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Fluorescent molecules, also called fluorophores, play an important role in life sciences. As
crucial tools in fluorescence microscopy, they can be used to study biological processes on
a cellular level, which is a fundamental aspect of cancer research. Depending on the specific
research question, the requirements for fluorophores can be very diverse. Expanding the toolbox
of fluorescent probes can therefore contribute to the possibilities of fluorescence imaging in
general, especially since no single fluorophore is perfect for all applications.

In this thesis, donor-acceptor fluorophores based on two different core structures, 2,1,3-
benzothiadiazole and indoline, were investigated. The compounds were photophysically studied
by steady-state absorption and fluorescence spectroscopy and examined in fluorescence cell
microscopy.

Monosubstituted benzothiadiazole derivatives with nitrogen-based substituents were
synthesized and photophysically studied in various solvents. Fluorescence microscopy
experiments revealed three promising new compounds that specifically stain lipid droplets in
cancer cells. Lipid droplets are interesting cellular targets for imaging because of their high
relevance in the energy metabolism of cancer cells.

Furthermore, two fluorescent indoline derivatives, which differ only by one functional
group (imine vs ketone) were compared for their photophysical properties and cell imaging
behavior. The indolin-3-imine derivative showed pH sensitivity due to protonation of the
imine moiety, which was significantly enhanced in the excited state because of photobasicity.
Fluorescence microscopy experiments showed ubiquitous cell staining with a tendency towards
lysosomes, which are acidic cell organelles. In contrast, the indolin-3-one analogue featured
lipid droplet-specific staining, although with rapid photobleaching. Spectroscopic studies in
solution revealed photoisomerization through ring-opening upon irradiation, which explained
the emission bleaching during microscopy. While this behavior is not beneficial for imaging
applications, it was found that the indolin-3-one exhibited photoactivated cytotoxicity, which
likely arises from singlet oxygen generation.
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Abbreviations

€ Molar extinction coefficient

Dr Fluorescence quantum yield

A Amax Wavelength of maximum absorption
Aem Detected emission wavelength
AEmax Wavelength of maximum emission
Aex Excitation wavelength

Abs Absorbance

aq. Aqueous

BODIPY Boron dipyrromethene

BTD 2,1,3-Benzothiadiazole

Compd. Compound

D-A Donor-acceptor

dba Dibenzylideneacetone

DFT Density functional theory

DMSO Dimethyl sulfoxide

EDG Electron-donating group

ESPT Excited state proton transfer
Er(30) Reichardt’s solvent polarity parameter
EtOH Ethanol

EWG Electron-withdrawing group

HAT Hydrogen atom transfer

HDF Human dermal fibroblasts

IC Internal conversion

ICT Intramolecular charge transfer
i-PrOH iso-Propanol

ISC Intersystem crossing

LD Lipid droplet

LE Locally excited

logP Logarithmic octanol-water partition coefficient
MDA-MB-231 Human breast cancer cell line
MeCN Acetonitrile

MeOH Methanol

NMR Nuclear magnetic resonance

PEPPSI-IPr  [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene](3-
chloropyridyl)-palladium(II) dichloride



Ph

pH

pKa

pK.
RuPhos
SK-MEL-28
Sh

T
THF
UV-vis
%

VR

Phenyl

Negative logarithm of hydrogen ion concentration
Negative logarithm of acid dissociation constant
Excited state pK,
2-Dicyclohexylphosphino-2’,6'-diisopropoxybiphenyl
Human melanoma (skin cancer) cell line

Electronic singlet state (n = 0 ground state, n = 1 first excited
state, n = 2 second excited state)

First electronically excited triplet state
Tetrahydrofuran

Ultraviolet-visible

Vibrational state

Vibrational relaxation



1 Introduction

Fluorescent compounds, also called fluorophores, are important tools for a
variety of applications in material and life sciences. For instance, they are used
in fluorescence microscopy for bioimaging, which comprises biological
samples such as animals, tissues, and cells. Fluorescence microscopy has
emerged as an indispensable technique to study biological processes on a
cellular level. Fluorophores are hereby utilized to target and image cell
organelles or biomolecules of interest to investigate altered processes
associated with diseases, such as cancer. Cancer is a complex class of diseases
and represents one of the main causes of premature death worldwide.'
Fluorescence microscopy holds promise as a non-invasive diagnostic tool and
a couple of fluorescent dyes are in clinical use for image-guided tumor
surgery.” Irrespective of its intended application, fluorescence imaging is a
method that strongly depends on the availability of suitable fluorescent
compounds. Hence, the development of fluorophores with improved
properties tailored to specific demands is very important within chemical
biology.

In pursuit of developing fluorescent probes for cancer imaging, this thesis
investigates the photophysical properties and cell imaging ability of small
organic fluorophores. Paper I, discussed in Chapter 3, focuses on mono-
substituted 2,1,3-benzothiadiazole (BTD) derivatives that accumulate in
intracellular lipid droplets (LDs), which are organelles with a crucial role in
the energy metabolism of cancer cells. Papers II and III concern two
fluorescent indoline derivatives that structurally only differ by one functional
group (imine vs ketone). Chapter 4 compares the photophysical properties of
these two compounds and their behavior when applied to cells.

The multidisciplinary work discussed in this thesis demands a short
introduction to the basics of fluorescence, fluorescence microscopy,
fluorophores, and LD-targeted cell imaging (Sections 1.1-1.4).

1.1 Principles of fluorescence

Molecules can interact with light by absorbing photons with appropriate
energy. The absorption energy is strongly dependent on the structure of the
molecule, with large conjugated m-electron systems enabling absorption of
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light in the visible spectrum. The absorption efficiency is characterized by the
molar extinction coefficient (¢), which is a compound-specific constant that is
wavelength-dependent and can be affected by the solvent. According to the
Beer-Lambert law (4bs = ¢ - ¢ - ), ¢ is linearly proportional to the absorbance
(Abs) in dilute solutions and can be determined by ultraviolet-visible (UV-vis)
spectroscopy when sample concentration (¢) and optical path length (/) are
known.**

Photon absorption elevates a compound from the ground state (So) to an
electronically excited singlet state (S,, n > 0) in approximately 107" s, which,
according to the Franck-Condon principle, is faster than nuclear motion.**
The compound can relax from S, in multiple ways, which can be schematically
presented using the Jablonski diagram.*’ Figure 1 illustrates a simplified
Jablonski diagram with various electronic (So, Si, Sz, T1) and vibrational states
(v) of a molecule as well as possible transitions between them.
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Figure 1. Simplified Jablonski diagram illustrating radiative (solid lines) and non-
radiative (dashed lines) transitions initiated by photon absorption. Each electronic
state (So, S1, Sz, T1) consists of various vibrational states (v) with v = 0 representing
the vibrational ground state. The following non-radiative transitions are displayed:
vibrational relaxation (VR), internal conversion (IC), and intersystem crossing (ISC).

Following the absorption event, the vibrational ground state of S, (v=0) is
reached by vibrational relaxation (VR) in about 107 s, from which several
transitions can occur.® Non-radiative relaxation from S, to S, is called
internal conversion (IC) and typically happens in the VR timescale.* Radiative
transition through emission of a photon from S; to S is known as fluorescence.
According to Kasha’s rule, this emissive process can only originate from the
S1 (v = 0) state.® Consequently, the fluorescence energy is independent of the
excitation wavelength (4ex). Due to energy loss through VR, the fluorescence
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maximum (Aemax) is shifted to longer wavelengths (i.e., bathochromically) as
compared to the absorption maximum (Aamax) of the So-S; transition. This gap
is known as Stokes shift.* Solvent effects can have a significant impact on
Aamax and Aemax of a dissolved compound by stabilizing or destabilizing ground
and excited states differently. The correlation between Stokes shift and solvent
polarity is typically visualized by Lippert-Mataga plots.**!°

Non-radiative transition from S; (v = 0) to the triplet excited state T; (v > 0)
requires spin conversion and is therefore improbable to happen. Nevertheless,
this so-called intersystem crossing (ISC) can be promoted, for example, by
spin-orbit coupling with heavy atoms. The subsequent radiative transition to
So is termed phosphorescence. Due to its spin-forbidden nature,
phosphorescence happens on a slow timescale of typically 1071 s, which is
much longer than the fluorescence timescale of 107% s.*

Electronic transitions and thus spectroscopic behavior are strongly
dependent on the structure of molecules. For instance, donor-acceptor (D-A)
fluorophores, which combine an electron-donating group (EDG) with an
electron-withdrawing group (EWG) in one molecule, often undergo
intramolecular charge transfer (ICT) to form charge separated excited state
species with lower energy than the locally excited (LE) state. Depending on
the structure of the fluorophore and the solvent polarity, fluorescence from the
LE or the ICT state can be promoted, with the latter always being red-
shifted.*!""!?

The fluorescence quantum yield (@r) can simply be defined as the number
of emitted photons per absorbed photon and can therefore not exceed unity.*
Fluorescence measurements should be carried out at very low concentrations
(Abs < 0.1) to avoid inner filter effects and self-quenching.'® Taking this into
consideration, @r is often determined using the comparative method, which is
based on a reference compound with known quantum yield. For the presented
Papers (I-1II), quinine sulfate in aqueous (aq.) H»SOs (@r=0.55)" or
fluorescein in aq. NaOH (®r = 0.93)'*!° were used as references. Emission
spectra at different concentrations are measured of both, reference (ref) and
compound (compd) of interest under the same conditions. The area enclosed
by the emission band is integrated and the values are plotted against the
absorbance at Acx. Applying a linear fitting function, the slope for the reference
(mrer) and the slope for the compound of interest (#compd) can be determined.
Finally, ®rcompa can be calculated using the following equation, which also
takes the refractive indices (n) of the corresponding solvents into account.*

2
_ . Mcompd | Ncompd
@F,compd_ @F,ref T2
Mref Nref

The mathematical product of ¢ and @r is called brightness and is often used in
the context of fluorescence microscopy.
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1.2 Fluorescence microscopy

Fluorescent molecules are indispensable tools in fluorescence microscopy,
which is an invaluable imaging method in many life sciences. In the last
decades, super-resolution techniques have been developed, with the Nobel
Prize in Chemistry being dedicated to the progress in the field in 2014."
Nevertheless, the fluorescence microscopes most commonly found in
laboratories nowadays are still the widefield and confocal fluorescence
microscopes.

The basic setup of a typical fluorescence microscope consists of a light
source, optical filters, a dichroic mirror, an objective, and a detector system
with an eyepiece or a camera (or both).'” As illustrated in Figure 2, the
excitation filter determines the wavelength range used to excite the sample
(4ex) and the dichroic mirror reflects that light to the sample while transmitting
longer wavelengths (i.e., the emission of the sample) to the detector. An
emission filter can be used to select the range of wavelengths that is finally
detected (Aem).

Detector /O\
+ Confocal microscope:

s == Pinhole
[ |

Emission filter

A

Dichroic mirror

Excitation filter

Objective

#

E——————— Samp|e

Figure 2. Simplified schematic illustration of the function principle of fluorescence
microscopes. Distinctive features of typical confocal microscopes are indicated in
light grey boxes.

