte medium. The cells were kept on ice until the start of the experiment.
7.13.2 Isolation of cells from lymph nodes
The auricular, axillary and inguinal LNs were harvested and placed in 70 µm cell strainers over
50 mL Falcon tubes. Each pair was then smashed and rinsed with FACS buffer, spun down and
the pellet was resuspended in FACS buffer and kept on ice ready for FACS analysis.

7.14

FACS Analysis of Live-Cell Experiments Using DACT 16

All FACS experiments were acquired on a BD FACSCanto (BD Biosciences) using FACSDiva
software or on a CytoFLEX S (Beckman Coulter, Inc.) using CytExpert software. Data were
analyzed using FlowJo software (Treestar; Ashland, TN, USA).
7.14.1 FACS analysis of HeLa cells stained with DACTs
HeLa cells were cultured in 96-well plates before incubating 4-wells on two 96-well plates per
DACT (16, 31, 32 or 33) for 5 min under shaking at 37 ºC and 15 min under standard
incubation. One plate of cells was irradiated for 10 min using a conventional UV lamp
(lex = 364 nm) and further incubated for 1 h, the second plate was kept in the dark as a
background reference. HeLa cells were detached from the glass by addition of trypsin (0.25%,
20 µL) for 5 min. The cells were diluted in growth medium (200 µL) and 4 wells per sample
were combined. The sample was centrifuged (10 min at 1800 x g), the supernatant was removed
and the pellet was resuspended in FACS buffer (300 µL, PBS, 2% FBS, 1 mM EDTA, 0.05%
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sodium azide). The obtained cell solution was filtered into FACS vials (Corning™) and
acquired by FACS.
7.14.2 FACS analysis of splenocytes and imLECs
Harvested splenocytes were stained in 200 µL of staining solution (FACS buffer with
fluorescent reagents) during 15 min on ice. To study DACT signal in dendritic cells, CD4 and
CD8 T cells, the staining solution contained 1:500 ZombieAqua (BioLegend), 1:200 rat antimouse CD45 APC/Cy7 (BioLegend), 1:200 armenian hamster anti-mouse CD3e APC
(BioLegend), 1:200 rat anti-mouse CD4 A700 (BioLegend), 1:200 rat anti-mouse CD8 BV650
(BioLegend), 1:200 armenian hamster anti-mouse CD11c APC (BioLegend) and 1:200 rat antimouse MHCII BV421 (BioLegend). In leakage experiments, the staining solution contained
1:500 ZombieAqua (BioLegend), 1:200 rat anti-mouse CD31 BV421 (BioLegend) and 1:200
rat anti-mouse CD45 APC/Cy7 (BioLegend). After incubation, cells were spun, washed with
FACS buffer and prepared for FACS analysis.

7.15

Experiments with Splenocytes Using DACT 16

7.15.1 Splenocyte toxicity determination
Harvested splenocytes were plated in two FACS plates. Each well contained approximately
300,000 cells in leukocyte medium (200 µL) at different concentrations 10, 20 and 40 µM of
DACT 16 and 0.5% DMSO plus a negative control containing only DMSO. Both plates were
incubated in the dark for 30 min. One of the two plates was irradiated for 1.5 min at 405 nm,
while the other one was left in the dark. Directly after t = 5, 10 and 24 h after irradiation of the
second plate ~50,000 cells of each condition were transferred into a new FACS plate, washed
with FACS buffer and resuspended in staining solution (30 µL: Annexin V Binding Buffer
(BioLegend), 1:500 Zombie Aqua and 1 µL APC-Annexin V per well). After 10 min in the
dark, Annexin V Binding Buffer (70 µL) was added for FACS analysis.
7.15.2 Resistance towards fixation and permeabilization
Harvested splenocytes were stained with DACT 16 and mixed in a 1:1 ratio with unlabeled
splenocytes. The cells were then subjected to foxp3 fixation/permeabilization protocol
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following manufacturer’s (eBioscience) instructions contained within the kit. The fluorescence
intensity was quantified by FACS.
7.15.3 Homing studies
Freshly isolated splenocytes were labeled with eFluor670TM following the manufacturer's
instructions and incubated with 10 µM of DACT 16 for 30 min. Half of the cells were
photoconverted (1.5 min, lex = 405 nm) and pooled with the rest in a 1:1 ratio. 1.5 million cells
of the resulting cell suspension were diluted to 150 µL with sterile PBS and injected into the
mouse tail vein. After 19 h mice were sacrificed and the auricular, axillary and inguinal LNs
were harvested, processed and analyzed by FACS.
7.15.4 Analysis of intercellular leakage of fluorescent probes
Splenocytes were isolated from the spleen of a mouse and kept on ice in leukocyte medium.
Cell solutions were counted (Triptan Blue in a Neubauer chamber, Marienfeld) and diluted to
12 million mL–1 in leukocyte medium. Splenocytes were stained separately with:
i) eFluor670TM (5 µM) ii) DACT 16 (10 µM), or with a iii) 1:1 mixture of eFluor670TM and
DACT 16. After 30 min incubation, the wells were irradiated (1.5 min, lex = 405 nm) and
transferred to the confluent imLEC monolayer to a final concentration of 125 000 cells per dye
treatment. For single-cell staining experiments using iFRAP: unstained splenocytes
(125,000 cells) in wells containing a confluent imLECs monolayer for 19 h to allow interaction
and adhesion. Before imaging, the leukocyte medium containing DACT 16 (10 µM) was added
and incubated for 10 min. For confocal imaging: splenocytes stained with eFluor670 or DACT
TM

16 were detected in the 561 and 647 nm channels respectively. For FACS analysis, the cells
were detached after 19 h of incubation with Accutase solution (Sigma), labeled with the
corresponding antibodies (CD31 BV421 eBioscience, CD45 APC-Cy7 BioLegend, Zombie
Aqua, BioLegend) and analyzed.
7.15.5 Long-term in vitro crawling experiments
In a similar cell-splenocyte adhesion experimental setup (section 7.15.2), unstained
splenocytes (125,000 cells) were incubated in wells containing a confluent imLECs monolayer
for 19 h to allow adhesion of the splenocytes to the monolayer. Before imaging, leukocyte
medium containing DACT 16 (10 µM) was added and incubated for 30 min. In bright-field
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mode, we located and selected a single splenocyte. Implementing iFRAP an single splenocyte
was irradiated (lex = 405 nm, 1s, 30 mW). The fluorescent signal was followed in the 561 nm
channel (5 s, 120 mW) taking one picture every hour for 24 h. 12 total fields of view were
collected sequentially in a 24 h experiment.

7.16

Crystallographic Data

Single crystals of compounds 1, 16, 18, 19, 23 and 25 were measured on a Rigaku Oxford
Diffraction XtaLAB Synergy-S Dualflex kappa diffractometer equipped with a Dectris Pilatus
300 HPAD detector using microfocus sealed tube Cu-Kα radiation with mirror optics
(λ = 1.54178 Å).
All measurements were carried out at 100 K (unless specifically noted) using an Oxford
Cryosystems Cryostream 800 sample cryostat. Data were integrated using the CrysAlisPro
software package and corrected for absorption effects using a combination of empirical
(ABSPACK) and numerical corrections. The structures were solved using SHELXS,[232]
SHELXT[233] or Superflip[234,235] software and refined by full-matrix least-squares analysis
(SHELXL)[236], using the program package Olex2.[237] Unless otherwise indicated below, all
non-hydrogen atoms were refined anisotropically and hydrogen atoms were constrained to
ideal geometries and refined with fixed isotropic displacement parameters (in terms of a riding
model). CCDC 1844696 (1), 1564217 (16), 1564214 (18), 1564215 (19), 1564216 (23) and
1564218 (25) contain the supplementary crystallographic data, structure factors and refinement
instructions from these analyses. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
+44(1223)-336-033;

e-mail:

deposit@ccdc.cam.ac.uk),

or

via

https://www.ccdc.cam.ac.uk/getstructures.
(E)-3',6'-bis(Diethylamino)-2-((pyridin-2-ylmethylene)amino)spiro[isoindoline-1,9'xanthen]-3-one (1).
Clear, colorless single crystals of compound 1 C34H35N5O2 (Mw = 545.67 g mol−1) were
obtained (approximate size 0.171 × 0.091 × 0.027 mm) by slow evaporation of methanol at
25 °C. The monoclinic crystal system belongs to the space group P 21/n (a = 16.9272(5) Å,
b = 25.6415(2)

Å,

c = 9.3916(3)

Å,

β = 136.319(5)°,

V = 2815.3(2)

Å3,

Z = 4,

µ(CuKα) = 0.647 mm−1, Dc = 1.287 g cm–3). A total of 29,308 reflections were measured
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(6.894° ≤ 2Θ ≤ 159.776°) out of which 5991 unique ones were used in all calculations
(Rint = 0.0320, Rsigma = 0.0244). Final 0.0447 (I > 2σ(I)) and wR2 was 0.1198.

Figure 76. Oak ridge thermal ellipsoid plot (ORTEP) plot of front view (left) and side view (right) of
compound 1, H-atoms as well as special positions C31A, C33, C28A, and C1A were omitted for clarity.
Atomic displacement parameters at 100 K are drawn at 50% probability levels. The molecule is
disordered around one aromatic subunit.

2'-Diazo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]-pyrido[3,2,1-ij]quinoline-9,1'-inden]-12-yl acetate (16)
Clear orange crystals of compound 16 C29H23N3O4 (Mw = 477.50 g mol–1) were obtained
(sample size 0.141 mm × 0.060 mm × 0.043 mm) by slow solvent evaporation from
ethanol:hexane at 25 oC. The crystals belong to the orthorhombic space group Pbca
(a = 8.2960(1) Å, b = 16.6872(1) Å, c = 33.1607(3) Å, V = 4590.67(7) Å3, Z = 8,
Dc = 1.382 g cm–3). A total of 149801 reflections were measured (10.60° ≤ 2Θ ≤ 160.72°) out
of which 4997 unique reflections were used in all calculations (Rint = 0.1636, Rsigma = 0.0387).
The final R1 was 0.0548 (I > 2σ(I)) and wR2 was 0.1469.
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Figure 77. ORTEP plot of side view (left) and front view (right) of 16, H-atoms omitted for clarity.
Atomic displacement parameters at 100 K are drawn at 50% probability levels. The molecule is
disordered around one aromatic subunit.

5-Oxo-12,13,16,17-tetrahydro-5H,11H,15H-benzo[6,7]indeno[1',2':4,5]oxepino[2,3f]pyrido[3,2,1-ij]quinolin-8-yl acetate (18)
Dark brown crystals of compound 18 C29H23NO4 (Mw = 449.48 g mol–1) were obtained
(sample size 0.074 mm × 0.032 mm × 0.020 mm) by slow solvent evaporation from
ethanol:hexane at 25 oC. The crystals belong to the triclinic space group P-1 (a = 7.5263(3) Å,
b = 15.5938(5) Å, c = 18.3804(4) Å, α = 86.193(2)°, β = 88.266(2)°, γ = 86.768(3)°,
V = 2148.25(12) Å3, Z = 4, Dc = 1.390 g cm–3). A total of 40624 reflections were measured
(18.96° ≤ 2Θ ≤ 159.05°), out of which 8727 unique reflections were used in all calculations
(Rint = 0.0645, Rsigma = 0.0512). The final R1 was 0.0573 (I > 2σ(I)) and wR2 was 0.1662. There
are two symmetry-independent moieties in the asymmetric unit.

146

Chapter 7 – Experimental Section

Figure 78. ORTEP plot of side view (left) and front view (right, showing only one of two independent
moieties) of 18, H-atoms omitted for clarity. Atomic displacement parameters at 100 K are drawn at
50% probability levels.

9-(o-Tolyl)-2,3,6,7-tetrahydro-1H,5H,12H-chromeno[2,3-f]pyrido[3,2,1-ij]quinolin-12one (19)
Clear dark red crystals of compound 19 C26H23NO2 (Mw = 381.45 g mol–1) were obtained
(sample size 0.140 mm × 0.066 mm × 0.043 mm) by slow solvent evaporation from
EtOH:hexane at 25

o

C. The crystals belongs to the monoclinic space group P21/c

(a = 12.0514(1) Å, b = 7.8496(1) Å, c = 20.9052(2) Å, β = 104.8750(10)°, V = 1911.33(4) Å3,
Z = 4, Dc = 1.326 g cm–3). A total of 71121 reflections were measured (7.59° ≤ 2Θ ≤ 158.58°)
out of which 4140 unique reflections were used in all calculations (Rint = 0.0445,
Rsigma = 0.0161). The final R1 was 0.0467 (I > 2σ(I)) and wR2 was 0.1407.