The dichroic mirror and filters can be combined in a so-called filter cube.'”
Usually, several filter cubes are installed that allow imaging across the UV-
vis light spectrum. The widefield fluorescence microscope used in this work
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has, for example, a blue channel with Aex = 325-375 nm and Aem = 435—
485 nm, and a green channel with Aex = 460-500 nm and Aem = 512-542 nm.

The essential additional component that distinguishes a confocal
microscope from the widefield alternative is a pinhole in front of the detector
that rejects out-of-focus light and thus allows for better resolution of the
acquired image (Figure 2). Furthermore, confocal laser scanning microscopes
use lasers to excite a small spot, which is scanned over the sample to construct
the image.'®

1.3 Prevalent fluorophores used for cell imaging

The basis of organic fluorophores is typically a (hetero)aromatic scaffold.
Some of the most common structures in fluorescent dyes for bioimaging are
coumarins, boron dipyrromethenes (known as BODIPY dyes), cyanines, and
xanthenes (Figure 3).'"?? Xanthenes constitute the core of fluoresceins and
rhodamines. If the fluorophore itself shows adequate specificity for a cellular
target, it can be applied directly to cells for staining, while unspecific
fluorophores can be used as fluorescent labels, e.g., for immunofluorescence.

Boron dipyrromethene

Coumarin (trademark: BODIPY) Xanthene Cyanine
[N /IR
X =T & e
NN N O O \3"9"\;‘/‘ P\ N,\*‘“’"
SRS FF © H nH

CO,H CO,R
=z z
+
(0] O OH RoN O NR,
Fluorescein Rhodamines
(R =H or alkyl)

Figure 3. Common core structures of fluorescent dyes used for bioimaging. The color
spectrum indicates typical spectral regions of emission of the compound classes.

Immunofluorescence is a commonly used method, in which a primary
antibody is used to target a specific biomolecule in the cell.” Usually, a
secondary antibody tagged with a fluorophore is subsequently used to bind to
the primary antibody, thereby visualizing the target. Alternatively,
fluorophore-labeled primary antibodies can be utilized, circumventing the
need for a secondary antibody. Although this staining method is very versatile
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with respect to target variety, it requires rather expensive antibodies, multi-
step staining procedures, and fixation of the cells (followed by
permeabilization) since antibodies typically have very poor cell
permeability.”® The latter poses a significant limitation to applications as
immunofluorescence experiments cannot be performed on living cells.
Nevertheless, immunofluorescence is commonly used for co-staining in the
development of new organelle-targeted fluorescent probes to ascertain the
probe localization.

Small molecular fluorescent probes, unless highly polar, are usually cell
permeable and thus can be used for live cell imaging, provided that the cell
viability is not affected. Simple and quick staining procedures can also be
highlighted as an advantage. On the other hand, careful consideration should
be given to the selection of a suitable fluorophore that meets the specific
demands of the experiment. For example, fluoresceins’* and long-chain
cyanines™? often suffer from low photostability, which is especially
problematic when long-term imaging is desired. BODIPY dyes are infamous
for their small Stokes shifts,”” which may lead to low signal to background
ratios due to scattering of excitation light or reabsorption effects.?®?
Extensive efforts have been dedicated to improve the properties of
fluorophores based on these established core structures, such as increasing the
photostability,”>* the Stokes shift,””****! and the brightness.?>***
Moreover, fluorophores with core structures beyond these classical scaffolds
have been developed, such as indolizines,**’ BF, formazanates,*®>' Si-
rhodamines,’*>” or BTDs.***!

Derivatives of BTD are the focus of Chapter 3 of this thesis, while
Chapter 4 describes the introduction of a new structure for cell imaging,
namely indolin-3-imine, which is compared with the rather underexplored
indolin-3-one analogue.

1.4 Organelle-targeted fluorescence cell imaging

Eukaryotic cells enclose various organelles with different functions that can
be affected by diseases. Organelle-specific imaging is therefore important to
study these diseases with respect to therapeutical approaches but also as
diagnostic means.

Fluorescent probes for organelle-targeted cell imaging should ideally show
high target specificity without background staining, high brightness and
photostability, good cell permeability, large Stokes shift, as well as narrow
absorption and emission profiles. The latter is particularly important for
multicolor imaging applications (e.g., colocalization experiments).
Furthermore, the fluorescent probe should not be cytotoxic or interact with its
target in a way that influences its properties and function.’*%
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As mentioned before, antibodies that selectively bind to organelle-specific
proteins can be used. Alternatively, molecular fluorescent probes can be
equipped with structural motifs that selectively target organelles.®**® For
example, weakly basic amines (typically morpholine) linked to the
fluorophore can be used as a targeting group for lysosomes due to the low
lysosomal pH.™*® And cationic moieties such as triphenylphosphonium
typically localize in mitochondria because of the negative mitochondrial inner
membrane potential.®*”® Moreover, LDs can be targeted using lipophilic
probes.”"™* This will be discussed in more detail in the following Sections as
the majority of the presented Papers in this thesis concern LD-specific
fluorophores.

1.4.1 Lipid droplets and their role in cancer cells

Lipid droplets (LDs) are spherically shaped organelles, consisting of a
hydrophobic core (mainly triacylglycerols and cholesteryl esters) enclosed by
a phospholipid monolayer (Figure 4). This membrane is decorated with
diverse proteins that control several aspects of LD dynamics, such as growth,
degradation and organelle interactions.”>”"

. _ Phospholipid
. ~  (Hydrophilic head, hydrophobic tail)

]
o‘j‘o

Figure 4. Simplified structure of a lipid droplet illustrating a phospholipid monolayer
enclosing triacylglycerols and cholesteryl esters. R = hydrocarbon chains.

After their formation in the endoplasmic reticulum, LDs are released into the
cytosol, where they mainly serve as energy storage for the cell. They are
degraded via lipolysis or lipophagy to provide energy for metabolic processes
or substrates for membrane synthesis during cell proliferation.” Nutrient
deprivation initiates hydrolysis of the neutral lipids in the LD core, making
fatty acids available for f-oxidation in mitochondria or peroxisomes and thus
re-establishing the energy supply. An additional function of LDs is to protect
the cell from lipotoxicity by capturing free fatty acids in the cell, which are
considered toxic.”"*

Altered LD metabolism is associated with several metabolic diseases such
as obesity, diabetes, cardiovascular diseases, or cancer. LDs represent
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substantial elements in energy metabolism and are therefore involved in all
stages of cancer development.”>”

Lipid droplets are obviously characteristic for adipocytes but in the last
decade LD accumulation has been attributed to various types of cancer, such
as breast and prostate cancers, as well as melanoma.”*’*”” Furthermore,
oxygen-deficiency (i.e., hypoxia) in cancer cells typically contributes to the
accumulation of LDs. Tumor hypoxia is a result of excessive cell proliferation
that outgrows the wvascular supply and thus is associated with high
aggressiveness and poor prognosis.”®® The cancer cell metabolism is
reprogrammed in order to ensure survival, including increased lipogenesis and
thus LD accumulation.” Irrespective of whether the cancer cells are hypoxic
(1-5% O) or normoxic (10-21% 0,),*' LD dynamics have significant impact
on cancer cell proliferation and resistance to death, for example through
chemotherapy. LDs can therefore serve as high potential biomarkers for
cancer diagnosis and prognosis.”

1.4.2 Fluorescent probes targeting lipid droplets

Access to adequate imaging tools is the vital basis of studying LDs and their
role in cellular metabolic processes. Fluorescence imaging has emerged as a
highly sensitive technique that typically enables straightforward sample
preparation and, in many cases, live-cell imaging. The latter is especially
important when LD dynamics are to be studied. Some of the most commonly
used and commercially available fluorescent probes for LDs are Nile Red,
BODIPY 493/503, and Oil Red O (Figure 5).5*%

:Ij@

Nile Red BODIPY 493/503 Oil Red O

Figure 5. Commercially available fluorophores for LD staining.

The major benefit of Oil Red O is certainly its inexpensiveness, but its
insolubility in water limits its application to fixed cells. Furthermore, the
alcoholic solution needed for cell staining, can affect the lipid droplets in the
cell.***” Nile Red and BODIPY 493/503 are often used for colocalization
experiments in the development of new LD probes to confirm LD staining
patterns. However, when performing imaging experiments, some unfavorable
properties of these fluorescent dyes need to be taken into consideration.
Nile Red is known for staining various lipid structures in the cell (not only
LDs) and its broad absorption and emission profiles can lead to channel
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overlap and therefore limit its use in multicolor fluorescence imaging.”! 33

BODIPY 493/503 is more selective for LDs than Nile Red and its narrower
absorption and emission bands are beneficial for multicolor fluorescence
imaging. On the downside, the BODIPY dye is less photostable and features
unfavorably small Stokes shifts 67!

During the last decade, a variety of fluorescent probes for LDs based on
small molecules have been developed. While extensive summaries of reported
LD dyes have been published in a few review articles,”"""** some selected
examples with particular relevance for this thesis are appropriately discussed
in Chapters 3 and 4.
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2 Aims of the thesis

The overall objective of the presented work in this thesis was to contribute to
the development of fluorescent probes for cell imaging based on the
benzothiadiazole and indoline scaffolds (Figure 6). To accomplish this, the
effect of structural modifications of the fluorophores on the photophysical
properties as well as their ability to target and specifically image cellular
organelles were investigated.

The work described in Chapter 3 (Paper I) aimed to synthesize a series of
4-N-substituted BTD derivatives (Figure 6) and to study their photophysical
properties in various solvents using steady-state absorption and fluorescence
spectroscopy. The aim was further to examine the utility of the compounds as
probes for fluorescence cell microscopy, with focus on LD-specific imaging.

The work described in Chapter 4 aimed to investigate and compare the
photophysical properties and cell imaging utility of a fluorescent indolin-3-
imine derivative (Paper II) and its ketone analogue (Paper III; Figure 6),
including their effect on cell viability.

BTD derivatives (Chapter 3, Paper 1): Indoline derivatives (Chapter 4, Papers Il and Il):
R X
R"
1\
N. _N N Ph
S H
R',R" = H, alkyl, acyl, aryl or X =0 or NH

NR'R" = amino acid, heterocycle

Figure 6. Overview of the fluorophores studied in this thesis. The BTD and the
indoline core structure is highlighted in purple and teal, respectively.
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3 Fluorescent benzothiadiazole derivatives
for lipid droplet imaging (Paper I)

3.1 Background

Benzothiadiazole (BTD, Figure 7) is a heterocyclic molecule with electron-
poor, aromatic character.? In the last decade, it has attracted remarkable
attention as an electron accepting unit in organic electronics, such as organic
light-emitting diodes and photovoltaic devices.””** Furthermore, many BTD
derivatives with electron-donating substituents have been applied as
fluorescence imaging probes for cell biology.®'**> BTD-based fluorophores
typically unite characteristics that are favorable for bioimaging, including
large Stokes shifts, high (photo)stability, and membrane permeability.”* Two
examples of BTD-based fluorophores that have shown organelle specificity in
fluorescence cell imaging are depicted in Figure 7. The compound named
Splendor was reported as a fluorescent probe for selective staining of
mitochondria in cancer cells,” while DBTD was applied to selectively image
lysosomes.’® Both compounds are D-A fluorophores, generated by combining
EDGs with the electron-withdrawing BTD scaffold (Figure 7). The electron
acceptor strength of BTD in Splendor is enhanced by an electron-
withdrawing 2-pyridinylethynyl substituent in para-position to the donor. In
general, the photophysical properties of BTD-based fluorophores can be tuned
quite readily by substituent modifications.

Parent structure: BTD derived D-A fluorophores for cell imaging:
~ ;< >
O o= OO
N N I { R )
1N N3 N.-N N .-N
S S S
2
BTD Splendor DBTD
Selective for mifochondria Selective for lysosomes

Figure 7. Structure of 2,1,3-benzothiadiazole (BTD) with atom numbers indicated in
grey. Splendor and DBTD are examples of D-A fluorophores based on BTD that can
be used for organelle selective cell imaging.>® Donor and acceptor units are depicted
in teal and purple, respectively.
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The following Sections comprise further introduction to the synthesis of BTD
derivatives and examples of BTD-based fluorophores used for cell imaging,
with particular focus on LD-specific probes. Subsequently, the synthesis,
photophysical properties and LD imaging utility of a series of fluorescent 4-
N-substituted BTD derivatives (Paper I) is presented.

3.1.1 Synthesis of benzothiadiazole derivatives

The most common method to synthesize BTD is by ring-closure of 1,2-
diaminobenzene with thionyl chloride in the presence of a base.”"’
Subsequent electrophilic aromatic substitution with molecular bromine yields
4-bromo-BTD or 4,7-dibromo-BTD,” which are popular precursors for
further versatile structural modifications such as cross-coupling reactions to
generate m-extended BTD derivatives.”’ For instance, Splendor (Figure 7)
was synthesized by successive Sonogashira and Suzuki-Miyaura couplings.”
The BTD positions C5 and C6 are more difficult to access synthetically and
substituents there are often introduced on the 1,2-diaminobenzene derivative
before ring-closure with a sulfur source. This approach has, for example, been
used in the synthesis of 5-bromo-BTD?® and DBTD’ (Figure 7). Good
nucleophiles, such as many amines, can be introduced by simple nucleophilic
aromatic substitution if the electron-poor nature of 4-halide-substituted BTD
is further amplified by an EWG on C7, such as a cyano or a sulfonyl
group.””'®" If this condition is not given, palladium-catalyzed Buchwald-
Hartwig aminations of brominated BTD are often the method of
choice.’®'%! In line with a few other approaches towards the direct
functionalization of BTD,'!'!! very recently, a photochemical amination
protocol for BTD with secondary amines was reported.''! Moreover, BTD can
act as a directing group for Pd(II)-catalyzed reactions, including arylations and
halogenations. Phenyl-BTDs''*!"® and amido-BTDs''*!'> have been further
functionalized using this strategy.

The BTD core demonstrates high chemical stability under most conditions.
However, reducing agents such as LiAlH4''®, Mg/methanol''” or in some cases
even NaBH,''"''"" cause reductive sulfur extrusion to yield 1,2-
diaminobenzenes.’' Finally, it should be noted that many BTD derivatives
used as precursors in synthesis are commercially available nowadays, such as
various brominated BTD derivatives and 4-amino-BTD.
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3.1.2 Benzothiadiazole-based fluorophores for cell imaging

Many small BTD derivatives have been studied for their use in fluorescence
microscopy. In this regard, B. A. D. Neto and co-workers deserve a mention
due to their pioneering and continuous work to develop fluorescent BTD
derivatives for bioimaging applications.®’ Besides mitochondria and
lysosomes, as mentioned previously (Figure 7), BTD derivatives for specific
staining of nuclei, plasma membranes, or LDs have also been reported.®’ In
Figure 8, a selection of BTD-based compounds is presented, which highlights
the significant impact on target selectivity that small molecular modifications
can have. For example, 4-N-naphthylamino-BTD stains mitochondria whereas
the quinoline analogue (one carbon replaced with nitrogen) stains lipid
droplets (Figure 8A).'*'?! Additionally, the position of the pyridine nitrogen
atom in 4-N-pyridylamino-BTD can affect mitochondria staining, as well as
bromide substitution on C7 of BTD (Figure 8B).!**'** Furthermore, including
an acetylene linker between the two aromatic units of phenyl-BTD turns an
unspecific fluorophore into a fluorescent probe for LDs (Figure 8C)."**!°
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Mitochondria Unspecific Unspecific

Lipid droplets Mitochondria Lipid droplets

Figure 8. Selected examples'?’1% of fluorophores showing that even small molecular

modifications (highlighted in green) can affect the staining pattern and organelle
selectivity in cells.

The first BTD-based fluorescent probe specific for LDs was an oleamide
conjugate, which was reported by Neto and co-workers in 2014 (BTD-AO,
Figure 9).°° The subsequent development of smaller LD-specific BTD
derivatives has shown that it is not necessary to use such a highly lipophilic
substituent to achieve LD staining. BTD-QN,"?! BTD-CCPh,'” and
LD-BTD1'* (Figure 9) represent such small monosubstituted fluorescent
probes. The compound LD-BTD1 was reported by Dyrager and co-workers
in 2017 to provide nearly background-free LD staining in melanoma cells (i.e.,
skin cancer cells).”® The fluorophore showed favorable photophysical
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properties for fluorescence imaging of LDs, such as large Stokes shifts, high
@ in apolar solvents, and fluorescence quenching in aq. environments.'*
Figure 9 shows its photophysical data in comparison with other LD-specific
dyes. Its great imaging results towards LDs were ascribed to a combination of
relatively high lipophilicity (experimental logP = 3.3)' and strong
fluorescence quenching in aq. environment, such as the cytosol. On the other
hand, low water solubility and a relatively low brightness (due to low &) were
attributed to LD-BTD1.

BTD-CCPh LD-BTD1

Figure 9. Examples of monosubstituted BTD derivatives used for LD-specific
fluorescence imaging. Photophysical properties in toluene and alcohol solution
(MeOH or EtOH) are indicated in grey.®%!21:125:126 y 3 = data not available; units: Aamax
and Agmax in NM, ¢ in M ' cm™.

The work described in the following Section 3.2 builds upon the reported
compound LD-BTD1 (Figure 9). A series of BTD derivatives with various 4-
N-substituents (amines and amides) were synthesized and their photophysical
properties were investigated. Direct attachment of the N-substituent on BTD
was expected to increase the water solubility due to the absence of the
lipophilic phenyl linker. The compounds were tested for their utility as
fluorescence imaging agents in cancer cells, including to examine if LD-
specific staining is maintained with the less lipophilic compounds (compared
to LD-BTD1).

26



3.2 Results and discussion

3.2.1 Synthesis of 4-N-substituted benzothiadiazole derivatives

The commercially available 4-amino-BTD (1) served as substrate for
methylation and acylation to give compounds 2, 3 and 4, 5, respectively
(Scheme 1). The low yields of the mono- and dimethylated derivatives 2 and
3 (~40%) can partially be explained by challenging purification along with
volatile behavior of both compounds. Amide-substituted BTDs 4 and 5 were
obtained via nucleophilic addition-elimination of 1 and the corresponding acyl
chloride in 92% and 65% yield, respectively. Compound 1 itself was purified
by sublimation prior to photophysical and cell imaging studies.

QNHZ Mel, K,CO; QN/
R > A
N. N

/

- DMF, 50 °C, 21 h N_ _N
S 1 S
2, 36%
/
paraformaldehyde, NaBH3;CN N
- \
7\
AcOH, rt, 26 h -
S
3, 42%
0,
R
R-COCI, pyridine N
> /I H
CH,Cl,,0°Ctort, 2.5-3.5h N\S’N
R =4 Me, 92%
5 n-Pr, 65%

Scheme 1. Synthesis of 4-N-substituted BTD derivatives 2—5 starting from 4-amino-
BTD (1). Me = methyl; DMF = N,N-dimethylformamide; AcOH = acetic acid; rt =
room temperature; n-Pr = normal-propyl.
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The remaining compounds in the series (6—15) were prepared from 4-bromo-
BTD through cross-coupling reactions (Scheme 2). Palladium-catalyzed
Buchwald-Hartwig aminations using PEPPSI-IPr and cyclic or primary
amines afforded compounds 6—12 in moderate to high yields (54-85%). Using
the same conditions for the synthesis of the diphenylamino derivative 13,
however, gave a very poor yield (6%). Alternatively, the Pd,(dba)s/RuPhos
catalytic system was found to provide an improved yield of 35%. The amino
acid derivatives 14 and 15 were synthesized via Ullmann-type coupling using
copper(l) iodide in 26% and 36% yield, respectively.

R
Qgr amine, +-BuOK, PEPPSI-IPr QN’
R N R

Y

Y

N. _N toluene, 120 °C, 3.5-4.5 h N_ _N
s’ s’
6-12
Ph
HNPh,, Cs,COs, Pdy(dba)s, RuPhos N
> /R Ph
toluene, 120 °C, 24 h N. _N
S
13, 35%
R (0]
L-amino acid, K,CO3, Cul N OH
N H

DMA, 90 °C, 5-6 d

s
R = 14 Bn, 26%
15 i-Pr, 36%
/ \ IR'
Ny NG N
Q Q Q \H
Y R R
N. N NN N, N
s s s
Y = 6 CHy, 85% 10, 71% R'= 11 Cy, 70%
7 0,73% 12 Ph, 76%
8 S,59%
9 NMe, 54%

Scheme 2. Synthesis of 4-N-substituted BTD derivatives 6—15 via Buchwald-Hartwig
aminations or Ullmann-type couplings starting from 4-bromo-BTD. #-BuOK =
potassium tert-butoxide; DMA = N,N-dimethylacetamide; Bn = benzyl; i-Pr = iso-
propyl; Cy = cyclohexyl; Ph = phenyl.

It should be noted that none of the reactions described above were optimized
and there might be more efficient synthetic protocols. However, the main goal
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was to obtain several milligrams of pure material for the photophysical
characterization and cell studies.

3.2.2 Photophysical characterization

Before discussing the photophysical properties of the 4-N-substituted BTD
derivatives (1-15), an honest mistake in the procedure of the fluorescence
measurements needs to be disclosed. In Paper I, the appearance of dual
emission in the spectra of the amides 4 and 5 in hexane is described, which
was interpreted as fluorescence from the LE state and the ICT state. However,
we recently discovered that this dual emission is not reproducible when the
spectra are acquired using a different fluorometer (Figure 10A).

A) > 10 ] 4 in hexane B) 30+ m 4
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B .o £ 104« 11 -
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Figure 10. Comparison of original emission data in Paper I with remeasured data. A)
Normalized emission spectra of the amido-BTD derivative 4 in hexane (Aex =360 nm);
the original spectrum (in teal) shows two emission maxima in contrast to the
remeasured spectrum (in purple). B) Absolute difference between remeasured and
original Agmax values (Adgmax) of compounds 4, 6, 7, 10, 11, and 13 in different solvents
(hexane, toluene, THF, DMSO, and MeOH) plotted against the corresponding
remeasured Agmax Values. The remeasured values below the grey line (Agmax < 516 nm)
are smaller than the original values, whereas the remeasured values above the grey
line (Agmax > 516 nm) are larger. The emission of compound 4 in hexane was not
included in the plot due to the two maxima in the original data; instead, its emission
in water (with 5% DMSO) was added.