Figure 79. ORTEP plot of 19, H-atoms omitted for clarity. Atomic displacement parameters at 100 K
are drawn at 50% probability levels.
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8-Hydroxy-12,13,16,17-tetrahydro-5H,11H,15H-benzo[6,7]indeno[1',2':4,5]oxepino[2,3f]pyrido[3,2,1-ij]quinolin-5-one (23)
Black crystals of compound 23 C27H21NO3 (Mw = 407.45 g mol–1) were obtained (sample size
0.214 mm × 0.018 mm × 0.012 mm) by slow solvent evaporation from ethanol:hexane at 25 oC.
The crystals belong to the orthorhombic space group P212121 (a = 7.7858(2) Å,
b = 12.2474(4) Å, c = 20.3692(6) Å, V = 1942.32(10) Å3, Z = 4, Dc = 1.393 g cm–3). A total of
40055 reflections were measured (18.87° ≤ 2Θ ≤ 160.55°), out of which 4124 unique
reflections were used in all calculations (Rint = 0.1306, Rsigma = 0.0617). The final R1 was 0.0468
(I > 2σ(I)) and wR2 was 0.1153. The Flack x parameter refined to 0.03(19).

Figure 80. ORTEP plot of 23, H-atoms omitted for clarity. Atomic displacement parameters at 100 K
are drawn at 50% probability levels.

2',2'-Azibicyclo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1-ij]-quinoline-9,1'-inden]-12-yl acetate (25)

Clear dark brown crystals of compound 25 C29H23N3O4 (Mw =477.50 g mol–1) were obtained
(sample size 0.203 mm × 0.113 mm × 0.085 mm) by slow solvent evaporation from
EtOH:hexane at 25 oC. The crystals belongs to the triclinic space group P-1 (a = 10.0721(4) Å,
b = 11.0304(4) Å, c = 12.3886(4) Å, α = 66.281(3)°, β = 88.087(3)°, γ = 64.584(4)°,
V = 1121.89(8) Å3, Z = 2, Dc = 1.414 g cm–3). A total of 51834 reflections were measured
(7.908° ≤ 2Θ ≤ 158.134°), out of which 4778 unique reflections were used in all calculations
(Rint = 0.0810, Rsigma = 0.0351). The final R1 was 0.0767 (I > 2σ(I)) and wR2 was 0.2323.
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Figure 81. ORTEP plot of side view (left) and front view (right) of 25, H-atoms omitted for clarity.
Atomic displacement parameters at 100 K are drawn at 50% probability levels.
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7.17

Synthetic Procedures

7.17.1 General procedures
General procedure A for the synthesis of PFFs 1–6
Intermediate 7 (1 equiv.) was dissolved in ethanol (2 mL) followed by the respective aldehyde
(1.1–1.4 equiv.) and 2 drops of TFA. A precipitate formed and the reaction was stirred at
35 oC for 20 min, filtered, washed with ethanol and dried under vacuum to give the desired
final compound as a white or pale orange solid.
General procedure B for the preparative photoreactions of compounds 16 or 17.
Compound 16 or 17 (50 mg) was dissolved in CH3CN/PBS (50 mL, 4:1) and irradiated for 24 h
in the RMR-600 photoreactor (Rayonet). The volatiles were then removed under vacuum and
the crude was extracted with CH2Cl2. The organic layer was dried over MgSO4. The
photoproducts were separated from by flash column chromatography (SiO2; CH2Cl2 to
CH2Cl2/MeOH 9:1). The apolar fractions were further separated by preparative TLC (SiO2;
CH2Cl2/hexanes/MeOH 70:28:2 to 70:20:10).
General procedure C for the synthesis of DACTs via acyl substitution of compound 17
2'-diazo-12-hydroxy-2,3,6,7-tetrahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-3'(2'H)-one, compound 17 (25 mg, 0.06 mmol)[197] was dissolved in
dry CH2Cl2 (230 µL) in a flame-dried flask. Then the corresponding acyl chloride (0.23 mmol)
and DIPEA (34 µL, 0.20 mmol) were sequentially added. After 10 min the volatiles were
evaporated under rotary evaporation. The residue was taken up in CH2Cl2. The organic phase
was washed three times with water and once with brine. The organic layer was dried over
MgSO4, filtered and concentrated rotary evaporation. Then the residue was washed with
pentanes, which led in all cases to some loss of compound. Alternatively, the residue can be
purified by medium pressure liquid chromatography (SiO2; CH2Cl2 to CH2Cl2/ MeOH 98:2)
and should always be kept shielded from light exposure.
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7.17.2 Synthetic protocols and characterization of compounds in Chapter 2
(E)-3',6'-bis(Diethylamino)-2-((pyridin-2-ylmethylene)amino)spiro[isoindoline-1,9'xanthen]-3-one (1)

5
4

(200 mg, 0.43 mmol) and picolinaldehyde (64 mg,

4
1

N

5

Following the general procedure A: compound 7

5
1

O

N

0.602 mmol) gave compound compound 1 (203 mg,

5

4

4
3

2

3

N

6
7

11

0.37 mmol, 86%) as an off-white solid. 1H NMR (400

12
13

10

O
8

2

N

N

(s, 1H, H10), 8.03 (m, overlapping signal, 2H, H9 and

14

9

MHz, CDCl3) δ = 8.49 (d, J = 4.9 Hz, 1H, H14), 8.41
H11), 7.62 (td, J = 7.8, 1.7 Hz, 1H, H12), 7.51 (td, J

= 7.4, 1.5 Hz, 1H, H7), 7.47 (td, J = 7.3, 1.3 Hz, 1H, H8), 7.18–7.10 (m, overlapping signals,
2H, H6 and H13), 6.57 (d, J = 8.8, 2H, H3), 6.47 (d, J = 2.6 Hz, 2H, H1), 6.26 (dd, J = 8.9,
2.6 Hz, 2H, H2), 3.3 (q, J = 7.1, 8H, H4), 1.17 (t, J = 7.0 Hz, 12H, H5). 13C NMR (400 MHz,
CDCl3) δ = 165.47, 154.64, 152.89, 152.53, 148.98, 148.94, 145.91, 136.07, 133.71, 128.23,
128.01, 127.58, 123.71, 123.61, 123.54, 120.60, 108.03, 105.58, 98.30, 65.83, 44.31, 12.63.
HRMS (ESI) calcd. for [C34H36N5O2]+: 457.2864, found: 457.2876.
(E)-2-(Benzylideneamino)-3',6'-bis(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one
(2)

5
4

(200 mg, 0.43 mmol) and benzaldehyde (63 mg,

4
1

N

5

Following the general procedure A: compound 7

5
1

O

N

4

5
4

3

2

3

N

6
7

N
O

8

9

2

11

78%) as an off-white solid. 1H NMR (400 MHz,

12
15

10
14

13

0.602 mmol) gave product 2 (187 mg, 0.34 mmol,
CDCl3) δ = 8.70 (s, 1H, H10), 8.01 (dd, J = 6.5, 2.1
Hz, 1H, H9), 7.62–7.55 (m, overlapping signals, 2H,
H11 and H14), 7.55–7.45 (m, overlapping signals,

2H, H7 and H8), 7.29 (m, overlapping signals, 3H, H12, H13 and H15), 7.19–7.10 (dd, J =
6.5, 2.2 Hz, H1, H6), 6.55 (d, J = 8.8 Hz, 2H, H3), 6.46 (d, J = 2.6 Hz, 2H, H1), 6.26 (dd, J =
8.9, 2.6 Hz, 2H, H2), 3.34 (q, J = 7.1 Hz, 8H, H4), 1.18 (t, J = 7.0 Hz, 12H, H5).13C NMR
(400 MHz, CDCl3) δ = 164.93, 153.13, 151.80, 148.91, 147.26, 135.44, 133.28, 129.56,
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129.38, 128.23, 128.03, 127.52, 123.85, 123.34, 108.00, 106.11, 97.87, 77.21, 65.99, 44.32,
12.62. HRMS (ESI) calcd. for [C35H37N4O2]+: 545.2911, found: 545.2900.
(E)-4-(((3',6'-bis(Diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2yl)imino)methyl)benzonitrile (3)

5
4

4
1

N

5

Following the general procedure A, hydrazone 7

5
1

O

(200 mg, 0.43 mmol) and 4-formylbenzonitrile (62

N

5

4

mg, 0.479 mmol) in MeOH gave target product 3

4
3

2

3

7
8

2

11

N N

6

O

9

(115 mg, 0.20 mmol, 46%) as an off white solid.

12

CN

10
14

The excess 4-formylbenzonitrile was washed with
EtOAc. 1H NMR (400 MHz, CDCl3) δ = 8.83 (s,

13

1H, H10), 8.02 (dd, J = 6.4, 2.2 Hz, 1H, H9), 7.67–7.45 (m, overlapping signals, 6H, H7, H8,
H11–14), 7.18 (dd, J = 7.3, 2.1 Hz, 1H, H6), 6.57–6.40 (m, overlapping signals, 4H, H1 and
H3), 6.27 (dd, J = 9.0, 2.6 Hz, 2H, H2), 3.35 (q. J = 7.1 Hz, 8H, H4), 1.18 (t, J = 7.0 Hz, 12H,
H5). 13C NMR (101 MHz, CDCl3) δ = 165.10, 153.32, 151.36, 149.00, 144.66, 139.86, 133.71,
132.07, 129.31, 128.50, 128.00, 127.68 124.10, 123.51, 118.83, 112.35, 107.99, 105.90, 97.82,
77.21, 44.34, 30.33, 12.60. HRMS (ESI) calcd. for [C36H36N5O2]+: 570.2864, found: 570.2856.
(E)-3',6'-bis(Diethylamino)-2-((4-methoxybenzylidene)amino)spiro[isoindoline-1,9'xanthen]-3-one (4)

5
4

4
1

N

5

Following the general procedure A, hydrazone 7

5

O

1

(200 mg, 0.43 mmol) and 4-methoxybenzaldehyde

N

4

5

(65 mg, 0.479 mmol, 58 µL) gave final product 4

4
3

2

3

N N

6
7
8

2

O
9

11

(150 mg, 0.26 mmol, 60%) as an off white solid. 1H

12

O

10
14

13

NMR (400 MHz, CDCl3) δ = 8.69 (s, 1H, H10), 8.00
15

(dd, J = 5.5, 1.8 Hz, 1H, H9), 7.55–7.44 (m,

overlapping signals, H7, H8, H11 and H17), 7.14 (dd, J = 5.9, 1.9 Hz, 1H, H6), 6.82 (d, J = 8.8
Hz, 2H, H12 and H13), 6.55 (d, J = 8.9 Hz, 2H, H3), 6.46 (d, J = 2.6 Hz, 2H, H1), 6.26 (dd, J
= 8.9, 2.6 Hz, 2H, H2), 3.79 (s, 3H, H15), 3.34 (1, J = 7.1 Hz, 8H, H4), 1.18 (t, J = 7.0 Hz,
12H, H5). 13C NMR (101 MHz, CDCl3) δ = 160.89, 153.15, 151.74, 148.86, 147.45, 133.08,
129.59, 129.03, 128.27, 128.18, 128.05, 123.78, 123.24, 113.69, 107.97, 106.28, 97.87, 77.21,
65.98, 55.29, 44.31, 12.63. HRMS (ESI) calcd. for [C36H39N4O3]+: 575.3017, found: 575.3013.
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(E)-3',6'-bis(Diethylamino)-2-((pyridin-4-ylmethylene)amino)spiro[isoindoline-1,9'xanthen]-3-one (5)
5
4
1

N

5

Following the general procedure A, hydrazone 7 (200

5
4
1

O

mg, 0.43 mmol) and isonicotinaldehyde (57 mg, 0.61

N

5

4

mmol) gave final product 5 (150 mg, 0.34 mmol, 64%)

4
3

2

3

11

N N

6
7
8

2

O

as an pale orange solid. 1H NMR (400 MHz, CDCl3) δ =

12

N

10
14

9

8.75 (s, 1H, H10), 8.53 (d, J = 5.2 Hz, 2H, H12 and H13),

13

8.03 (d, J = 7.3 Hz, 1H, H9), 7.54 (dq, J = 14.6, 7.3 Hz,

2H, H7 and H8), 7.41 (d, J = 5.1, 2H, H11 and H14), 7.18 (d, J = 7.3 Hz, 1H, H6), 6.52 (d, J =
8.8 Hz, 2H, H3), 6.48 (d, J = 2.6 Hz, 2H, H1), 6.27 (dd, J = 8.7, 2.6 Hz, 2H, H2), 3.35 (q, J =
7.1 Hz, 8H, H4), 1.18 (t, J = 7.0 Hz, 12H, H5).