The reason for the apparent dual emission in the original spectrum is
presumably that the old instrument (that was used to record the fluorescence
data in Paper I) had strong wavelength-dependent intensity variations in the
fluorescence detection, which were not corrected appropriately in the acquired
raw data. We suspect that a drop in the detected intensity close to the actual
emission maximum of the amides (e.g., 4, Zemax = 447 nm in hexane) caused
the apparent dual emission. Unfortunately, the old instrument is no longer
accessible, so this hypothesis cannot be confirmed with absolute certainty.
Nevertheless, this issue is currently being further investigated by remeasuring
all compounds in Paper I on the new instrument, which automatically corrects
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acquired raw data with correction factors provided by the manufacturer. An
appropriate correction of Paper I will be submitted to the corresponding
publisher in the near future.

The emission data for some of the 4-N-substituted BTD derivatives (4, 6,
7, 10, 11, and 13) were remeasured in time to be included in this thesis
(Table 1; remeasured emission spectra and further graphs are included in the
Appendix). Figure 10B demonstrates the wavelength-dependent degree of
deviation between the remeasured and the original Agmax. The more the
emission maximum diverges from 516 nm, the larger the difference between
the original and remeasured data. Remeasured values with Agmax < 516 nm are
smaller than the original values, whereas remeasured values with Agmax > 516
nm are larger. Accordingly, compounds 6 and 13, which have the most red-
shifted emission maxima in the series (Aemax = 660 and 662 nm, respectively),
showed the largest deviation (Ademax = 25 and 24 nm, respectively). Moreover,
the remeasured fluorescence quantum yields showed varying deviations from
the original data (e.g., 7, @r,remeasured = 0.49 and 0.40 vs Dr,original = 0.50 and
0.32 in toluene and THF, respectively). Importantly, the general photophysical
trends, observed for the original data, are the same as in the remeasured data.
Emission-related values of compounds (i.e., Agmax, @r, and Stokes shift) that
are stated in the following discussion refer to remeasured data.

The photophysical properties of compounds 1-15 were investigated by
UV-vis absorption and fluorescence spectroscopy in a variety of solvents of
different polarity: hexane, toluene, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO), methanol (MeOH), and water. The amino-BTD derivatives (1-3 and
6-15) feature more red-shifted emission in all studied solvents than the amides
(4 and 5), in accordance with their stronger electron-donating nature. The Agmax
and the generally large Stokes shifts of all compounds increase with solvent
polarity (e.g., Stokes shift = 75-187 nm / 4510-9856 cm™' for 4 and 130249
nm / 6052-9515 cm' for 7). The solvatochromic emission spectra of
compounds 4 and 7 are depicted in Figure 11.

A) ” 1.2+ Compound 4 Hexane B) g 1.2 = Compound 7 Hexane
= 1 —— Toluene = 1 Toluen
2 1.0 ___..T?.“l:]e 2 1.0 >, ——THF ©
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E 064 Water E 064
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Figure 11. Normalized emission spectra of the amido-BTD derivative 4 (A) and the
amino-BTD derivative 7 (B) in various solvents (remeasured data), showing positive
solvatochromism. The spectrum of 7 in water is missing due to quenched emission.
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Table 1. Photophysical data of compounds 4, 6, 7, 10, 11, and 13, remeasured using a
Shimadzu RF-6000 fluorometer. Acquired raw data was automatically corrected for
wavelength-dependent intensity variations (correction factors provided by the
manufacturer).

Compd. Solvent AEmax (nm) Stokes shift (nm / cm ™) Dg?
4 Hexane 447 7574510 0.46
Toluene 471 97 /5507 0.64

THF 482 108 /5991 0.64

DMSO 508 135/7125 0.58

MeOH 516 154 /8244 0.14

H,OP 539 187 /9856 0.02

6 Hexane 537 124 /5591 0.52
Toluene 577 157 / 6479 0.46

THF 592 172 /6918 0.35

DMSO 639 216 /7991 0.13
MeOH 660 247 /9062 <0.01

7 Hexane 533 130/ 6052 0.61
Toluene 571 162 /6937 0.49

THF 585 177 /7416 0.40

DMSO 635 223 /8524 0.15
MeOH 651 249 /9515 <0.01

10 Hexane 528 82 /3482 0.44
Toluene 571 113 /4321 0.42

THF 582 125 /4700 0.35

DMSO 632 168 /5729 0.12
MeOH 655 196 / 6519 <0.01

11 Hexane 526 95/4190 0.51
Toluene 560 122 /4974 0.33

THF 577 135/5293 0.29

DMSO 631 180 /6325 0.05
MeOH 649 206 /7165 <0.01

13 Hexane 533 85 /3560 0.42
Toluene 577 124 /4744 0.27

THF 600 149 /5506 0.17

DMSO 662 211/7067 0.02

MeOH n.e. n.e. n.e.

@ @ of 4 was determined relative to quinine sulfate in 0.05 M aq. H2SO4 (@r = 0.55)'%, dex =
360 nm; &r of 6, 7, 10, 11, and 13 was determined relative to fluorescein in 0.1 M aq. NaOH
(DrF=0.93)!4 dex =450 nm (6, 7, 10, 11) or 460 nm (13). ® With 5% DMSO. n.e. = no emission
detected.
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Lippert-Mataga plots”!? represent the correlation between Stokes shifts and

the solvent orientation polarizability parameter. The Lippert-Mataga plots of
all studied compounds show large positive gradients, which is true for both
the original and remeasured data. This indicates a significant increase in dipole
moment upon excitation, which is expected for emission from fluorophores
that undergo ICT in the excited state. In general, a better linearity was
observed for correlations between Stokes shifts and Reichardt’s Et(30)
solvent polarity parameter'”’ as opposed to the orientation polarizability
parameter”'” (the new graphs are included in the Appendix).

The fluorescence quantum yields of BTD derivatives with an amine
substituent (1-3 and 6-15) decrease with increasing solvent polarity (e.g., 6,
@r = 0.52 in hexane and @r = 0.13 in DMSO). A linear correlation was found
between @ values and the E1(30) solvent polarity parameter'?’ in aprotic
solvents. In MeOH, the compounds are barely emissive (@r < 0.01). The
derivatives with a weaker electron-donating amide substituent (4 and 5) retain
a high quantum yield in DMSO (@ = 0.58 for 4) but also decrease in protic
solvents. The fluorescence decrease, however, is less pronounced compared
to the amines, with 4 retaining fluorescence in MeOH and even in aq. solution
(@r = 0.14 and 0.02, respectively). Fluorescence quenching in protic solvents
is a common phenomenon that affects many fluorophores. Different possible
explanations have been discussed in literature, including hydrogen bonding
effects and through space energy transfer from the excited fluorophore to
solvent vibrational stretching modes (A > 600 nm).'?®

Comparison of dimethylamino-BTD 3 (original data) with LD-BTD1 (data
taken from the literature)'?® reveals that the phenyl linker has significant
influence on the photophysical properties. Similar Aamsx Were observed for
both compounds, whereas the emission maxima of 3 were more blue-shifted.
The molar extinction coefficient of LD-BTD1 (¢ = 7100 M ' cm™")'* was
nearly twice as high as for 3 (¢ = 3600 M"' cm™") in hexane, which could be
expected due to the extended conjugated system. The fluorescence quantum
yield in apolar solvents was also significantly larger for LD-BTDI1, while a
comparable quenching behavior in polar solvents was observed.

In analogy to the emission maxima, the Aamax of the studied amino-BTD
derivatives (1-3 and 6-15) were generally more red-shifted than the
absorption of the amides (4 and 5), ranging between 380—464 nm and 352—
375 nm, respectively. The amino-BTD derivatives showed small
bathochromic shifts of Aamax With increasing solvent polarity in aprotic
solvents (for example 7, Aamax = 403 and 412 nm in hexane and DMSO,
respectively). Stronger hypsochromic shifts were observed in polar protic
solvents for tertiary amines 3 and 6-9 (for example 7, Aamax = 402 and 380 nm
in MeOH and water, respectively). This phenomenon often occurs with
aromatic amines and is commonly ascribed to hydrogen bonding effects
between the nitrogen lone pair and the solvent.'”*!** The ability of primary
and secondary amines to act as hydrogen bond donors typically mitigates this
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effect. The absorption maximum of the diphenylamino derivative 13, in which
the nitrogen lone pair is delocalized over three aromatic rings, remained nearly
constant in all solvents. Another exception was the pyrrolidine derivative 10,
which exhibited a red-shifted absorption maximum in water (Aamax = 460 nm)
compared to hexane (Aamax = 446 nm). In general, the red-shifted Aamax of 10
in all solvents compared to the other compounds stood out (for example 10,
Aamax = 446 nm and 6, Aamax = 413 nm in hexane). Density functional theory
(DFT) calculations indicated a flattened geometry around the nitrogen atom
and relative to BTD, as compared to the piperidine derivative 6 (Figure 2 in
Paper I). This might allow better conjugation of the nitrogen lone pair of 10
with the BTD n-system, which is also reflected in its higher molar extinction
coefficient (for example 10, ¢ = 5000 M' cm™ and 6, ¢ = 3000 M"' cm™ in
toluene). Compounds containing an aromatic ring as substituent on the amine,
in addition to BTD (i.e., 12 and 13), featured higher & than compounds with
aliphatic substituents (e.g., 12, ¢ = 6300 M'em'and 11, 6=3500 M ' cm™!
in hexane). Comparing the aniline derivative 12 with LD-BTD1'?® shows that
the molar extinction coefficient is marginally increased when the phenyl ring
is placed as a linker between the acceptor and the donor (7100 M™' cm™ for
LD-BTD1 in hexane'*).

The compounds that proved useful for cell imaging, 11-13 (see below,
Section 3.2.3), were further investigated. Their photostability was examined
in toluene. Compound 13 showed excellent photostability while the emission
intensity of 11 and 12 decreased by about 15% after 30 min of irradiation in
the fluorometer with maximum excitation slit width (i.e., 20 nm bandwidth).
Furthermore, compounds 11-13 were examined for their aggregation behavior
in DMSO/water mixtures with increasing fractions of water. The emission
intensity of compounds 11 and 12 quickly decreased with increasing water
fractions, which is in line with the generally observed fluorescence quenching
in protic solvents (discussed above). Compound 13 initially showed a similar
behavior, however, the emission was significantly increased with 90% and
95% water content. The sudden emission increase in mixtures with high water
content is most likely due to aggregation induced emission, which is a
common behavior of lipophilic BTD derivatives,'?>!!-13
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3.2.3 Fluorescence imaging of cancer cells

The BTD derivatives 1-15 were examined as potential probes for fluorescence
cell microscopy. The compounds were tested in melanoma (SK-MEL-28) and
breast cancer (MDA-MB-231) cells. After an initial screening of all
compounds, the cell imaging studies were focused on compounds 11-13,
which showed a bright and clear punctuate fluorescence pattern in the cells
(12 shown in Figure 12A). Immunofluorescence colocalization of 11-13 with
an antibody for the LD-associated adipose differentiation-related protein
(ADFP) confirmed LD-specific staining in both cell lines (Figure 3 in Paper I).
In addition, fluorophores 11-13 could visualize increased accumulation and
growth of LDs in cancer cells after oleic acid supplementation (Figure 12),
which is a known method to stimulate LD formation.'**"*’

A) Compound 12 B) 12 + oleic acid

Figure 12. Fluorescence microscopy images of SK-MEL-28 cells stained with 12
(seen in green; Aex = 460—500 nm, Aem = 512542 nm). Staining was performed on
fixed cells (10 uM, 1 h incubation). Cell nuclei are stained with DAPI (4°,6-
diamidino-2-phenylindole; seen in blue; Aex = 325-375 nm, Aem = 435-485 nm). A)
Cells without lipid supplementation. B) Cells treated with oleic acid (100 uM, 24 h
incubation) before fixation.

The cell viability of SK-MEL-28 and MDA-MB-231 cells was examined
using the Resazurin assay.'*® Treatment of the cells with 11 or 12 (10 pM,
24 h incubation) resulted in no significant cytotoxicity. However, treatment
with compound 13, using the same conditions, showed strong variations in the
cell viability results when comparing multiple repetitions of the experiment.
These unclear results can presumably be ascribed to a sensitive aggregation
behavior of 13 (as seen in the photophysical experiments). As cytotoxicity
could not be ruled out, the probe is consequently recommended for use on
fixed cells only.
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3.2.4 Lipophilicity

The lipophilicity of a compound can be defined by the logP, which is the
logarithmic octanol/water partition coefficient. The logP value can either be
negative or positive, indicating preferred partitioning in the aq. phase or the
organic phase, respectively. For example, the calculated logP'* for the acetate
anion is —1.6 and for dodecyl acetate 5.9. The logP values of nine compounds
(1-5,7,9, 14, 15) were experimentally determined and compared to calculated
data based on the structures.'*’ The calculated values were considered a good
approximation since they only deviated from the experimental data by
AlogP <0.6. As the experimental logP determination of very lipophilic
compounds is challenging, only calculated logP values were acquired for the
more lipophilic compounds. The three compounds 11-13 that showed LD-
specific staining had calculated logP values of 4.4, 4.0 and 5.5, respectively,
representing the most lipophilic compounds of the studied BTD derivatives.
All other compounds (1-10, 14, and 15) had calculated logP < 3.0. In Table 2,
the logP values are presented in comparison with other published LD-specific
fluorophores that are mentioned in this thesis.

Table 2. Calculated logP values of fluorophores with LD-specific staining. Left
column: compounds in this work (11-13); middle column: other BTD-based
fluorophores (from Section 3.1.2); right column: fluorophores not based on BTD
(from Section 1.4.2 and including compound 17 from Paper III).

Compd. (1:2;;(1 Compd. (I:S;CP(: Compd. ?j;i
11 4.4 LD-BTD1!%¢ 3.9 Nile Red 4.6
12 4.0 BTD-AQ% 8.8 Oil Red O 8.6
13 5.5 BTD-QN!?! 39 17 (Paper III) 4.0

BTD-CCPh'% 34

2 Calculated logP values obtained using the Molinspiration Cheminformatics web service.!*°

This overview indicates that LD-specific fluorescent probes typically have a
logP of 4 or higher. It was previously reported that logP > 5 is usually required
for reasonably good LD staining and many fluorescent probes for LDs even
reach far beyond that value.'**'*! However, apart from lipophilicity, the
photophysical properties are also relevant to consider for successful use in
fluorescence microscopy. Sufficient brightness in a lipophilic environment is
by all means required and strong fluorescence quenching in an aq.
environment is certainly beneficial if the probe is not very lipophilic and does
not tend to solely accumulate in LDs.

One interesting example, that does not follow the lipophilic trend, is the
small disubstituted BTD derivative CBD-Fluor (Figure 13).'** The
compound CBD-Fluor can successfully be applied for LD imaging despite a
low calculated logP of 1.6."* The authors did not elaborate on this in the

35



publication. The fluorescence quenching in water may contribute to its LD
imaging. However, methylamino-BTD 2 and many of the other 4-N-
substituted derivatives in Paper I also exhibit this beneficial photophysical
property in combination with low logP values. Nevertheless, they showed
weak and rather unspecific staining in cells instead of clear and bright LD-
specific staining as reported for CBD-Fluor.

/
NC N
N H

S

’

CBD-Fluor Calculated logP = 1.6

Figure 13. Structure and photophysical properties of CBD-Fluor, an LD-specific
BTD derivative reported by Lukesh III and co-workers.!*? Photophysical data
(indicated in grey) taken from the literature.'*> LogP value obtained using the
Molinspiration Cheminformatics web service.'®

3.3 Summary

The work discussed in this Chapter contributed to a better understanding of
the  structure-photophysical  property and  structure-LD-specificity
relationships of fluorescent 4-N-substituted BTD derivatives. Three
compounds, 11-13, were identified as LD-specific fluorescent probes
applicable for cell imaging (Figure 14). Compound 13 was recommended for
staining fixed cells only due to possible cytotoxicity.
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Figure 14. New BTD-based fluorescent probes specific for LDs presented in this work
(Paper I). Maximum absorption and emission wavelengths (Aamax and remeasured
Abmax) in toluene are shown.

Strongly electron-donating amine substituents (as in 1-3 and 6-15) caused
red-shifted absorption and emission compared to amide substituted BTD
derivatives (4 and 5). All studied compounds showed fluorescence quenching
in aq. environment and very large solvent-dependent Stokes shifts, the latter
being a favorable property for fluorescence imaging applications as it
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contributes to background reduction. The majority of the compounds with
amino moieties directly attached to BTD showed reduced lipophilicity and
thus improved water solubility, compared to LD-BTD1'?’. However, bright
LD-specific staining was only achieved with compounds 11-13, which are
equally or more lipophilic (logP > 4) than LD-BTDI1, indicating a general
predictive value of lipophilicity towards accumulation of BTD-based
fluorophores in LDs.

This work revealed three new BTD-based fluorescent probes for imaging
LDs in cancer cells. As LDs play a crucial role in the energy metabolism, these
fluorophores are important tools in the field of cancer cell biology.
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4 Fluorescent indoline derivatives: A small
structural difference with great impact on
photophysical and cell imaging properties
(Papers II and III)

4.1 Background

In contrast to the electron-deficient nature of BTD, the indoline structure
(Figure 15), which comprises a cyclic amine, can be employed as an electron-
donating unit in D-A fluorophores.'**'* The smallest possible indoline-based
D-A systems incorporate an EWG, such as a ketone, at the C3 carbon. The
natural product and popular Indigo dye is one example of such an indolin-3-
one derivative (Figure 15).!4*1%6 2 2_Disubstituted indolin-3-ones are often
referred to as pseudoindoxyls. A few N-substituted pseudoindoxyls have been
applied as fluorescent probes, such as LipidGreen and LipidGreen2
(Figure 15) that can be used for imaging intracellular lipids.'*"'>

Instead of a ketone, an imine moiety can also be integrated into indolines
as an EWG. The indolin-3-imine scaffold can be found in natural products and
2,2-disubstituted derivatives are also synthetically accessible.'>*"'** However,
as opposed to indolin-3-ones, the fluorescent properties of the imine
derivatives and associated potential applications have not been further
investigated in literature.

Parent structure: Indolin-3-one derived dye and fluorescent probes:

Cr m m

LipidGreen LipidGreen2

Figure 15. Structures of indoline (atom numbers indicated in grey), Indigo dye, and
LipidGreen fluorophores.
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The indolin-3-imine derivative 16 (Figure 16) was the compound of choice
for the photophysical and cell imaging study in Paper II. Its synthesis has
recently been reported by Streuff and co-workers.'”® Considering the
possibility that imines can be hydrolyzed in a cellular environment, the novel
ketone analogue 17 (Figure 16) was initially synthesized as a hydrolysis
control for the cell imaging experiments. However, the compounds indeed
behaved differently and, on top of that, indolin-3-one 17 featured interesting
characteristics, which were further investigated in Paper III. The following
Sections in this Chapter compose a joint summary, comparing the
photophysical, (photo)chemical and cell imaging behavior of these two
structural analogues.

Paper II: Paper III:

NH 0
H H
16 17

Figure 16. Structures of the indoline derivatives (16 and 17) studied in Papers 11
and III.

4.2 Results and discussion

4.2.1 Photophysical characterization

The photophysical properties of indolin-3-imine 16 and indolin-3-one 17
(Figure 16) were initially investigated in toluene, DMSO, and MeOH. The
results are summarized in Table 3.

Table 3. Photophysical characterization data of 16 and 17 in different solvents.

AAmax  AEmax Stokes shift &
Compd. Solvent Band ~ L &’
(nm) (mm) Mm/103cm™) M 'cm)
Toluene 365 417 52/3.4 4500 0.03
16 DMSO 379 441 62/3.7 4000 0.15
MeOH A 400°  533¢ 133/6.2° - 0.10
B 443> 533d 90/3.8° - 0.214
Toluene 383 434 51/3.1 3800 0.16
17 DMSO 401 463 62/33 4300 0.41
MeOH 402 487 85/4.3 3900 0.30

2 Jex =360 nm unless indicated otherwise. > Two absorption bands with concentration-dependent
intensity ratio were observed. Data given here is derived from a 25 uM sample solution. ¢ Aex =
360 nm; a weak shoulder was observed at ~450 nm. 4 Aex = 450 nm.
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Both compounds showed positive solvatochromic absorption and emission
maxima as well as Stokes shifts that increased with solvent polarity. The Aamax
and Agmax Oof 17 in the aprotic solvents were bathochromically shifted by
around 20 nm compared to 16, likely due to the stronger electron-withdrawing
nature of the carbonyl group. In MeOH, on the other hand, the emission of 16
was exceptionally red-shifted (Aemax = 533 nm) and the absorption featured
two bands (Aamax = 400 and 443 nm at 25 uM concentration) in the visible
spectrum (Figure 17).

1.24 16 or 17 in MeCH
1.0 Absorption
3 ] ====Emission

Q
®
1

0.6 4

Normalized Intensity
o
=Y
1

0.2 4

i L] . ] i L] e -]
300 400 500 600 700
Wavelength (nm)

o
o

Figure 17. Normalized absorption (solid lines) and emission (dashed lines) spectra of
16 (teal) and 17 (purple) in MeOH (25 puM). The A-band and B-band are indicated.

The effect of additives and different protic solvents on the absorption
spectrum of 16 are discussed in the following Section (4.2.2), in which the
two bands are referred to as the A-band and the B-band (as indicated in
Figure 17). The molar extinction coefficients of 16 and 17 were similar,
ranging from 38004500 M™' cm™. On the contrary, the fluorescence
quantum yield was significantly increased in the polar solvents as compared
to toluene (e.g., 17, @r = 0.16 in toluene and 0.41 in DMSO), with both
compounds following a similar trend. Interestingly, 17 was generally more
emissive than 16 (~3-5 times higher @&r), indicating less efficient non-
radiative relaxation of its excited states.