13

C NMR (101 MHz, CDCl3) δ = 165.17,

153.31, 151.44, 149.96, 149.02, 144.22, 142.73, 133.77, 129.23, 128.50, 127.99, 124.12,
123.54, 121.22, 121.14, 108.00, 105.81, 97.84, 77.23, 66.35, 44.35, 12.61. HRMS (ESI) calcd.
for [C34H36N5O2]+: 546.2864, found: 546.2858.
(E)-3',6'-bis(Diethylamino)-2-(((4-(dimethylamino)pyridin-2yl)methylene)amino)spiro[isoindoline-1,9'-xanthen]-3-one (6)

5
4
1

N

5

Following the general procedure A: hydrazone 7 (82

5
4
1

O

mg,

N

4

4
3

2

3

7
8

2

N N

6

9

O

10

11

5
12

N
13

N

14

0.18

mmol)

and

4-

(dimethylamino)picolinaldehyde[238,239] (28 mg, 0.18
12

mmol) gave final product 6 (80 mg, 0.14 mmol, 80%)
as a white solid. 1H NMR (400 MHz, (CD3)2SO) δ =
8.24 (s, 1H, H10), 8.00 (d, J = 5.9 Hz, 1H, H14), 7.93

(d, J = 7.3 Hz, 1H, H9), 7.63 (dt, J = 7.5, 3.7 Hz, 1H, H7), 7.58 (dt, J = 7.3, 3.7 Hz, 1H, H8),
7.11 (d, J = 7.5 Hz, 1H, H6), 6.94 (d, J = 2.7 Hz, 1H, H11), 6.57 (dd, J = 6.0, 2.7 Hz, 1H, H13),
6.49–6.39 (m, overlapping signals, 4H, H1 and H3), 6.33 (dd, J = 8.9, 2.6 Hz, 2H, H2), 3.33–
3.27 (m, overlapping signals, 8H, H4), 1.07 (t, J = 6.9 Hz, 12 H, H5). 13C NMR (101 MHz,
(CD3)2SO) δ = 164.33, 154.54, 153.81, 152.99, 151.85, 149.52, 149.04, 146.78, 134.61,
129.30, 128.57, 127.82, 124.26, 123.63, 108.49, 108.17, 105.54, 101.46, 97.82, 65.57, 44.11,
39.12, 12.87. HRMS (ESI) calcd. for [C36H41N6O2]+: 589.3291, found: 589.3287.
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2-Amino-3',6'-bis(diethylamino)spiro[isoindoline-1,9'-xanthen]-3-one (7)

5
4
1

N

5

RhoB (2 g, 4.17 mmol) was dissolved in methanol (75

5
4
1

O

mL) and hydrazine hydrate 50% (35 mL) was added. The
N

5

4

mixture was stirred at 25 oC for 2 h. The color of the

4
3

2

3

N

6
7

2

reaction changed from dark red to pale orange and a

NH 2

precipitate formed. The organic solvent was evaporated

O
8

9

under rotary evaporation and diluted with HCl (1 M)

until complete dissolution of the compound (50 mL). Aqueous NaOH (1 M) was subsequently
added until a precipitate formed. The precipitate was filtered and dried in a desiccator for 18 h
to give compound 3, as a pale pink solid (1.6 g, 3.5 mmol, 84% yield). 1H NMR (400 MHz,
CD3OD) δ = 7.88 (dd, J = 6.3, 1.5 Hz, 1H, H9), 7.51 (td, J = 6.7, 1.5 Hz, 1H, H7), 7.47 (td, J
= 6.3, 1.3 Hz, 1H, H8), 7.07 (dd, J = 6.7, 1.6 Hz, 1 H, H6), 6.51–6.44 (m, 2H, H3), 6.41 (m,
overlapping signals, 4H, H1, H2), 3.40 (q, J = 7.1 Hz, 8H, H4), 1.18 (t, J = 7.1 Hz, 12H, H5).
13

C NMR (400 MHz, CD3OD) δ = 155.26, 150.39, 134.05, 129.43, 128.78, 124.96, 123.60,

109.52, 105.45, 99.39, 49.50, 49.28, 49.07, 48.85, 45.40, 12.86. HRMS (ESI) calcd. for
[C28H33N4O2]+: 457.2598, found: 457.2610.
3',6'-bis(Diethylamino)-2-(pyridin-2-yl)spiro[isoindoline-1,9'-xanthen]-3-one (8)
5
4
1

N

5

RhoB (300 mg, 0.62 mmol), POCl3 (1 mL) were heated

5
4
1

O

to 70 oC in a Schlenk flask under nitrogen atmosphere.

N

5

4

4
3

2

3
10

6

N

7
8

2

9

O

N

11
12
13

2-Aminopyridine (300 mg, 5 mmol) was subsequently
added. The reaction was stirred for 2 h. The crude was
concentrated under rotary evaporation and the final
compound was washed and recrystallized from acetone

to give 8 as a pale brown solid (187 mg, 0.36 mmol, 57% yield). 1H NMR (300 MHz,
(CD3)2SO) δ = 8.29 (dt, J = 8.5, 1.0 Hz, 1H, H13), 7.98 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H, H11),
7.93 (dd, J = 6.4, 1.7 Hz, 1H, H9), 7.68 (ddd, J = 8.5, 7.3, 2.0, 1H, H12), 7.57 (qd, J = 7.2, 1.4
Hz, 2H, H7 and H8), 7.04 (dd, J = 6.3, 1.3 Hz, 1H, H6), 6.92 (dd, J = 7.3, 4.8 Hz, 1H, H10),
6.35 (d, J = 2.8 Hz, 2H, H3), 6.32 (s, 2H, H1), 6.18 (dd, J = 8.8, 2.5 Hz, 2H, H2), 3.27 (q, J =
7.0 Hz, 8H, H4), 1.06 (t, J = 6.9 Hz, 12H, H5). 13C NMR (101 MHz, (CD3)2SO) δ = 167.90,
154.09, 153.21, 150.66, 148.36, 147.64, 137.85, 134.49, 129.64, 128.95, 127.74, 124.56,
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123.38, 119.83, 115.94, 108.26, 107.52, 97.55, 65.93, 44.03, 12.94. HRMS (ESI) calcd. for
[C33H35N4O2]+: 519.2755, found: 519.2751.
Ethyl(E)-2-(((3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2yl)imino)methyl)isonicotinate (9)

5
4
1

N

5

Following the general procedure A: compound 7

5
4
1

O

(254

N

5

3

2

3

N

6
7

2

N
O

8

O
11
12

10

N

13

mmol)

and

ethyl

2-

compound 9 (300 mg, 0.48 mmol, 87%) as an off-

15

white solid. 1H NMR (400 MHz, CDCl3) δ = 8.62

14

9

0.55

formylisonicotinate (100 mg, 0.55 mmol)[240] gave

4O

4

mg,

(dd, J = 5.0, 0.9 Hz, 1 H, H14), 8.50 (s, H1, H11),
8.44 (s, 1H, H10), 8.05 (d, J = 6.6 Hz, 1H, H9), 7.71 (dd, J = 5.0, 1.6 Hz, 1H, H12), 7.54 (td,
J = 7.4, 1.5 Hz, 1H, H7), 7.49 (td, J = 7.4, 1.3 Hz, 1H, H8), 7.15 (dd, J = 7.1, 1.2 Hz, 1H, H8),
6.66–6.49 (m, 4H, H1, H3), 6.31 (dd, J = 9.1, 2.6 Hz, 2H, H2), 4.43 (q, J = 7.1 Hz, 2H, H13),
3.34 (q, J = 7.0 Hz, 9H, H4), 1.45 (t, J = 7.1 Hz, 3H, H15), 1.17 (t, J = 7.0 Hz, 13H, H5). 13C
NMR (400 MHz, CDCl3) δ = 165.44, 165.04, 155.59, 152.89, 152.27, 149.60, 148.50, 145.01,
138.15, 133.92, 128.43, 127.93, 127.66, 123.77, 122.56, 119.92, 108.59, 106.21, 99.12, 76.83,
65.86, 61.80, 44.81, 14.25, 12.47. HRMS (ESI) calcd. for [C37H38N5O4]+: 618.3075, found:
618.3075.
2,5-Dioxopyrrolidin-1-yl(E)-2-(((3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'xanthen]-2-yl)imino)methyl)isonicotinate (11)
5
4
1

N

5

Ethyl ester rhodamine 9 (130 mg, 0.21 mmol)

5
4
1

O

was diluted in MeOH (3 mL) and treated with

N

5
4O

4
3

2

3

N

6
7

O
8

9

2

N
10

O

O
11

The solvent was evaporated and dissolved in

N
12

N

14

O

LiOH (70 mg, 1.62 mmol) at 60 °C for 2 h.

15

13

CH2Cl2 (5 mL). The mixture was acidified
with aqueous HCl (1 M) and extracted with

CH2Cl2. The organic layer was washed with brine and dried over MgSO4. The solvents were
removed under rotary evaporation and the crude was crushed with PE to give the carboxylic
acid 10 (95 mg, 0.16 mmol, 76%), which was used without further purification. The acid 10
(50 mg, 0.084 mmol) and N-hydroxysuccinimide (NHS, 9.6 mg, 0.084 mmol) were dissolved
155

Chapter 7 – Experimental Section
in anhydrous CH3CN (1 mL). N,N’-Dicyclohexylcarbodiimide (DCC, 17.5, 0.084 mmol) was
added and the mixture was stirred for 1 h. After completion of the reaction, the mixture was
filtered through a silica plug and washed with CH3CN. The solvents were removed under rotary
evaporation to give the desired precursor product 11 as an off-white solid (30 mg, 0.043 mmol,
51%). 1H NMR (400 MHz, CNCD3) δ = 8.74 (dd, J = 5.1, 0.9 Hz, 1H, H14), 8.42 (s, 1H, H10),
8.33 (dd, J = 1.7, 0.9 Hz, 1H, H11), 7.98 (dd, J = 7.5, 2.1 Hz, 1H, H9), 7.82 (dd, J = 5.1, 1.7
Hz, 1H, H12), 7.64 (td, J = 7.5, 1.4 Hz, 2H, H7), 7.58 (td, J = 7.4, 1.2 Hz, 2H, H8), 7.11 (dt,
J = 7.7, 0.9 Hz, 1H, H6), 6.54 (d, J = 8.8 Hz, 2H, H3), 6.49 (d, J = 2.6 Hz, 2H, H1), 6.36 (dd,
J = 8.9, 2.6 Hz, 2H, H2), 3.36 (q, J = 7.0 Hz, 8H, H4), 2.89 (s, 4H, H13, H15), 1.12 (t, J = 7.0
Hz, 12H, H5).

13

C NMR (400 MHz, CNCD3) δ = 169.70, 164.80, 160.98, 155.68, 152.92,

152.27, 151.10, 149.26, 143.37, 134.34, 133.23, 128.82, 128.01, 127.70, 123.58, 123.39,
122.68, 118.54, 117.31, 108.25, 104.93, 97.51, 43.99, 25.52, 11.77. HRMS (ESI) calcd. for
[C39H39N6O6]+: 687.2926, found: [C35H35N5O4]+ = [M-C4H4NO2]+ = 589.2918.
(E)-(3-(2-(((3',6'-bis(Diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2yl)imino)methyl)isonicotinamido)propyl)triphenylphosphonium (12)
5