4.2.2 pH Sensitivity studies of indolin-3-imine 16

The intensity ratio between the two absorption bands of 16 in MeOH
(Figure 17) could be influenced in several ways. The A-band (Aamax <400 nm)
gained dominance at concentrations above 25 uM (Figure 18A), whereas the
B-band increased upon addition of water to the solution (Figure 1E in
Paper II). Interestingly, when water was added to a solution of 16 in DMSO,
a second, red-shifted absorption band appeared, comparable to the B-band of
the compound in MeOH (Figure 18B).
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Figure 18. A) Concentration-dependent absorption spectra of 16 in MeOH (grey and
black lines) and influence of excess acid (green line) or base (purple line) on the
spectra (25 uM 16, 0.2 mM aq. HCI or NaOH). B) Influence of water fraction (30%)
on the absorption spectra of 16 (0.2 mM) in DMSO.

To confirm that the protic nature of water was responsible for these effects,
MeOH fractions were added to a solution of 16 in DMSO, which also caused
the appearance and increase of the B-band (not shown). However, higher
MeOH fractions were needed to obtain similar A-band/B-band absorbance
ratios as compared to water. These results were indicative of a ground state
equilibrium of 16 in polar protic solvents or solvent mixtures, involving a
proton transfer.

Further experiments in MeOH and DMSO using acid or base additives (aq.
HCI or aq. NaOH), revealed that acid shifted the ground state equilibrium
entirely to the B-band species while base shifted the equilibrium entirely to
the A-band species (Figure 18A). The gap between the two absorption maxima
was Alamax = 62 nm (0.46 eV), which was close to the results of time-
dependent DFT calculations of 16 and its protonated form (16H") in MeOH
(using the polarizable continuum model for solvation), which gave Adamax =
40 nm (0.35 eV).

Nuclear magnetic resonance (NMR) spectroscopy (one- and two-
dimensional) confirmed protonation of the imine when aq. HCI was added to
the NMR sample of 16 in DMSO-ds. The stacked 'H NMR spectra in
Figure 19 show a general downfield shift of the resonance signals upon acid
addition and conversion of the broad imine NH peak into two much sharper
peaks.
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Figure 19. Aromatic region of the 'H NMR spectrum (500 MHz) of 16 (0.03 M) in
DMSO-ds (top) and after addition of aq. HCI (bottom; ~1.5 equivalents, final water
content: 1%).

The pK, of protonated 16 (16H") in the ground state was determined based on
changes in the absorption spectra at different pH (2—12) in aq. buffer solution
(Figure 20). The resulting pH curve gave a pK, of 8.3+0.1. This value indicates
weak basicity of the imine, which is very similar to the reported pK, of
protonated 2,4-dimethoxy-benzophenone imine (pK, = 8.3'®") and only one
unit lower than the pK, of 4-aminopyridinium (pK, = 9.2'%").
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Figure 20. A) pH-Dependent absorption spectra of 16 (25 uM) in Britton-Robinson
buffer (with 1% DMSO). B) pH Curves based on the absorbance ratio of 16 (blue,
Aamax = 364 nm) or 16H* (green, Aamax =438 nm) and the isosbestic point (A =396 nm).

The emission spectrum of 16 in MeOH showed excitation wavelength-

dependent variations. Excitation within the B-band (1cx = 450 nm) resulted in
a single emission band (Aemax = 533 nm), whereas excitation within the A-band
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(Aex = 360 nm) revealed a weak, blue-shifted shoulder in the emission
spectrum (see Figure 17 on page 40). Examination of the corresponding
excitation spectra confirmed that both ground state species (16 and 16H")
contribute to the major emission band, while the weak shoulder arises
exclusively from the A-band species 16 (Figure S4 in Paper Il Supporting
Information). These results indicate that, in addition to the ground state
equilibrium, 16 is involved in an excited state proton transfer (ESPT) in
MeOH, which presumably proceeds faster than the fluorescence from the
excited state 16",

In analogy to the pK, of a compound in the ground state, the rate of proton
transfer in the excited state is affected by its excited state acidity (pKa ).
Molecules that are more acidic in the excited state (pK, < pK.) are called
photoacids, while an enhanced basicity (pK. > pKa of the conjugate acid) is
characteristic for photobases. Photoacids have been studied for nearly a
century.'>!219 Photobases, however, have received remarkably less
attention.'®® An approximate value of the pK," of a compound can be obtained
according to the thermodynamic Forster cycle, when the pK, and the 0-0
transition energies of the acid and its conjugate base are known.'>!*"1%® The
latter refers to the energy difference between the vibrational ground states
(v=0) of Sp and S;, which can be estimated from the intersection of the
normalized absorption and emission spectrum of the corresponding
compound. It should be noted that in the following discussion about
photobases (including Figure 21), the pK, and pK, refer to their conjugate
acids. The Forster cycle of a general photobase and the derived equation to
calculate pK," are shown in Figure 21.!%166:167

A AG =pK, IN(10)R T
Y
S AG’ = AE, " - AER™H - AG
SN
AE"® AEq,FEH Na h € (707 - Too™")
. Nyhec
S PKa = ———— (Voo o~ Voo o) - PKa
Y  AG=pK,In(10)RT } ¢ In(10)RT
SD ___________________

Figure 21. Schematic Forster cycle of a photobase (PB) and its conjugate acid (PBH™)
and derived equation for pK," approximation. * indicates excited state; *® and PBH*
indicate base and conjugate acid, respectively; AG = Gibbs free energy change; AEy =
0-0 transition energy; Voo = wavenumber of 0-0 transition; Ny = Avogadro constant;
h = Planck constant; ¢ = speed of light; R = universal gas constant; 7' = temperature.

The wavenumbers of the 0-0 transitions of 16 and 16H" were obtained from
sample solutions in 1 M aq. NaOH and 1 M aq. HCI, respectively. According
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to the equation shown in Figure 21, an excited state acidity pK, of
approximately 14 was calculated for the protonated imine 16H*. Hence, the
basicity of 16 increases by around six orders of magnitude (ApK, = 6) upon
photoexcitation. Among photobases studied in literature to date, ApK, as low
as 1'% and as high as 14'®® have been reported. Some of the most studied
photobases are 5-substituted quinolines, for which the ApK, can be tuned from
2.2 through 5.9 to 10.6 when changing from an electron-withdrawing cyano
group through a chloride to a donating amino group.'”

The effects of the photobasicity of 16 on its emission spectra can be
visualized in alcoholic solvents with different acidity (Figure 22). As
described above, the emission spectrum recorded in MeOH almost exclusively
shows the band ascribed to 16H". In ethanol (EtOH), major emission from the
band ascribed to 16 prevails and the A-band dominates in the absorption
spectrum. In iso-propanol (i-PrOH), both spectra (absorption and emission)
only show the band ascribed to 16. Hereby, i-PrOH is representative for longer
chain alcohols, as n-butanol and n-octanol showed very similar behavior,
indicating that none of these alcohols is acidic enough to be deprotonated by
16 or 16" to an observable extent.

Figure 22. Normalized absorption (solid line) and emission (dashed line) spectra of
16 (25 pM) in different alcohols (ROH). The spectra are arranged with increasing
alcohol pK, from top to bottom; pK, (in water) = 15.5 (MeOH), 15.9 (EtOH), 16.5
(i-PrOH).!7b172 ). = 404 nm (MeOH) or 384 nm (EtOH and i-PrOH).
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The proposed ground and excited state processes of 16 are depicted in
Scheme 3. In aprotic solvents (such as toluene or DMSO), only the neutral
species are present (16 and, after photoexcitation, 16"). Its solvatochromic
emission is indicative of an ICT in the excited state before fluorescence
occurs. Excited states with pronounced charge transfer character are typical
for strong photoacids and -bases.'? In sufficiently acidic protic solvents (such
as MeOH or EtOH), the neutral imine is in equilibrium with its protonated
form 16H*. When 16H" is excited selectively, emission from its LE state is
observed (Aemax is independent of solvent polarity). On the other hand, when
the neutral species 16 is excited selectively, the fluorescence is faced with a
competing process, namely ESPT, resulting in 16H"™ from which
bathochromic fluorescence occurs. As qualitatively indicated in Figure 22, the
ESPT rate can be influenced by solvent acidity. This result is in line with Hunt
and Dawlaty’s studies of the photobase 5-methoxyquinoline, which also
showed sensitive behavior towards various alcohols with an ESPT rate
increase in more acidic alcohols.'”

In apolar solvents: In polar protic solvents:
N ESPT N
Excited states: 16 _— 16H*
hv | [Fluorescence hv | |Fluorescence
+
NH NH,
Ground states: —_
N N
H H
16 16H*

Scheme 3. Proposed ground and excited state processes of 16. The left part of the
scheme (in black) shows the photophysical processes in apolar solvents. Polar protic
solvents enable proton transfer, resulting in a new emissive species (illustrated in
green). ESPT = excited state proton transfer.

Furthermore, the equilibrium between 16 and 16H" in deuterated methanol
(CD;0D) was shifted towards the neutral species, which can likely be
explained with the slightly higher pK, of deuterated solvents compared to non-
deuterated solvents.'”*'”* More importantly, when the neutral species was
excited in CDs;OD, the intensity ratio between the shoulder and the major
emission band was increased (~1.7-fold) as compared to MeOH (Figure S5 in
Paper II Supporting Information). This result agrees with the proposed ESPT
as the kinetic isotope effect slows down the proton transfer.

45



As opposed to 16, the initial photophysical characterization of indolin-3-one
17 (as described in Section 4.2.1) did not indicate an exceptional behavior in
MeOH. Nevertheless, an experiment analogous to the one described before for
16 (shown in Figure 18A on page 41) was performed, adding aq. HCI or aq.
NaOH to a solution of 17 in MeOH. Neither of the two additives influenced
the absorption or emission spectrum of 17, emphasizing the very different
behavior of these two structurally similar compounds.

4.2.3 Fluorescence cell imaging with 16 and 17

Fluorescence imaging experiments were performed using (healthy) human
dermal fibroblast cells (HDF) and melanoma cancer cells (SK-MEL-28).
Selected images of stained melanoma cells using 16 or 17 are shown in
Figure 23. Compound 16 was distributed all over the cell and mainly visible
using the green laser (ix = 488 nm) for excitation, whereas 17 showed a
punctuate pattern and could be imaged using the blue laser (Aex = 405 nm).

NH 0]

N N

H H
16 17

.

Figure 23. Confocal fluorescence microscopy images of SK-MEL-28 cells stained
with 16 or 17 (10 uM, 24 h incubation). Staining was performed on live cells, which
were imaged after fixation. Cyan: Jex = 405 nm, green: Aex = 488 nm.