5
4

4
1

N

5
4

1

O

3

2

3

6
N

7

N
2
N

N
10

8

9

O

4
14

5

13

12 15
16
NH

11

17

P + Br -

O

Compound 11 (50 mg, 0.072 mmol) and (3-aminopropyl)triphenylphosphonium (42 mg, 0.087
mmol) were dissolved in anhydrous DMF (3 mL) and triethylamine (50 µL) was added under
inert atmosphere (N2). The reaction was stirred for 36 h at 25 oC. Upon completion of the
reaction, DMF was removed by rotary evaporation and the crude was diluted with CH2Cl2 and
extracted with brine. The organic layer was dried with MgSO4 and concentrated. The crude
was crushed with PE:EtOAc (3:1) and sonicated to obtain a pale green precipitate, which was
treated with acetone to yield the desired compound 12, as a white solid (25 mg, 36% yield). 1H
NMR (400 MHz, CDCl3) δ = 9.92 (t, J = 5.8 Hz, 1H, NH), 8.62 (d, J = 5.1 Hz, 1H, H14), 8.48
(s, 1H, H10), 8.18 (d, J = 5.2 Hz, 1H, H9), 8.08 (s, 1H, H11), 8.02 (d, J = 7.5 Hz, 1H, H12),
7.85 – 7.57 (m, 15H, H13), 7.46 (tq, J = 14.7, 7.3 Hz, 2H, H7 and H8), 7.10 (d, J = 7.4 Hz,
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1H, H6), 6.59 (d, J = 8.8 Hz, 2H, H3), 6.47 (d, J = 2.5 Hz, 2H, H1), 6.23 (dd, J = 8.7, 2.3 Hz,
2H, H2), 3.98 – 3.82 (m, 2H, H15), 3.74 (d, J = 6.0 Hz, 2H, H17), 3.32 (q, J = 7.0 Hz, 8H,
H4), 2.01 (d, J = 16.1 Hz, 2H, H16, signal overlap with acetone), 1.15 (t, J = 7.0 Hz, 12H,
H5). 13C NMR (400 MHz, CDCl3) δ = 165.80, 154.76, 152.58, 149.95, 149.06, 144.89, 141.47,
135.18, 135.15, 133.81, 133.48, 133.38, 130.62, 130.50, 128.09, 127.36, 123.65, 123.53,
121.66, 119.51, 118.64, 117.79, 108.14, 105.16, 98.50, 44.31, 22.17, 20.80, 20.28, 12.65.
HRMS (ESI) calcd. for [C56H56N6O3P]+: 891.4146, found: 891.4127.
(2aR,4S,4aS,6R,9S,11S,12S,12aR,12bS)-12b-Acetoxy-9-((3-(2-((E)-((3',6'bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2yl)imino)methyl)isonicotinamido)-2-hydroxy-3-phenylpropanoyl)oxy)-4,6,11trihydroxy-4a,8,13,13-tetramethyl-5-oxo-2a,3,4,4a,5,6,9,10,11,12,12a,12b-dodecahydro1H-[7,11]methanocyclodeca[3,4]benzo[1,2-b]oxet-12-yl benzoate (13)
Docetaxel (40 mg, 0.049 mmol) was dissolved in

5
4

formic acid (1 mL) while cooling the mixture in an

N

1

ice bath. The solution was stirred for 40 min at

2

O
3

6

25 °C and monitored by LC-MS. Formic acid was

7

removed under rotary evaporation and the crude

8

N
N
14

N

N

10

12

9

O

HO

11

31'

17

OH

20

19

O

dried and evaporated. The crude (30 mg, 0.042

OH
24

28'

NH O
18

29

25

26

O

was extracted with sodium bicarbonate and EtOAc,

O

OH O O
O
O

15-16

30'

H

mmol) was dissolved in anhydrous DMF (0.5 mL)

23

H

21

22

O
13'
27

and treated with anhydrous Et3N (0.042 mmol). A
solution of compound 11 (57 mg, 0.084 mmol) in
DMF (0.5 mL) was slowly added at 0 oC and
allowed to warm to room temperature. The reaction

was monitored by LC-MS. Upon completion of the reaction, the solution was extracted with
EtOAc and washed with abundant brine, dried over MgSO4 and the organic solvents were
evaporated. The final product was purified by reverse-phase HPLC (H2O: CH3CN, 50% à
100 %) and obtained compound 13 a white solid (10 mg, 0.0078 mmol, 19% yield). 1H NMR
(500 MHz, CN(CD)3) δ = 8.56 (dd, J = 5.1, 0.8 Hz, 1H, H14), 8.33 (s, 1H, H10), 8.17 (dd, J =
1.7, 0.9 Hz, 1H, H9), 8.13–8.11 (m, 1H, H30’), 8.10 (dd, J = 2.0, 1.4 Hz, 1H, H11), 7.96 (ddd,
J = 7.6, 1.3, 0.8 Hz, 1H, H30’), 7.67–7.61 (m, 2H, H30’ overlapping signals), 7.61–7.55 (m,
4H, H7, H8, H12, H30’ overlapping signals), 7.50 (ddd, J = 7.9, 1.4, 0.7 Hz, 2H, H31’), 7.47–
157

Chapter 7 – Experimental Section
7.43 (m, 2H, H31’), 7.35–7.31 (m, 1H, H31’), 7.10 (dt, J = 7.7, 0.9 Hz, 1H, H6), 6.35–6.46 (m,
4H, H1, H3), 6.35 (dt, J = 8.9, 2.9 Hz, 2H, H2), 6.14 (td, J = 9.0, 1.7 Hz, 1H, H24), 5.24 (dd,
J = 8.8, 4.3 Hz, 1H, H17), 5.59 (d, J = 7.1 Hz, 1H, H13’), 5.23–5.17 (m, 1H, H25), 4.96 (dd, J
= 9.7, 2.2 Hz, 1H, H19), 4.75 (d, J = 4.2 Hz, 1H, H18), 4.37 (s, 1H, NH), 3.84 (d, J = 7.1 Hz,
1H, H13), 3.38–3.31 (m, 8H, H4), 3.29–3.25 (m, 1H, H20), 2.42 (m, 1H, H16), 2.37 (s, 3H,
H27), 2.26 (m, 2H, H23, overlapping signals), 1.92 (s, 3H, H29), 1.80–1.73 (m, 1H, H15), 1.68
(s, 3H, H28’), 1.58–1.51 (m, 1H, H 22), 1.39–1.33 (m, 1H, H21), 1.15–1.08 (m, 18H, H5, H28’,
overlapping signals), 1.06 (s, 3H, H26).

13

C NMR (500 MHz, CNCD3) δ = 210.80, 172.43,

170.58, 165.90, 165.37, 165.16, 154.52, 152.88, 152.45, 150.20, 149.28, 144.55, 142.14,
138.63, 137.65, 136.49, 134.35, 133.46, 130.14, 129.96, 128.81, 128.68, 128.61, 127.87,
127.67, 127.36, 123.52, 123.37, 121.77, 116.93, 108.29, 108.23, 97.56, 84.05, 80.83, 77.90,
76.11, 74.89, 74.36, 73.65, 71.39, 71.37, 57.56, 56.16, 46.47, 43.98, 43.02, 36.54, 35.93, 26.26,
22.21, 20.38, 13.81, 11.80, 11.78, 9.50. HRMS (ESI-QTOF) calcd. for [C73H79N6O15]+:
1279.5598, found: 1279.5593.
N3,N3,N7,N7,5,5-Hexamethyl-3'H,5H-spiro[dibenzo[b,e]siline-10,1'-isobenzofuran]-3,7diamine, (HMSiR-1)

12

3,3’-(Dimethylsilanediyl)bis(4-bromo-N-,N-

12

11

11

dimethylaniline[241] (100 mg, 0.219 mmol) was carefully dried

1

1

N

Si

N

12

12

3

2

6

O

7
8

10

9

3

2

under rotary evaporation, dissolved in 5 mL of dry THF, and
cooled to –78 °C. tBuLi in hexanes (1.7 M, 0.58 mL, 0.464
mmol) was added and the reaction was stirred for 30 min at

–78 oC. The reaction was warmed to –10 oC, MgBr2OEt2 (114 mg, 0.481 mmol) was added,
and the mixture was stirred for 30 min at –10 °C. A solution of phtalide (35 mg, 0.263 mmol)
in THF (5 mL) was slowly added over 30 min. The mixture was stirred for 18 h at 25 °C. Upon
completion of the reaction, THF was evaporated under rotary evaporation, and the residue was
dissolved in EtOAc, washed with a saturated NH4Cl solution, NaHCO3, and brine. The organic
phase was dried with MgSO4. Flash column chromatography (SiO2 PE:CH2Cl2:EtOAc
75:5:20) afforded the desired product as pale green crystals of HMSiR-1 (27 mg, 30%).
1

H NMR (400 MHz, CDCl3) δ = 7.37–7.29 (m, 2H, H7, H8), 7.32–7.22 (m, 1H, H9,

overlapping signals), 7.12–7.07 (d, J = 7.2 Hz, 1H, H6), 7.05–6.96(m, 4H, H1, H3), 6.65 (dd,
J = 8.9, 2.9 Hz, 2H, H2), 5.26 (s, 2H, H10), 2.97 (s, 12H, H12), 0.65 (s, 3H, H11a), 0.58 (s,
3H, H11b). 13C NMR (400 MHz, CDCl3) δ = 148.70, 146.11, 139.76, 138.43, 135.54, 128.55,
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127.23, 124.60, 121.00, 116.76, 113.80, 92.50, 76.71, 72.28, 40.55, 0.63, –1.24. HRMS (ESI)
calcd for [C26H31N2OSi]+: 415.2200, found: 415.2207.
(E)-4-(4-(Dibutylamino)styryl)-1-(3-(triethylammonio)propyl)pyridin-1-ium
(FM1-43)[242]

(E)-N,N-Dibutyl-4-(2-(pyridin-4-yl)vinyl)aniline[243] (1.5 g, 4.9 mmol) and 3-bromo-N,N,Ntriethylpropan-1-ammonium bromide (1.3 g, 4.2 mmol) were mixed in dry CH3CN (60 mL) in
N2 atmosphere. The mixture was maintained at reflux for 24 h. The solvents were evaporated
and the residue was recrystallized from acetone to give FM1-43 (1,6 g, 60%) deep red solid.
1

H NMR (400 MHz, CD3CN) δ = 8.67 (d, J = 7.0 Hz, 2H, H9), 7.61 (d, J = 7.0 Hz, 2H, H8),

7.52 (d, J = 16 Hz, 1H, H7’), 7.27 (d, J = 9.0 Hz, 2H, H6), 6.75 (d, J = 16.0 Hz, 1H, H7), 6.45
(d, J = 9 Hz, 1 H, H5), 4.49–4.32 (m, 2 H, H10), 3.21–3.13 (m, 2H, H12), 3.13–3.04 (m, 4H,
H4), 3.00 (q, J = 7.2 Hz, 6H, H1), 2.14 (q, J = 8.1 Hz, 2H, H11), 1.30 (dq, J = 9.1, 2.5 Hz, 4H,
H3), 1.14–1.03 (m, 4H, H2), 1.00 (q, J = 7.2 Hz, 9H, H14), 0.67 (t, J = 7.4 Hz, 6H, H13) ppm.
13

C NMR (400 MHz, CNCD3) δ = 155.05, 150.65, 143.57, 143.10, 130.77, 122.30, 121.81,

116.09, 111.73, 55.62, 53.23, 50.30, 29.11, 24.04, 19.87, 13.2
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7.17.3 Synthetic protocols and characterization of compounds in Chapter 3[197]
2-(12-Oxo-2,3,6,7-tetrahydro-1H,5H,12H-chromeno[2,3-f]pyrido[3,2,1-ij]quinolin-9yl)benzoic acid (14)
In a dry 5-mL Schlenk flask, 2-(8-hydroxy-2,3,6,7-tetrahydro-

6

7

5
N

4
3

14
13

O

12

acid

(1000 mg, 2.97 mmol)[98] and resorcinol (326 mg, 2.97 mmol)
were dried, evacuated and flushed three times with N2.

9
10
COOH

1

2

1H,5H-pyrido[3,2,1-ij]quinoline-9-carbonyl)benzoic

8

O

Methanesulfonic acid (0.2 mL) was added, stirred vigorously,
and the mixture was heated to 95 oC for 2 h. After completion

11

of the reaction (monitored by LC-MS), the crude was cooled to

room temperature and cold H2O (5 mL) was added. The water phase was discarded by filtration
and the remaining paste was crushed several times with EtOAc, filtered and dried to give a red
crystalline solid of compound 14 (794 mg, 1.9 mmol, 65% yield). 1H NMR (400 MHz, CD3OD)
δ = 1.93–2.07 (m, 2H, H3), 2.09–2.21 (m, 2H, H6), 2.74–2.82 (m, 2H, H2), 3.13 (t, J = 7.2, 5.6
Hz, 2H, H7), 3.64–3.71 (m, 4H, H4 and H5), 6.85 (s, 1H, H1), 6.94 (dd, J = 9.0, 2.3 Hz, 1H,
H9), 7.14 (d, J = 9.0 Hz, 1H, H10), 7.16 (d, J = 2.3 Hz, 1H, H8), 7.41 (dd, J = 7.4, 1.5 Hz, 1H,
H14), 7.82 (td, J = 7.6, 1.5 Hz, 1H, H13), 7.87 (td, J = 7.5, 1.6 Hz, 1H, H12), 8.37 (dd, J = 7.6,
1.5 Hz, 1H, H11). 13C NMR (101 MHz, CD3OD) δ = 19.06, 19.16, 20.04, 27.00, 50.85, 51.31,
101.80, 105.44, 114.89, 115.84, 116.15, 126.71, 127.26, 130.06, 130.16, 130.42, 130.82,
131.19, 132.51, 133.99, 153.41, 154.16, 156.09, 158.67, 165.99, 166.57. HRMS (ESI) calcd.
for [C26H22NO4]+: 412.1543 found: 412.1548.
3'-Oxo-2,3,6,7-tetrahydro-1H,3'H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1-ij]quinoline9,1'-isobenzofuran]-12-yl acetate (15)
6

4
3

Rhodol 14 (1500 mg, 3.65 mmol) was dissolved in acetic

7

5
N

O

8

1
2

O 11

15
14
13

O
12

9

O
10

O

anhydride (1.4 mL, 14.6 mmol) and stirred at 90 °C for 1 h.
The mixture was cooled to 0 °C and H2O (30 mL) was added.
The precipitate was filtered, washed with pentane (3 × 30
mL) and dried under rotary evaporation to give 15 as a red
solid (1565 mg, 3.4 mmol 95% yield). 1H NMR (400 MHz,

CDCl3) δ = 1.83–1.92 (m, 2H, H3), 1.96–2.08 (m, 2H, H6), 2.30 (s, 3H, H9), 2.45–2.61 (m,
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2H, H2), 2.91 (t, J = 6.8 Hz, 2H, H7), 3.16 (dt, J = 15.1, 5.6 Hz, 4H, H4 and H5), 6.13 (s, 1H,
H1), 6.68–6.77 (m, 2H, H10 and H11), 7.07 (d, J = 2.1 Hz, 1H, H8), 7.20 (d, J = 7.5 Hz, 1H,
H15), 7.60 (t, J = 7.4 Hz, 1H, H14), 7.66 (t, J = 7.4 Hz, 2H, H13), 8.00 (d, J =7.5, 1H, H12).
13

C NMR (101 MHz, CDCl3) δ = 21.11, 21.30, 21.31, 21.88, 27.48, 49.53, 49.99, 77.36,

104.88, 107.34, 110.40, 116.76, 117.16, 118.14, 124.36, 124.90, 125.01, 127.29, 129.15,
129.62, 134.92, 144.76, 147.84, 151.76, 152.48, 153.20, 169.16, 169.71. HRMS (ESI) calcd.
for [C28H24NO5]+: 454.1649, found: 454.1653.
2'-Diazo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-12-yl acetate (16)
6

7

5
4
3

N

O

11

1
2

8

N2

15

10

Compound 15 (400 mg, 0.88 mmol) was dissolved in dry
CH2Cl2. Oxalyl chloride (128 mg, 0.88 mmol, 114 µL)

O

was added dropwise and the reaction was stirred for 30
min at room temperature. The volatiles were removed

14
13

9

O

O
12

under vacuum. The residue was dissolved in dry CH2Cl2

and cooled to 0 °C. DIPEA (170 mg, 1.32 mmol, 224 µL) and (trimethylsilyl)diazomethane
(2.0 M in Et2O, 604 mg, 5.30 mmol, 2.7 mL) were added sequentially. The mixture was stirred
at room temperature for 2 h. The volatiles were removed under rotary evaporation and the crude
was purified by flash column chromatography (SiO2; CH2Cl2 to CH2Cl2/EtOAc 98:2) to give
16 a yellow powder (265 mg, 63%). 1H NMR (400 MHz, CDCl3) δ = 1.83–1.94 (m, 2H, H3),
1.97–2.07 (m, 2H, H6), 2.29 (s, 3H, H9), 2.45–2.70 (m, 2H, H2), 2.88 (t, J = 6.7 Hz, 2H, H7),
3.04–3.21 (m, 4H, H4 and H5), 6.28 (s, 1H, H1), 6.69 (dd, J = 8.6, 2.4 Hz, 1H, H10), 6.88 (d,
J = 8.6 Hz, 1H, H11), 6.99 (d, J = 2.4 Hz, 1H, H8), 7.08 (dt, J = 7.7, 1.0 Hz, 1H, H15), 7.08
(td, J = 7.4, 1.1 Hz, 1H, H14), 7.42 (td, J = 7.4, 1.4 Hz, 1H, H13), 7.83 (dt, J = 7.5, 1.4 Hz, 1H,
H12). 13C NMR (101 MHz, CDCl3) δ = 21.28, 21.30, 21.49, 22.03, 27.37, 49.54, 50.03, 107.09,
108.13, 110.59, 116.93, 118.28, 118.30, 119.39, 120.97, 122.44, 124.78, 125.74, 128.61,
128.98, 134.50, 134.84, 143.57, 147.10, 150.71, 152.09, 155.95, 169.25, 187.35. HRMS (ESI)
calcd. for [C29H24N3O4]+: 478.1761, found 478.1763.
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2'-Diazo-12-hydroxy-2,3,6,7-tetrahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-3'(2'H)-one (17)
Compound 16 (50 mg, 0.1 mmol) was dissolved in

6

7

5
N

4

2

OH 9

11

1

3

THF/MeOH (1:2) and NaOH (1 M, 15 mL) was added.

8

O

N2

15
14

O

13

10

The reaction was stirred at 25 oC for 2 h. The solution was
cooled in an ice bath and 1 mL HCl (1 M) was added
(pH = 5–6). The mixture was diluted with water and
extracted with CH2Cl2 (3 x 25 mL). The organic layer was

12

dried over MgSO4, and the solvents were evaporated under

rotary evaporation to give probe 17 as a yellow solid (41 mg, 0.095 mmol, 94% yield). 1H
NMR (400 MHz, CD3OD) δ = 1.78–1.92 (m, 2H, H3), 1.98–2.08 (m, 2H, H6), 2.41–2.61 (m,
2H, H2), 2.89 (t, J = 6.7 Hz, 2H, H7), 3.07–3.19 (m, 4H, H4 and H5), 6.19 (s, 1H, H1), 6.45
(dd, J = 8.6, 2.5 Hz, 1H, H10), 6.60 (d, J = 2.5 Hz, 1H, H8), 6.63 (d, J = 8.6 Hz, 1H, H11),
7.04 (dt, J = 7.8, 1.0 Hz, 1H, H15), 7.48 (td, J = 7.5, 1.0 Hz, 1H, H14), 7.57 (td, J = 7.5, 1.3
Hz, 1H, H13), 7.78 (dt, J = 7.6, 1.3 Hz, 1H, H12). 13C NMR (101 MHz, CD3OD) δ = 20.87,
21.19, 21.73, 26.88, 47.87, 48.09, 49.09, 49.57, 102.50, 107.00, 107.93, 111.57, 111.63,
118.07, 121.61, 124.06, 125.23, 128.24, 128.34, 134.07, 134.81, 143.38, 147.15, 152.30,
156.42, 158.05, 187.90. HRMS (ESI) calcd. for [C27H22N3O3]+: 436.1656, found 436.1661.
5-Oxo-12,13,16,17-tetrahydro-5H,11H,15H-benzo[6,7]indeno[1',2':4,5]oxepino[2,3f]pyrido[3,2,1-ij]quinolin-8-yl acetate (18)

9
O
6
5
4

7

O

8
O

N

10
11

3
2

1

O

15
12

14
13

Compound 18 was synthesized according to general procedure B
and further purified by recrystallization from ethanol to give a blue
solid (4 mg, 0.009 mmol, 9% yield). 1H NMR (400 MHz, CDCl3)
δ = 1.90–2.08 (m, 4H, H3 and H6), 2.33 (s, 3H, H9), 2.79 (t, J =
6.3 Hz, 2H, H2), 3.12 (s, 2H, H7), 3.20–3.43 (m, 4H, H4 and H5),
6.98 (dd, J = 8.6, 2.4 Hz, 1H, H10), 7.06 (d, J = 2.3 Hz, 1H, H8),
7.24 (s, 1H, H1), 7.32 (td, J = 7.4, 1.0 Hz, 1H, H13), 7.41 (td, J =
7.4, 1.3 Hz, 1H, H14), 7.46–7.51 (m, 1H, H15), 7.57–7.67 (m, 1H,

H12), 7.98 (d, J = 8.6 Hz, 1H, H11).

13

C NMR (101 MHz, CDCl3) δ = 21.07, 21.36, 21.70,

21.98, 27.82, 49.67, 50.15, 113.60, 114.20, 115.23, 117.76, 118.33, 122.07, 122.69, 124.69,
125.04, 125.53, 129.02, 129.48, 132.73, 133.08, 143.47, 147.60, 151.26, 154.66, 154.85,
157.06, 169.28, 194.88. HRMS (ESI) calcd. for [C29H24NO4]+: 450.1700, found: 450.1691.
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9-(o-Tolyl)-2,3,6,7-tetrahydro-1H,5H,12H-chromeno[2,3-f]pyrido[3,2,1-ij]quinolin-12one (19)
Compound 19 was synthesized according to general procedure

6
7

5
4

N

B and obtained as a red solid (11 mg, 28% yield). 1H NMR

8

O

O

3

2H, H6), 2.08 (s, 3H, H15), 2.59–2.69 (m, 2H, H2), 3.02 (t, J

9

10

1

2

= 6.4 Hz, 2H, H7), 3.39 (m, 4H, H4 and H5), 6.49 (s, 1H, H1),

15

14

6.55 (br s, 1H, H8), 6.59 (dd, J = 9.5, 2.0 Hz, 1H, H9), 6.86 (d,

11

13

(400 MHz, CDCl3) δ = 1.89–2.01 (m, 2H, H3), 2.01–2.11 (m,

12

J = 9.4 Hz, 1H, H10), 7.15 (dd, J = 7.5, 1.4 Hz, 1H, H14), 7.31–

7.40 (m, 2H, H11 and H12), 7.45 (td, J = 7.5, 1.4 Hz, H1, H13). 13C NMR (101 MHz, CDCl3)
δ = 19.64, 20.17, 20.28, 21.16, 27.61, 29.71, 49.96, 50.33, 77.22, 77.33, 104.75, 105.63,
114.32, 120.05, 125.47, 125.80, 127.57, 129.01, 129.14, 130.22, 130.30, 133.43, 136.19,
148.23, 150.94, 159.13. HRMS (ESI) calcd. for [C26H24NO2]+: 328.1802, found: 328.1808.
Methyl 2-(2-(12-oxo-2,3,6,7-tetrahydro-1H,5H,12H-chromeno[2,3-f]pyrido[3,2,1ij]quinolin-9-yl)phenyl)acetate (21)
6
5
4

Compound 17 (30 mg, 0.07 mmol) was dissolved in
7

N

3
2

1

10
14

anhydrous MeOH (30 mL) and irradiated for 24 h in a

8

O

O

11
12

RMR-3000 Å ultraviolet light bulbs, cooled with a

9

constant flow of N2. The volatiles were then removed

O

15

13

RMR-600 photoreactor (Rayonet) equipped with eight

16
O

under vacuum and the crude was extracted with CH2Cl2.
The organic layer was dried over MgSO4 and purified by

flash column chromatography (SiO2; CH2Cl2 to CH2Cl2/ MeOH 9:1) to give compound 21 as
red solid (12 mg, 0.027 mmol, 40% yield). 1H NMR (400 MHz, CD3OD) δ = 1.88–1.97 (m,
2H, H3), 2.04–2.11 (m, 2H, H6), 2.66 (t, J = 6.3, 2H, H2), 2.98–3.14 (m, 2H, H7), 3.35 (s, 3H,
H16), 3.40 (d, J = 1.9, 2H, H15), 3.49 (dt, J = 15.3, 5.8, 4H, H4 and H5), 6.47–6.65 (m, 3H,
H1, H8, and H9), 6.90 (d, J = 9.0, 1H, H10), 7.24 (dd, J = 7.5, 1.3, 1H, H14), 7.42–7.66 (m,
3H, H11, H12, and H13). 13C NMR (101 MHz, CD3OD) δ = 19.48, 19.56, 20.51, 27.15, 38.06,
49.86, 50.31, 50.92, 103.28, 105.14, 111.58, 112.89, 122.81, 124.03, 125.98, 127.17, 129.17,
129.48, 130.60, 131.18, 132.83, 133.22, 150.53, 151.74, 153.17, 159.05, 171.29, 182.08.
HRMS (ESI) calcd. for [C28H26NO4]+: 440.1856, found 440.1853.
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18-Oxo-11,12,15,16-tetrahydro-10H,14H,18H-benzo[6,7]indeno[2',1':4,5]oxepino[2,3f]pyrido[3,2,1-ij]quinolin-7-yl acetate (22)
9
O

6

7

5
4

procedure
O

8
O

N

10

3
2

B:

the

compound

further

purified

by

recrystallization from ethanol to give a purple solid (3 mg,
0.007 mmol, 7% yield). 1H NMR (400 MHz, CDCl3) δ =