Excitation of compound 16 with the blue laser (instead of the green) resulted
in significantly weaker fluorescence (not shown), indicating that the
equilibrium between 16 and 16H" is shifted towards the protonated (red-
shifted) species in the cellular environment. This is in accordance with the
expected, based on its pK, (8.3), as the intracellular pH (pH;) is typically
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around 7.2 in normal cells and a little increased in cancer cells.'”” Another
observable effect, likely arising from the relatively high pK, of 16H", was the
slow partial accumulation of the compound in lysosomes of HDF cells.
Figure 24 demonstrates the colocalization of 16 with Lysotracker Deep Red
(a commercially available lysosome dye) in fibroblast cells. Lysosomes are
acidic organelles with pH~5 in normal cells, which is typically slightly
decreased in cancer cells (pH~4-5)."® As mentioned in the general
introduction of this thesis (Section 1.4), weakly basic amines such as
morpholine can be used as targeting groups for lysosomes. These compounds
are typically taken up by lysosomes in their neutral form and are subsequently
trapped due to protonation. The pK, of protonated N-alkyl morpholine
derivatives is around 7-8'”” (depending on the substituent), which is close to
the pK, of 16H". Hence, the acidity of lysosomes is presumably responsible
for the accumulation of 16 in this organelle.

Compound 16 Lysotracker Deep Red Merged

Figure 24. Confocal fluorescence microscopy images of HDF cells showing the
colocalization of 16 and lysosomes. After treatment with 16 (20 uM, 24 h incubation),
the live cells were co-stained with Lysotracker Deep Red (75 nM, 0.5 h) and then
imaged after fixation. The image on the left shows 16 (seen in yellow; lex = 488 nm,
Aem < 600 nm). The image in the middle shows Lysotracker Deep Red (seen in red;
Aex = 639 nm, Aem > 640 nm). The image on the right shows the merged images,
verifying colocalization.

The lysosomal localization of 16 seemed more specific in the HDF cells than
in the SK-MEL-28 cells. This observation was unexpected as the pH; of cancer
cells is usually increased in comparison with normal cells,'” which should
facilitate passive diffusion into the lysosomes as more of neutral 16 should be
present in the cytosol. However, since lysosomes are responsible for the
degradation of substrates in the cell,'” the observed distinct staining patterns
might be a result of different breakdown efficiencies of 16 by fibroblast and
melanoma cell lines.
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It should be noted that preliminary studies on additional fibroblast and
melanoma cell lines were performed by collaborators specialized on the study
of lysosomes. The results indicated that the differences in the staining of HDF
and SK-MEL-28 cells with 16 (as described above) were not generally
observed with other cell lines, as some melanoma cell lines also indicated
partial lysosome staining. The inconsistent lysosomal accumulation was
therefore not investigated further.

Initial fluorescence imaging experiments with 17 in melanoma cells
showed very rapid photobleaching when images were acquired using the blue
channel filter of a widefield fluorescence microscope (Aex = 325-375 nm,
Aem = 435-485). The bleaching was less pronounced when the cells were
imaged using the blue laser of a confocal microscope (lex = 405 nm). In
consequence, it was possible to properly image cells stained with 17 and
colocalize the staining pattern with Nile Red (a commercially available LD
dye, see Section 1.4.2), confirming the accumulation of the fluorophore in
lipid droplets (Figure 25).

Compound 17 Nile Red Merged

Figure 25. Confocal fluorescence microscopy images of SK-MEL-28 cells showing
the colocalization of 17 and LDs. After treatment with 17 (10 uM, 24 h incubation),
the cells were fixated and co-stained with Nile Red (0.3 pM, 15 min). The image on
the left shows 17 (seen in blue; Aex = 405 nm, Aem = 420-520 nm). The image in the
middle shows Nile Red (seen in red; 1ex = 555 nm, Aem = 570—700 nm). The image on
the right shows the merged images, verifying colocalization.

The cell viability of SK-MEL-28 and HDF cells after treatment with 16 or 17
(24 h incubation at 10 or 20 uM) was examined using the Resazurin assay.'*®
Both compounds showed no significant cytotoxicity under the studied
conditions.

4.2.4 Photoisomerization of indolin-3-one 17 in solution

To investigate the fast photobleaching of 17 observed during imaging
experiments, the photostability of the fluorophore was examined in a variety
of solvents. Equimolar solutions of 17 in apolar solvents (hexane, toluene, and
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benzene) exhibited significantly stronger photobleaching than in polar
solvents [Acetonitrile (MeCN), DMSO, and MeOH; Figure 26].
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Figure 26. Photobleaching of 17 (25 uM) in various solvents through continuous
irradiation in the fluorometer (2.5 mL solution in a 10x10 mm cuvette, Acx / bandwidth
=389 /20 nm, emission detected around Agmay)-

The absorption and emission bands of 17 in hexane after irradiation for 420 s,
were hypsochromically shifted (Adamax = 52 nm, Adgmax = 35 nm) compared
to the spectra before irradiation, indicating conversion of 17 to a new
fluorescent compound (Figure 4C in Paper III). NMR spectroscopy analysis
(one- and two-dimensional) of the bleaching product of 17 in hexane (1 h
irradiation of 0.8 mM sample solution) revealed that photoisomerization to 18
through ring-opening had occurred (Figure 27).
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Figure 27. '"H NMR spectra in CDCl; before (top, 400 MHz) and after (bottom, 500
MHz) irradiation of 17 in hexane. The photoconversion product was identified as 18.
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The chemical yield of the photoisomerization reaction was 74%, determined
by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.
The NMR spectrum (Figure 27) indicated full consumption of 17, with a
relatively clean conversion to 18 (traces of unidentified side products were
visible). An error margin of around +£5% should be attributed to the chemical
yield since the photochemical reaction was performed on a very small scale
(0.009 mmol).

Based on classic Norrish radical chemistry, a reaction mechanism for the
photoisomerization was proposed (Figure 28). In the following, the proposed
mechanism is discussed in two parts, starting with the photophysical aspect
and concluding with the radical chemistry of the mechanism.

Upon light irradiation, 17 is elevated to its S; from which it can either relax
to So, by fluorescence or non-radiatively, or undergo ISC to T,, which is the
starting point of the isomerization mechanism. It is known that apolar solvents
can facilitate ISC by decreasing the energy gap between singlet and triplet
excited states.!””'®" This agrees with the observed increase in the
photoconversion rate of 17 in apolar solvents and with the lower fluorescence
quantum yield in toluene (@r = 0.16) compared to DMSO (@& = 0.41).
Furthermore, freeze-pump-thaw degassing of solvents had an accelerating
effect on the photoconversion, which might be explained by the lack of
quenching of the triplet excited state due to the removal of molecular oxygen.
Singlet oxygen generation by 17 upon irradiation was indeed confirmed (in
the presence of air) by trapping experiments with 9,10-dimethylanthracene
(Figure 5B in Paper III). 9,10-Dimethylanthracene reacts with singlet oxygen
to generate the 9,10-endoperoxide, resulting in decreased absorption and
emission intensity of the trapping agent.'®

From the triplet excited state, a radical mechanism was proposed
(Figure 28B) consisting of a Norrish type I rearrangement (ring-opening) and
Norrish type Il hydrogen atom transfer (HAT). The HAT could either occur
from the amine or the methyl group. In contrast to HAT from C—H, HAT from
N-H is typically dependent on the solvent, with inhibition in polar solvents,
which agrees with our experimental observations.'®*!%
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A) Formation of 18 by photoinduced isomerization of 17:
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Figure 28. A) Photoisomerization of 17 resulting in 18. B) Proposed mechanism for
the photoisomerization of 17. Besides isomerization, the triplet excited state (*[17]%)
can be deactivated by energy transfer to molecular oxygen (*0,), generating singlet
oxygen (10,).

To further investigate the mechanism, the N-methylated derivative 19 was
synthesized (Figure 29A) and its photostability examined. In Figure 29B, the
photobleaching behavior of 19 (shown in green) and 17 (shown in purple) are
compared in MeOH and hexane. Compound 19 demonstrated high
photostability in MeOH and considerably decelerated photobleaching in
hexane as compared to 17 (73% and 11% residual emission after 420 s
irradiation, respectively). Photooxidative dealkylation is a known process that
can affect the photostability of fluorophores containing alkylamines.**'®> To
prevent this molecular oxygen-dependent photoreaction, the irradiation
experiment was repeated in deaerated hexane (freeze-pump-thaw method). As
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shown in Figure 29B, deaeration had only marginal effects on the results of
19. On the other hand, in case of 17 the photobleaching was significantly
accelerated (as discussed above). NMR spectroscopy analysis of the mixture
obtained after irradiation of 19 in deaerated hexane (1 h irradiation of 0.3 mM
sample solution) mostly showed 19 and traces of unidentified compounds (not
shown). Nevertheless, the higher photostability of 19, which, in contrast to 17,
does not have a free N-H, supports the proposed photoisomerization
mechanism of 17 involving HAT from the amine.
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Figure 29. A) Synthesis of 19 through methylation of 17. B) Photobleaching of 17 (in
purple) or 19 (in green) in MeOH (circles), hexane (squares), or deaerated hexane
(empty squares). Irradiation was performed in the fluorometer (25 pM, 2.5 mL
solution in a 10x10 mm cuvette, Aex / bandwidth = 389 / 20 nm, emission detected
around Agmay).

In contrast to 17, indolin-3-imine 16 showed high photostability in polar and
apolar solvents under similar conditions (Figure S7 in Paper Il Supporting
Information). This different photochemical behavior is in accordance with the
generally higher reactivity of ketones in photochemical reactions compared to
imines.'®*'®”  Nevertheless, fluorescent pseudoindoxyl derivatives are
typically reported with good photostability.'*!>!  Although, some
photobleaching issues have briefly been mentioned for LipidGreen2 (see
Figure 15 on page 38), though without further elucidation of this
observation.'™®

Some of the prevalent photoisomerization reactions investigated in
literature are Z/E-photoisomerizations of stilbenes and azobenzenes.'®*!'”°
Furthermore, photoactivated ring-opening reactions have been reported for a
few compound classes, such as diarylethenes,"' spiroheterocycles,'**'** and
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fulgides/fulgimides.'*>'?® These compounds are often called photoswitches, as
their photoreactions are typically reversible. In contrast, no reversibility of the
photoisomerization of the indolin-3-one 17 could be observed.

4.2.5 Photoactivated cytotoxicity studies of 17

To investigate if the photoisomerization process affects the cell viability,
SK-MEL-28 cells treated with 17 were exposed to UV light irradiation (1 =
365 nm; Figure 30). As a result, the viability was reduced to 63% at 10 uM
and to 32% at 20 pM compound concentration after irradiation for 0.5 h. The
cell viability was further diminished with longer irradiation time (to 44% at
10 uM, irradiated for 1 h). It should be noted that 17 and 18 without irradiation
and the irradiation itself were not cytotoxic. In contrast to normoxic melanoma
cells (i.e., 20% O), irradiation of hypoxic melanoma cells (i.e., 1% O,) treated
with 17 did not influence the viability. This result indicates that the oxygen
level plays an important role in the photoactivated cytotoxicity of 17.
Considering that singlet oxygen was detected in solution experiments, as
described above, it was concluded that the same might occur in cells, which
consequently might be responsible for the observed cell death in normoxia.
Irradiation experiments with 17 using healthy fibroblast cells gave similar
results as for (normoxic) melanoma cells (Figure 30).
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Figure 30. Cell viability of melanoma (dark and light green) and fibroblast (blue) cells
treated with 17 (10 or 20 uM, 1 h) compared to DMSO control (i.e., 0 uM of 17) after
irradiation (365nm, 0.5h, 1 mW/cm?). The data is presented relative to the
corresponding DMSO control as a mean + standard deviation; n=2 or4 (0 and 10 uM,
normoxia).