11

1.84–2.05 (m, 4H, H3 and H6), 2.33 (s, 3H, H9), 2.75 (d, J =

12

6.4 Hz, 2H, H2), 3.02–3.13 (m, 2H, H7), 3.18 (t, J = 5.7 Hz,

1
O

13
15

Compound 22 was synthesized according to general

14

4H, H4 and H5), 7.03 (dd, J = 8.6, 2.3 Hz, 1H, H10), 7.13 (d,
J = 2.3 Hz, 1H, H8), 7.19–7.25 (m, 1H, H14), 7.33–7.40 (m,

3H, overlapping signals, H12, H13 and H1), 7.54 (dt, J = 7.0, 1.0 Hz, 1H, H15), 7.72 (d, J =
8.5 Hz, 1H, H11). 13C NMR (101 MHz, CDCl3) δ = 21.35, 21.43, 21.95, 22.14, 27.68, 49.57,
50.14, 112.23, 113.37, 116.58, 118.29, 118.44, 120.65, 123.25, 125.78, 126.93, 127.29, 128.15,
130.82, 131.94, 133.52, 144.28, 145.50, 146.73, 153.15, 153.93, 158.65, 169.02, 196.21.
HRMS (ESI) calcd. for [C29H24NO4]+: 450.1700, found: 450.1710.
8-Hydroxy-12,13,16,17-tetrahydro-5H,11H,15H-benzo[6,7]indeno[1',2':4,5]oxepino[2,3f]pyrido[3,2,1-ij]quinolin-5-one (23)
6
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OH 9
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Compound 23 was synthesized according to general
procedure B: the compound was recrystallized from ethanol
to give a purple solid (4 mg, 0.009 mmol, 8% yield). 1H NMR
(400 MHz, CD3OD) δ = 1.83–1.96 (m, 4H, H3 and H6), 2.72
(t, J = 6.3 Hz, 2H, H2), 3.01 (s, 2H, H7), 3.21–3.29 (m, 4H,
H4 and H5), 6.68 (dd, J = 8.5, 2.4 Hz, 1 H, H10), 6.72 (d, J =
2.4 Hz, 1H, H8), 7.21 (s, 1H, H1), 7.33 (td, J = 6.8, 2.0 Hz,

1H, H15), 7.45–7.52 (m, 3H, H12, H13, and H14), 7.61 (d, J = 8.5 Hz, 1H, H11), 9.85 (s, 1H,
H9).

13

C NMR (101 MHz, (CH3)2SO) δ = 20.87, 21.45, 21.82, 27.34, 49.22, 49.75, 109.08,

112.87, 112.95, 113.78, 117.45, 118.03, 122.23, 122.48, 124.99, 125.36, 129.24, 129.62,
132.49, 133.79, 143.23, 147.62, 152.14, 154.22, 157.72, 159.64, 194.62. HRMS (ESI) calcd.
for [C27H22NO3]+: 408.1594, found: 408.1591.
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7-Hydroxy-11,12,15,16-tetrahydro-10H,14H,18Hbenzo[6,7]indeno[2',1':4,5]oxepino[2,3-f]pyrido[3,2,1-ij]quinolin-18-one (24)
6
5

7

8

2

ethanol to give a purple solid (3 mg, 0.007 mmol, 6%

10

3

11

yield). 1H NMR (400 MHz, CD3OD) δ = 1.75–2.01 (m,

12

4H, H3 and H6), 2.65 (t, J = 6.4 Hz, 2H, H2), 2.98 (s,

1
O

2H, H7), 3.05–3.23 (m, 4H, H4 and H5), 6.58–6.90 (m,

13
15

Compound 24 was synthesized according to general
procedure B: the compound was recrystallized from

O

N

4

OH 9

2H, overlapping signals, H8 and H10), 7.14 (s, 1H, H1),

14

7.30 (td, J = 7.2, 1.2 Hz, 1H, H12), 7.39–7.55 (m, 3H, H13, H14, H15), 7.64 (d, J = 8.4 Hz,
1H, H11), 10.34 (br s, 1H, H9).

13

C NMR (101 MHz, (CH3)2SO)

= 21.25, 21.80, 21.95,

27.51, 49.13, 49.67, 110.13, 112.13, 113.16, 113.24, 117.91, 118.23, 121.48, 122.88, 126.48,
128.21, 128.66, 128.85, 131.77, 134.30, 143.72, 145.19, 148.26, 153.30, 159.17, 162.26,
195.65. HRMS (ESI) calcd. for [C27H22NO3]+: 408.1594, found: 408.1606.
2,2-Dimethyl-3,4,4a,10b-tetrahydro-2H-benzo[h]chromene-5,6-dione (26)[201]
A solution of H2SO4 in CH2Cl2 (1:4) was slowly added to 2-hydroxy-

2
1

8

3

O

7

4

3-(3-methylbut-2-en-1-yl)naphthalene-1,4-dione

(40

mg,

0.16

mmol)[201] and was stirred for 1 h at 0 oC. The resulting mixture was
poured on ice and warmed to room temperature. The mixture was

6
5

O
O

extracted with CH2Cl2 (3 x 30 mL), washed with brine and dried over
MgSO4. The solvents were evaporated under rotary evaporation and

the crude was recrystallized from ethanol:EtOAc:hexane to give 26 as red crystals (18 mg, 0.07
mmol, 47% yield). 1H NMR (300 MHz, CDCl3) δ = 1.46 (s, 6H, H7 and H8), 1.85 (t, J = 6.7
Hz, 2H, H6), 2.57 (t, J = 6.7 Hz, 2H, H5), 7.50 (td, J = 7.5, 1.3 Hz, 1H, H2), 7.64 (td, J = 7.6,
1.5 Hz, 1H, H3), 7.81 (dd, J = 7.7, 1.2 Hz, 1H, H1), 8.05 (dd, J = 7.4, 1.1 Hz, 1H, H4).13C
NMR (101 MHz, CDCl3) δ = 16.31, 26.91, 31.76, 79.41, 112.87, 124.19, 128.70, 130.29,
130.78,

132.77,

134.90,

162.15,

178.71,

180.00.

HRMS

(ESI)

calcd.

for

[C15H15O3]+: 243.1016, found 243.1021.
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4-((4-Fluorophenyl)(methyl)amino)naphthalene-1,2-dione (27)[202]
Sodium 3,4-dioxo-3,4-dihydronaphthalene-1-sulfonate (100 mg, 0.38

O

4

O
5
6

mmol) was dissolved in H2O (10 mL) and 4-fluoro-N-methylaniline

2

(52.3 mg, 0.42 mmol)[202] was added dropwise. The mixture was

1

N

7

3

stirred for 2 h at 25 oC. The precipitate was filtered and the volatiles

10

were removed under rotary evaporation. The crude was recrystallized

9

F

from ethanol and dried under high vacuum to give 27 as a red solid

8

(29 mg, 0.1 mmol, 27% yield). 1H NMR (400 MHz, CDCl3) δ = 3.46 (s, 3H, H10), 6.26 (s, 1H,
H5), 6.91–7.16 (m, 5H, H1, H6, H7, H8, H9), 7.14–7.31 (m, 1H, H2), 7.37 (t, J = 7.5, 1H, H3),
8.07 (dd, J = 7.6, 1.6, 1H, H4). 13C NMR (101 MHz, CDCl3) δ = 44.59, 111.09, 116.96, 117.19,
127.04, 127.13, 128.87, 129.40, 130.28, 132.26, 132.58, 133.56, 144.13, 159.52, 162.01,
178.71, 180.73.

19

F NMR (377 MHz, CDCl3) δ = –114.43. HRMS (ESI) calcd. for

[C17H13FNO2]+: 282.0925, found 282.0928.
7.17.4 Synthetic protocols and characterization of compounds in Chapter 4
Compound 28[75]

6
5
4

Compound 30 (38 mg, 0.065 mmol) was dissolved in
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N
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N

O
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O
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17

16

HO

16
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O

N2

13

THF/EtOH (2:5) under N2 atmosphere then 1 M NaOH
11

(0.4 mL) was added. The reaction was stirred for 15 h at

12

25 °C. The volatiles were removed under rotary evaporation
followed by addition of water (10 mL). The aqueous phase
was extracted three times with CH2Cl2. The organic layer
was dried over MgSO4 and concentrated under rotary

evaporation giving 28 as a brown solid (33 mg, 0.059 mmol, 91%). 1H NMR (400 MHz,
CDCl3) δ = 8.49 (s, 1H, H15), 8.13 (dd, J = 8.1, 1.7 Hz, 1H, H16), 8.07 (dd, J = 8.0, 1.5 Hz,
1H, H16’), 7.86 (dd, J = 8.0, 0.7 Hz, 1H, H15’), 7.73 (d, J = 0.7 Hz, 1H, H17’), 7.16 (dd, J =
8.1, 0.7 Hz, 1H, H17), 6.25 (s, 2H, H1 and H14), 6.23 (s, 2H, H1’and H14’), 3.15–3.05 (m,
16H, H4, H4’, H5, H5’, H10, H10’, H11 and H11’), 2.96–2.81 (m, 8H, H2, H2’, H13’ and
H13), 2.62–2.43 (m, 8H, H7, H7’, H8 and H8), 2.06–2.00 (m, 8H, H3, H3’, H12 and H12’),
1.91–1.86 (m, 8H, H6, H6’, H9 and H9’). 13C NMR (101 MHz, CDCl3) δ = 169.27, 168.79,
156.86, 147.66, 147.62, 143.53, 143.48, 136.03, 134.68, 129.88, 127.65, 125.88, 124.76,
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124.71, 124.71, 124.46, 122.13, 117.59, 108.62, 108.50, 107.25, 100.14, 50.08, 49.64, 49.60,
34.28, 27.31, 22.50, 22.15, 21.65, 21.45. HRMS (ESI) calcd. for [C34H31N4O4]+: 559.2340,
found: 559.2334.
Compound 29[75]
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mg, 0.545 mmol) and trimellitic anhydride ethyl ester (100 mg,
11

0.454 mmol) were dissolved in dry toluene (0.6 mL) and

12

stirred for 5 min at 25 °C under N2 atmosphere. 2,3,6,7tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol

(103

mg,

0.545 mmol) was added dropwise to the previously prepared
mixture. The reaction was stirred at 160 °C for 16 h, then at
170 °C for 15 h and finally at 180 °C for 4 h in a microwave

reactor (Initiator, Biotage®). The reaction mixture was concentrated under rotary evaporation.
The crude was purified by flash chromatography (SiO2, CH2Cl2/MeOH; 1:0 to 8:2). Mixed
fractions were further purified by preparative TLC to give dark violet crystals of 29 (105 mg,
0.186, 41%). 29-(5)isomer: 1H NMR (400 MHz, CDCl3) δ = 8.90 (d, J = 1.6 Hz, 1H, H15),
8.19 (dd, J = 7.9, 1.7 Hz, 1H, H16), 7.16 (d, J = 7.9 Hz, 1H, H17), 6.51 (s, 2H, H1, H14), 4.42
(q, J = 7.2 Hz, 2H, H18), 3.43–3.19 (m, 8H, H4, H5, H10 and H11), 3.00–2.91 (m, 4H, H2 and
H13), 2.70–2.45 (m, 4H, H7 and H8), 2.13–1.97 (m, 6H, H3 and H12), 1.97–1.81 (m, 4H, H6
and H9), 1.42 (t, J = 7.1 Hz, 3H, H19) ppm. 29-(6)-isomer: 1H NMR (400 MHz, CDCl3) δ =
8.33 (d, J = 8.1 Hz, 1H, H16), 8.20 (dd, J = 8.1, 1.7 Hz, 1H, H15), 7.74 (d, J = 1.6 Hz, 1H,
H17), 6.66 (d, J = 2.4 Hz, 2H, H1, H14), 4.36 (q, J = 7.1 Hz, 2H, H18), 3.43–3.26 (m, 8H, H4,
H5, H10 and H11), 3.05–2.88 (m, 4H, H2 and H13), 2.73–2.53 (m, 4H, H7 and H8), 2.12–2.01
(m, 4H, H3 and H12), 1.91 (q, J = 6.0 Hz, 4H, H6 and H9), 1.38 (t, J = 7.1 Hz, 3H, H19) ppm.
29-isomers(5 and 6): 13C NMR (126 MHz, CDCl3) δ = 166.12, 151.74, 131.58, 130.14, 126.98,
126.44, 105.07, 61.36, 61.34, 50.69, 50.57, 50.18, 50.08, 29.71, 27.52, 27.47, 21.03, 20.90,
20.30, 20.17, 14.40, 14.32, 14.07 ppm. HRMS (ESI) calcd. for [C35H35N2O5]+: 563.2540,
found: 563.253.
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Compound 30[75]
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Compounds 29 (80 mg, 0.142 mmol) were dissolved in dry
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CH2Cl2 (1.5 mL) under N2 atmosphere. Oxalyl chloride (66
µL, 0.783 mmol) was added dropwise and the solution was
stirred for 3 h at 25 °C. The volatiles were removed under
rotary evaporation and the residue was dissolved in dry
CH2Cl2 (1.5 mL). Dry triethylamine (18 µL, 0.128 mmol) and
(trimethylsilyl)diazomethane (142 µL, 0.285 mmol) were

added at 0 °C. The reaction mixture was stirred for 15 h at 25 °C. The reaction mixture was
concentrated under rotary evaporation and purified by flash chromatography (SiO2;
CH2Cl2/EtOAc; 1:0 to 8:2) yielding 30 as a light brown solid (40 mg, 0.068 mmol, 40%). 30(6)-isomer: 1H NMR (400 MHz, CDCl3) δ = 8.05 (dd, J = 8.0, 1.4 Hz, 1H, H15), 7.85 (dd, J =
7.9, 0.7 Hz, 1H, H16), 7.72 (s, J = 1.4, 0.7 Hz, 1H, H17), 6.22 (s, 2H, H1 and H14), 4.31 (q, J
= 7.1 Hz, 2H, H18), 3.15–3.08 (m, 8H, H4,H5, H10 and H11), 2.91–2.85 (m, 4H, H2 and H13),
2.64–2.41 (m, 4H, H7 and H8), 2.05 (t, J = 5.8 Hz, 4H, H3 and H12), 1.94–1.79 (m, 4H, H6
and H9), 1.34 (t, J = 7.1 Hz, 3H, H19) ppm. 30-(5)-isomer: 1H NMR (300 MHz, CDCl3) δ =
8.47 (dd, J = 1.6, 0.7 Hz, 1H, H15), 8.12 (dd, J = 8.1, 1.6 Hz, 1H, H16), 7.14 (dd, J = 8.0, 0.7
Hz, 1H, H17), 6.24 (s, 2H, H1 and H14), 4.38 (q, J = 7.1 Hz, 2H, H18), 3.20–3.02 (m, 8H, H4,
H5, H10 and H11), 2.89–2.84 (m, 4H, H2 and H13), 2.66–2.36 (m, 4H, H7 and H8), 2.10–1.97
(m, 4H, H3 and H12), 1.89 (d, J = 5.5 Hz, 4H, H6 and H9), 1.39 (t, J = 7.1 Hz, 3H, H19) ppm.
30-isomers(5 and 6): 13C NMR (101 MHz, CDCl3) δ = 186.96, 186.89, 166.08, 165.98, 160.75,
156.66, 147.69, 147.61, 143.49, 138.27, 135.96, 135.59, 134.70, 130.74, 129.38, 127.21,
125.83, 124.82, 124.76, 123.73, 122.05, 117.54, 108.43, 107.28, 61.60, 61.45, 50.10, 49.64,
49.61, 27.30, 22.19, 22.15, 21.69, 21.65, 21.45, 14.50, 14.45 ppm. HRMS (ESI) calcd. for
[C36H35N4O4]+: 587.2653, found: 587.2647.
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7.17.5 Synthetic protocols and characterization of compounds in Chapter 5

2'-Diazo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-12-yl propionate (31)
Following the general procedure C: addition of propionyl
chloride (20 µL, 0.23 mmol) gave DACT 31 as a brown
solid (8 mg, 0.016 mmol, 28%) after pentane wash. 1H
NMR (400 MHz, CDCl3) δ = 7.83 (d, J = 7.5, 1.4, 0.7 Hz,
1H, H13), 7.48 (td, J = 7.5, 1.4 Hz, 1H, H14) , 7.42 (td, J =
7.4, 1.1 Hz, 1H, H15), 7.08 (dt, J = 7.7, 0.9 Hz, 1H, H16), 6.99 (d, J = 2.3 Hz, 1H, H8), 6.88
(d, J = 8.6 Hz, 1H, H12), 6.69 (dd, J = 8.6, 2.3 Hz, 1H, H11), 6.28 (s, 1H, H1), 3.20–3.04 (m,
4H, H4 and H5), 2.88 (t, J = 6.6 Hz, 2H, H7), 2.63–2.44 (m, 2H, H2), 2.58 (q, J = 7.5 Hz, 2H,
H9), 2.02 (p, J = 6.4 Hz, 2H, H6), 1.95–1.82 (m, 2H, H3), 1.26 (t, J = 7.5 Hz, 3H, H10) ppm.
13

C NMR (101 MHz, CDCl3) δ = 187.21, 172.63, 155.83, 151.93, 150.69, 146.98, 143.39,

134.69, 134.35, 128.79, 128.46, 125.59, 124.65, 122.29, 119.10, 118.14, 116.80, 110.44,
108.00, 107.01, 49.90, 49.42, 27.77, 27.21, 21.88, 21.33, 21.13, 9.05.ppm. HRMS (ESI) calcd.
for [C30H26N3O4]+: 492.1918, found: 492.1915
2'-Diazo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-12-yl cyclobutanecarboxylate (32)
Following the general procedure C: addition of
cyclobutanecarbonyl chloride (26 µL, 0.23 mmol) gave
DACT 32 as a brown solid (17 mg, 0.033 mmol, 57%)
after pentane wash. 1H NMR (400 MHz, CDCl3) δ = 7.82
(d, 1H, H15), 7.45 (dtd, J = 26.5, 7.4, 1.2 Hz, 2H, H16
and H17), 7.08 (dt, J = 7.7, 0.9 Hz, 1H, H18), 6.99 (d, J
= 2.3 Hz, 1H, H8), 6.88 (d, J = 8.6 Hz, 1H, H14), 6.68 (dd, J = 8.6, 2.3 Hz, 1H, H13), 6.28 (d,
1H, H1), 3.37 (p, J = 8.5, 1.1 Hz, 1H, H9), 3.18–3.05 (m, 4H, H4 and H5), 2.88 (t, J = 6.6 Hz,
2H, H7), 2.63–2.47 (m, 2H, H2), 2.47–2.26 (m, 4H, H10 and H12), 2.11–1.93 (m, 4H, H3 and
H11), 1.92–1.83 (m, 2H, H6) ppm. 13C NMR (101 MHz, CDCl3) δ = 187.38, 173.74, 155.99,
152.08, 150.92, 147.12, 143.58, 134.83, 134.48, 128.91, 128.59, 125.72, 124.78, 122.43,
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119.17, 118.23, 116.92, 110.54, 108.11, 107.10, 50.02, 49.53, 38.26, 27.37, 25.45, 22.04,
21.49, 21.28 ppm. HRMS (ESI) calcd. for [C32H28N3O4]+: 518.2074, found: 518.2073.
2'-Diazo-3'-oxo-2,2',3,3',6,7-hexahydro-1H,5H-spiro[chromeno[2,3-f]pyrido[3,2,1ij]quinoline-9,1'-inden]-12-yl pivalate (33)
Following the general procedure C: addition of pivaloyl
chloride (28 µL, 0.23 mmol) gave DACT 33 as a brown
solid (13 mg, 0.025 mmol, 44%) after pentane wash. 1H
NMR (400 MHz, CDCl3) δ = 7.83 (d, J = 7.5, 1.4, 0.7 Hz,
1H, H14), 7.48 (td, J = 7.4, 1.4 Hz, 1H, H15), 7.41 (td, J
= 7.4, 1.1 Hz, 1H, H16), 7.07 (dt, J = 7.7, 1.0 Hz, 1H,
H17), 6.97 (d, J = 2.4 Hz, 1H, H8), 6.88 (d, J = 8.6 Hz, 1H, H13), 6.66 (dd, J = 8.6, 2.4 Hz,
1H, H12), 6.28 (s, 1H, H1), 3.17–3.08 (m, 4H, H4 and H5), 2.89 (t, J = 6.6 Hz, 2H, H7), 2.63–
2.44 (m, 2H, H2), 2.07–1.97 (m, 2H, H6), 1.94–1.81 (m, 2H, H3), 1.34 (s, 9H, H9, H10 and
H11) ppm. 13C NMR (101 MHz, CDCl3) δ = 187.23, 176.77, 155.88, 151.94, 151.06, 146.98,
143.42, 134.69, 134.33, 128.75, 128.45, 125.56, 124.66, 122.29, 118.96, 118.10, 116.76,
110.39, 107.98, 106.98, 49.89, 49.43, 49.39, 27.23, 27.10, 21.90, 21.34, 21.15 ppm. HRMS
(ESI) calcd. for [C32H30N3O4]+: 520.2231, found: 520.2231.
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9.1

Supporting Figures
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Figure S1. Plot of fluorescence emission at 590 nm of compounds 1–4 (100 µM) in various pH buffers
before photoactivation (black bar) and after photoactivation (color bars). Error bars are SD. Duplicates
were taken for each measured value.
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Figure S2. Plot of fluorescence emission at 590 nm of compounds 1, 5, 6 and 8 (100 µM) against
various pH buffers before photoactivation (black bar) and after photoactivation (10 min, 366 nm color
bars). Error bars are SD. Duplicates were taken for each measured value.
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Figure S3. A) HPL chromatogram (citric acid + Na2HPO4 buffer:CH3CN, pH = 5, 50:50 à 100%) of
a solution of compound 1 (50 µM, citric acid + Na2HPO4 buffer:CH3CN, pH = 5) before (t = 0 s) and
after irradiation (t = 100 s) using a 405 nm LED light source. The chromatogram monitored at 254 nm
shows the presence of the B) E isomer (peak 1) and C) the Z isomer (peak 2) identified from the isolated
fraction by LC-MS. D) Small amount of unidentified impurities (*,**) were observed prior to
irradiation and were not produced during the photoreaction.[171] Data were adapted from the respective
reference.
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Figure S4. A) HPL chromatogram (citric acid + Na2HPO4 buffer:CH3CN, pH = 7.4, 50:50 à 60%) of
a solution of compound 1 (20 µM, citric acid + Na2HPO4 buffer:CH3CN, pH = 7.4) before and after
irradiation (t = 100 s) using a 405 nm LED light source. The chromatogram monitored at 254 nm reveals
the presence of only one peak (mixed isomers) and two unidentified impurities (*,**) detected by
LC-MS (B). LC-MS traces of the same solution subjected to 900 s of irradiation monitored at
C) 254 nm and D) 560 nm. The isolated fraction from the HPLC run, containing peak 1 (t = 900 s, E)
suggesting that both isomers were not separable at pH = 7.4 (LC-MS analysis was carried out in the
presence of 0.1% formic acid). These data suggest that protonation induced fluxionality of the Z isomer
promotes a significant shift in retention time.[171] Data were adapted from the respective reference.
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Figure S5. A) HPLC analysis (citric acid + Na2HPO4 buffer:CH3CN, pH = 5, 50:50 à 100%) of a
solution of compound 1 (50 µM, citric acid + Na2HPO4 buffer:CH3CN, pH = 5) irradiated in time
intervals (t = 0, 20, 40, 60, 80 and 100 s) using a 405 nm LED light source and monitored at 254 nm.
A) HPL chromatogram and B) linear regression plots of the peak corresponding to the Z isomer
irradiated at pH = 5. C) HPL chromatogram and D) linear regression plots of the peak corresponding to
the Z isomer irradiated at pH = 7.4. Open circles represent experimental points (triplicate) and the slope
was obtained from the calculated linear regressions.[171] Data were adapted from the respective
reference.
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Figure S6. A) Plot of the area under the curve of the peak corresponding to the Z isomer of compound
1 in the HPL chromatogram at different irradiation times of a solution of compound 1 in citric acid +
Na2HPO4 buffer:CH3CN (pH = 5) after irradiation with 405 LED (t = 0, 20, 40, 60, 80, 100, 300, 450,
600 and 900 s). The dotted red square represents the linear regime (<150 s irradiation time) and a
photostationary state was reach at ~900 s of irradiation (405 nm, LED) monitored at 254 nm. Open
circles represent experimental points (mean and SD of triplicates) and the line is the fit to an exponential
one phase decay. B) HPL chromatogram of the peaks corresponding to the Z isomer after 100 s of
irradiation and of the same solution after 2 h incubation time in the dark. C and D) Stability
measurements for the Z isomer of compound 1 after reaching the photostationary state (900 s) at pH = 5
and pH = 7.4 monitored in both wavelengths (254 and 560 nm). The points are the area under the curve
of the corresponding peak in the HPL chromatogram measured at the corresponding wavelength.[171]
Data were adapted from the respective reference.
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Figure S7. A) Photoactivation efficiency (405 nm, 20%, 1 s) in HeLa cells for compounds 1–4. Errors
are SD. Panels show bright-field images and images of HeLa cells incubated with B) 2 C) 3 and D) 4
before photoirradiation measured with fluorescence emission (lex = 561 nm, 20%, 500 ms) and after
photoirradiation (lex = 405 nm, 50%, 3 s), with read out in 561 nm (same conditions). Scale bars for
B-D = 10 µm.
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Figure S8. A) Photoactivation efficiency (lex = 405 nm, 20%, 1 s) in HeLa cells for compounds 1, 5, 6
and 8. Errors are SD. Images show HeLa cells incubated with B) 5 C) 6 and D) 8 before photoirradiation
measured with fluorescence emission (lex = 561 nm, 20%, 500 ms) and after photoirradiation
(lex = 405 nm, 50%, 3 s), with read out in 561 nm (same conditions). Scale bars for B-D = 10 µm.
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Table S1. Comparison of irradiation intensities in selected typical STORM experiments and in
Chapter 2. PA = Photoactivation.[171] Data were adapted from the respective reference.
PA

PA

Imaging

wavelength,

pulses,

wavelength,

intensity

duration

intensity

405 nm,

every 10 min,
–2

561 nm,

Work presented in Chapter 2
–2

2.6 W cm

20 ms

0.25 kW cm

405 nm,

continuous

561 nm,

1 kW cm–2

illumination

5-20 kW cm–2

405 nm,

continuous

561 nm,

–2

3 W cm

407 nm,

Nat. Methods 8, 499 (2011)
Proc. Natl. Acad. Sci. U. S. A. 109, 13978 (2012)
–2

illumination

10 kW cm

every 1 s,

561 nm,

Nat. Methods 13, 985 (2016)

50 W cm

100 µs

1.7 kW cm

---

---

647 nm,

–2

–2

Nat. Biotechol. 35, 773 (2017)

1.5-10 kW cm
---

---

reference

647 nm,
2-4 kW cm

–2

Nat. Commun. 9, 930 (2018)
–2

Figure S9. A) Neurons treated with anti-SMI31 selectively staining the phosphorylated neurofilament
H in neurites and imaged with 488 nm laser (0.18 kW cm–2, 20 ms) for marker of neuronal
differentiation. B) Corresponding bright-field image of panel A. Scale bars for A-B = 10 µm.[171] Data
were adapted from the respective reference.
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Figure S10. A) Imaging of dendrites (top) and somas (bottom) of fully mature mammalian neurons
incubated with FM1-43 and compound 1 (PFF-1) (10 µM). Images were acquired in the green (lex =
488 nm, 200 ms) and red (lex = 561 nm, 300 ms) channels after photoactivation. A ROI (white square)
was selected and depicted as a merged image displaying the group of synaptic vesicles that appear in
both channels (white arrows). B) Image of a living neuron under the same staining and imaging
conditions as in panel A, depicting the stained plasma membrane (yellow arrows) using FM1-43,
selective staining of intracellular acidic vesicles using compound 1. C) Image of a living neuron under
the same staining and imaging conditions as in panel A, depicting a synaptic terminus with a high degree
of colocalization in both channels. D) Additional case of specific co-localization of compound 1 to
vesicles and staining of the plasma membrane by FM1-43. E) Demonstration that compound 1 does not
produce a signal in the green imaging channel (488 nm). Scale bars for A-C = 5 µm; ROI = 2.5 µm; DE = 10 µm.[171] Data were adapted from the respective reference.
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Figure S11. Additional example of 3D SMLM of acidic vesicles hopping between three hot-spots (H79).

A) Formation of two diffusion tracks (T3 and T4) between H7-9 shown in the lateral axis (x-y) with a

color-coded depth of 1.5 µm. B) 2D depiction of the same time acquisition as in panel A color coded
in time (2.1 s). The directionality of the tracks is indicated by the arrows. C) 3D reconstruction of panel
A projected on the axial plane (z-x), displaying two tracks (T3 and T4) between (H7-9) on different x-y
planes. D-I) Sequential reconstruction of the diffusion trails shown in panels A-C: Box I = budding of
an acidic vesicle out of H8, boxes II–III = vesicle entering track T3; box IV = emergence of an additional
acidic vesicle from H9; boxes V–VII = unresolved vesicle moving fast along the tracks. J) End of the
diffusion cycle. Scale bars = 1.5 µm.[171] Data were adapted from the respective reference.
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Figure S12. A) Left: absorption spectra (blue solid line) with lmax = 290 and 325 nm (40 µM) and
emission spectra (red dotted line) of 16 (40 µM). Right: spectra at various concentrations ranging from
yellow (10 µM) to blue (50 µM), inset: plot of absorbance at 325 nm against concentration (bottom).
B) Left: absorption spectra (blue) with lmax = 290 and 325 nm (40 µM) and emission spectra (red) of
17 (40 µM). Right: spectra at various concentrations ranging from yellow (10 µM) to blue (50 µM),
inset: plot of absorbance at 325 nm against concentration (bottom). C) Left: absorption spectra (blue)
with lmax = 295 and 575 nm (30 µM) and emission spectra (red) lmax = 600 nm of 18 (30 µM). Right:
spectra at various concentrations ranging from yellow (5 µM) to blue (40 µM), inset: plot of absorbance
at 565 nm against concentration (bottom). D) Left: absorption spectra (blue) with lmax = 505 and 541
nm (30 µM) and emission spectra (red) lmax = 563 nm of 19 (2.5 µM). Right: spectra at various
concentrations ranging from yellow (2.5 µM) to blue (30 µM), inset: plot of absorbance at 541 nm
against concentration (bottom).[197] Data were adapted from the respective reference.
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Figure S13. A) Left: absorption spectra (blue solid line) with lmax = 500 and 541 nm (10 µM) and
emission spectra (red dotted line) lmax = 556 nm of 21 (1 µM). Right: spectra at various concentrations
ranging from yellow (2 µM) to blue (10 µM), inset: plot of absorbance at 544 nm against concentration
(bottom). Left: absorption spectra (blue) with lmax = 295, 435 and 556 nm (50 µM) and emission spectra
(red) of 22 (20 µM). Right: spectra at various concentrations ranging from yellow (10 µM) to blue
(50 µM), inset: plot of absorbance at 565 nm against concentration (bottom). C) Left: absorption spectra
(blue) with lmax = 295, 435 and 556 nm (10 µM) and emission spectra (red) lmax = 600 nm of 23
(10 µM). Right: spectra at various concentrations ranging from yellow (1.75 µM) to blue (10 µM),
inset: plot of absorbance at 572 nm against concentration (bottom). D) Left: absorption spectra (blue)
with lmax = 295, 435 and 556 nm (6.5 µM) and emission spectra (red) of 24 (1.6 µM). Right: spectra at
various concentrations ranging from yellow (1 µM) to blue (10 µM), inset: plot of absorbance at 572 nm
against concentration (bottom).[197] Data were adapted from the respective reference.
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Figure S14. Representative HPL-chromatograms of irradiated solutions of HPL-chromatograms of A)
16 and B) 17 (0.3 mM in CH3CN/PBS 1:1 each) before irradiation (black line) and after irradiation with
405 nm light for 100 min (blue line). Peaks are labeled to indicate the corresponding compounds.
*Uncharacterized impurities of the starting material. Wavelength of detection l = 250 nm.[197] Data
were adapted from the respective reference.

198

Chapter 9 – Appendix

Figure S15. A) Representative HPL-chromatograms of a solution of 16 (0.3 mM in CH3CN /PBS 1:1),
irradiated with 405 nm light for 30 min displays the formation of the diazirine compound 25. B)
Magnification of the HPLC-chromatogram of re-dissolved sample that contained single crystals of 25
reveals the conversion from the diazirine to the diazoindanone in solution. Wavelength of detection

l = 250 nm.[197] Data were adapted from the respective reference.

Figure S16. Thermal stability test of compound 16 (retention time = 4.70 min). LC-MS chromatogram
at A) t = 0 min and B) t = 60 min (0.3 µM) in CH3CN/PBS, stirred at room temperature, shielded from
light. Wavelength of detection l = 220 nm.[197] Data were adapted from the respective reference.
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Figure S17. A) Calibration curves and linear regressions of starting materials 16 and 17. B) Evolution
of the areas of 16 and 17 over a total of 100 min irradiation with 405 nm light. C) Calibration curves
and linear regressions of photoproducts 18, 21 (used to determine evolution areas of 20), 22, 23 and 24.
D–F) Evolution of the areas of 18, 20, and 22–24 over a total of 100 min irradiation with 405 nm light.
Relative fits are represented by dots and solid lines respectively.[197] Data were adapted from the
respective reference.
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Figure S18. Splenocytes incubated with compound 16 at a concentration of 1, 10 or 20 µM followed
by irradiation (t = 0, 1, 2, 3 or 5 min). The fluorescent signal was detected after 1, 6 or 24 h by FACS.
Representative graphs of three independent experiments are shown.
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Figure S19. A) Gating strategy in co-culture studies of intracellular dye transfer in splenocytes labeled
with compound 16 and eFluor670TM. B) Representative FACS analysis of co-culture studies using
DACT16+ and eFluor670TM+ splenocytes mixed in a 1:1 ratio. C) Analysis of % of imLECs stained with
compound 16 and eFluor670TM. Data are shown as mean ± SEM (N = 3).
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9.2

NMR Spectra

Figure S20. 1H NMR (top) and 13C NMR (bottom) spectra of compound 1 in CDCl3.
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Figure S21. 1H NMR (top) and 13C NMR (bottom) spectra of 2 in CDCl3.
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Figure S22. 1H NMR (top) and 13C NMR (bottom) spectra of 3 in CDCl3.
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Figure S23. 1H NMR (top) and 13C NMR (bottom) spectra of 4 in CDCl3.
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Figure S24. 1H NMR (top) and 13C NMR (bottom) spectra of 5 in CDCl3.
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Figure S25. 1H NMR (top) and 13C NMR (bottom) spectra of 6 in (CD3)2SO.
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Figure S26. 1H NMR (top) and 13C NMR (bottom) spectra of 7 in CD3OD.
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Figure S27. 1H NMR (top) and 13C NMR (bottom) spectra of 8 in (CD3)2SO.
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Figure S28. 1H NMR (top) and 13C NMR (bottom) spectra of 9 in CDCl3.
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Figure S29. 1H NMR (top) and 13C NMR (bottom) spectra of 11 in CD3CN.
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Figure S30. 1H NMR (top) and 13C NMR (bottom) spectra of 12 in CDCl3.
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Figure S31. 1H NMR (top) and 13C NMR (bottom) spectra of 13 in CD3CN.

214

Chapter 9 – Appendix

Figure S32. 1H NMR (top) and 13C NMR (bottom) spectra of HMSiR-1 in CDCl3.
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Figure S33. 1H NMR (top) and 13C NMR (bottom) spectra of FM1-43 in CD3CN.
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Figure S34. 1H NMR top, and 13C NMR bottom of compound 14 in CD3OD.
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Figure S35. 1H NMR top, and 13C NMR bottom of compound 15 in CDCl3.
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Figure S36. 1H NMR top, and 13C NMR bottom of compound 16 in CDCl3.
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Figure S37. 1H NMR top, and 13C NMR bottom of compound 17 in CD3OD.
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Figure S38. 1H NMR top, and 13C NMR bottom of compound 18 in CDCl3.
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Figure S39. 1H NMR top, and 13C NMR bottom of compound 19 in CDCl3.
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Figure S40. 1H NMR top, and 13C NMR bottom of compound 21 in CD3OD.
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Figure S41. 1H NMR top, and 13C NMR bottom of compound 22 in CDCl3.
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Figure S42. 1H NMR top, and 13C NMR bottom of compound 23 in CD3OD.
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Figure S43. 1H NMR top, and 13C NMR bottom of compound 24 in CD3OD.
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Figure S44. 1H NMR top, and 13C NMR bottom of compound 26 in CDCl3.
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Figure S45. 1H NMR top, and 13C NMR bottom of compound 27 in CDCl3.
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Figure S46. 1H NMR top, and 13C NMR bottom of compound 28 in CDCl3.
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Figure S47. 1H NMR top, and 13C NMR bottom of compound 29 in CDCl3.
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Figure S48. 1H NMR top, and 13C NMR bottom of compound 30 in CDCl3.
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Figure S49. 1H NMR top, and 13C NMR bottom of compound 31 in CDCl3.
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Figure S50. 1H NMR top, and 13C NMR bottom of compound 32 in CDCl3.
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Figure S51. 1H NMR top, and 13C NMR bottom of compound 33 in CDCl3.
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