Furthermore, analogous irradiation experiments of normoxic melanoma cells

(as described for 17 above) treated with the indolin-3-imine derivative 16
(10 uM) did not indicate photoactivated cytotoxicity (after 0.5 h irradiation).
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4.3 Summary

The two indoline derivatives (16 and 17) studied in Papers II and III are very
similar in structure as they only differ by one functional group (imine vs
ketone). This simple modification turned a pH sensitive, photobasic, and non-
cytotoxic fluorophore that localizes in a polar cellular environment into a
light-sensitive and LD-specific fluorophore with photoactivated cytotoxicity
(Figure 31).

The indolin-3-imine derivative 16 featured a pK, of 8.3 in aq. solution and
photobasicity with a pK," of approximately 14. The ground and excited state
proton transfers were influenced by the acidity of the protic solvent, which
affected the absorption and emission spectra, respectively. The compound
showed rather unspecific fluorescent cell staining with slow, partial
accumulation in lysosomes.

The novel indolin-3-one derivative 17 revealed a unique ability to undergo
rapid photoisomerization in apolar solvents. Based on experimental evidence,
aradical mechanism involving Norrish type I ring-opening and Norrish type 11
hydrogen atom transfer was proposed. In the presence of molecular oxygen,
singlet oxygen generation was found to be a competing process. This can most
likely be related to the observed photoactivated cytotoxicity in normoxic cells.

Overall, the work presented in this Chapter successfully investigated the
effect of a small structural modification of an indoline derivative on its
photophysical properties and on its utility as a fluorescent probe for cell
imaging.

Indolin-3-imine: Indolin-3-one:
NH Fluorescence O
m Positive solvatochromism m
N Ph Similar £ and Stokes shifts N Ph
H No cytotoxicity (in the dark) H
16 17
pH sensitive Light sensitive
Photobase Larger Aamax, AEmax, @nd @e
Red-shift after protonation Blue-shift after photoisomerization
Lysosome or unspecific localization Lipid droplet localization
No photoactivated cytotoxicity Photoactivated cytotoxicity

Figure 31. Effect of functional group interconversion of imine and ketone on the
photophysical and cellular behavior of indolines 16 and 17. Mutual properties are
presented in the center between the two structures.
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5 Concluding remarks and future perspectives

This thesis describes the photophysical study of fluorescent 2,1,3-
benzothiadiazole and indoline derivatives and their utility as dyes for
fluorescence cell microscopy.

All fifteen investigated 4-N-substituted BTD derivatives featured large
Stokes shifts and fluorescence quenching in polar solvents. The three most
lipophilic compounds showed bright and specific staining of LDs in cancer
cells (Paper I), indicating that a certain level of lipophilicity is required for
accumulation in LDs. The two investigated indoline derivatives, an indolin-3-
imine (Paper II) and its ketone analogue (Paper III), demonstrated very
different photophysical characteristics and behavior in cells. The indolin-3-
imine derivative showed pH sensitivity, with enhanced basicity in the excited
state. Furthermore, unspecific staining in melanoma cells and partial staining
of lysosomes in fibroblast cells indicated the potential of indolin-3-imine
based structures to be applied as fluorescent probes for cell imaging. In
contrast, the indolin-3-one derivative exhibited LD-specific cell staining and
light-sensitivity due to photoisomerization, along with photoactivated
cytotoxicity in normoxic cells.

Future work concerning fluorescent benzothiadiazole and indoline
derivatives could focus on further photophysical tuning through structural
modifications. Preliminary studies by our group indicate that 5-substituted
BTD derivatives, which have largely been overlooked in literature, might be
worth exploring. For instance, moving the para-dimethylaminophenyl
substituent from position 4 to position 5 of BTD, increases the molar
extinction coefficient and affects the cell staining result (shows less specific
staining). Moreover, new BTD derivatives that retain strong emission in an
aq. environment could be developed. Although fluorescence quenching in
protic solvents is beneficial for LD staining, compounds without this
characteristic could be applied for imaging other intracellular targets or used
as general fluorescent tags for biomolecules.

The pH sensitive indolin-3-imine derivative, presented herein, is
presumably the first of its kind applied in fluorescence cell imaging and might
therefore represent a new class of bioimaging probes. However, further
derivatives need to be investigated to verify the general applicability of the
indolin-3-imine unit as scaffold for fluorescence cell microscopy. Reducing
the basicity, for example by introducing EWGs on the aromatic ring, might
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contribute to faster and more specific lysosome accumulation. In addition, an
extended study with structurally diverse derivatives could allow for
investigating substituent effects on the basicity and the fluorescence quantum
yields. An increase of the latter would have a positive impact on the brightness
of the fluorophore. The effect of structural variations on the photobasicity
could also be investigated to develop probes with large apparent Stokes shifts
or new, more efficient (super) photobases.

The indolin-3-one derivative discussed in this thesis is a novel
photoisomerizable fluorophore with LD-specific cell staining. To be able to
exploit these characteristics in fluorescence cell imaging, future studies could
aim at synthetic modifications to inhibit the singlet oxygen generation
pathway, which is likely responsible for the photoactivated cytotoxicity.
However, structural modifications should also aim at shifting the absorption
and emission wavelengths to lower energies (while retaining the
photoisomerization ability), so the ring-opened product can clearly be
visualized during fluorescence cell microscopy as its precursor. This could
yield dual-color photoconvertible fluorophores. Another interesting
perspective might concern using this photoisomerization behavior as a new
strategy for photoinduced labeling/bioconjugation of intracellular targets
through the generated aldehyde or imine moiety. Alternatively, instead of
optimizing the properties of this indolin-3-one derivative towards imaging
applications, future studies could aim at improving the photoactivated
cytotoxicity towards applications in photodynamic therapy. However, that
would require red-shifted absorption and emission maxima, which might be
achieved with fused aromatic rings. In addition, to enable more efficient
singlet oxygen generation, the photoisomerization should be inhibited. For
instance, it would be interesting to further investigate the N-methylated
derivative regarding its singlet oxygen generation efficiency in comparison
with the unmethylated structure.
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6 Sammanfattning pa svenska

Upplysta bensotiadiazoler och indoliner: Fotofysikaliska egenskaper och
och avbildning av cancerceller

Férger kan uppfattas eftersom det finns foreningar som absorberar ljus i det
synliga spektrumet. Efter ljusabsorption kan vissa foreningar avge ljus med en
langre vaglangd (till exempel, rott ljus har lingre vagldngd dn bléatt ljus). Detta
fenomen kallas fluorescens och fluorescerande foreningar kallas fluoroforer.
Figur 1 visar hur olika fluoroforer i 16sning kan lysa nér de bestralas med
ultraviolett Ljus.

Figur 1. Fluoroforer kan lysa i olika farger ndr de bestralas med ljus. Hér visas olika
fluoroforer i 16sning som bestralas med en lampa som avger ultraviolett ljus. I detta
fall sa har fluroforerna olika fotofysikaliska egenskaper och ddrmed é&r fluorescensen
synlig som blétt, gront eller gult ljus.

Fluoroforer spelar en viktig roll inom biovetenskap, till exempel behdvs de
for att kunna analysera celler med fluorescensmikroskopi. Till skillnad fran
normal ljusmikroskopi tillater denna metod specifik avbildning av
intracelluldra mal, sdsom biomolekyler eller organeller. Eftersom ménga
sjukdomar, som cancer, dr forknippade med foréndringar av intracellulira
biologiska processer, &r det viktigt att kunna visualisera dessa med hjilp av
skrdddarsydda prober. Beroende pa den specifika forskningsfragan kan kraven
pa fluoroforernas egenskaper vara mycket olika. Det finns ingen fluorofor som
ar perfekt for alla applikationer, vilket gor att kontinuerlig utveckling av nya
fluorescerande prober dr mycket dnskvért. Under det senaste decenniet har
2,1,3-bensotiadiazolbaserade fluoroforer fatt 6kad uppmérksamhet, bade for
applikationer inom organisk elektronik och inom fluorescensavbildning av
biologiska prover.
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Den forsta delen av denna avhandling fokuserar pa bensotiadiazolbaserade
fluoroforer (Figur 2). Femton monosubstituerade bensotiadiazolderivat med
amin- eller amidsubstituenter syntetiserades. Deras fotofysikaliska
egenskaper studerades forst genom absorptions- och fluorescensspektroskopi,
i olika losningsmedel, och sedan testades molekylerna som férgémnen i
cancerceller med fluorescensmikroskopi. Aminobensotiadiazolderivaten
visade rodforskjuten absorption och fluorescens (d.v.s. ldngre vaglingd)
jamfort med de amidsubstituerade derivaten. Energiskillnaden mellan
absorptions- och fluorescensmaximum var stor for alla studerade molekyler,
vilket 4r en bra egenskap for anvindning inom fluorescensmikroskopi.
Dessutom visade alla foreningar reducerad fluorescens med okande
16sningsmedelspolaritet. Bara de tre mest lipofila molekylerna i studien
(cyklohexylamino-, fenylamino-, och difenylamino-bensotiadiazol) visade ett
stark lysande och specifikt fargningsmonster i cancerceller. Vidare analys
identifierade fargningsmonstret som ansamling i lipiddroppar. Lipiddroppar
ar oljiga cellorganeller som é&r viktiga i energimetabolismen av cancerceller
och dérfor ér de betydelsefulla mal inom cancerforskning.

R NH 0
Xk OO
{3,
]\
NN N Ph N, Ph
S H H

Bensotiadiazolderivat Indolin-3-imin Indolin-3-on

Figur 2. Fluoroforerna som studerades i denna avhandling &r baserade pa strukturerna
bensotiadiazol (lila) och indolin (bldgrén). R’ och R*’ anger olika substituenter.

Den andra delen av denna avhandling fokuserar pa indolinbaserade
fluorescerande molekyler (Figur 2). Tva strukturellt mycket lika derivat, en
indolin-3-imin och en indolin-3-on, har undersokts och jamforts med
avseende péd deras fotofysikaliska egenskaper och anvéndbarhet inom
fluorescensmikroskopi av celler. Indolin-3-imin derivatet visade pH-
kéanslighet pa grund av dess svagt basiska imingrupp, som blev en starkare bas
nir den absorberar ljus. Fluorescensmikroskopiexperiment visade ospecifik
fargning 1 melanomceller (hudcancerceller) men bendgenhet att ansamlas i
lysosomer i fibroblastceller (friska hudceller). Lysosomer &r sura organeller
vars huvudfunktion &r att bryta ner foreningar som inte behdvs och vars pH
kan bli lite reducerat i cancerceller jaimfort med normala celler.

Indolin-3-on derivatet visade ett helt annat beteende. Den visade specifik
fargning av lipiddroppar i celler men fluorescensintensiteten minskade snabbt.
Detta fotoblekningsbeteende undersoktes sedan spektroskopisk i 16sning
vilket resulterade i upptickten av snabb fotoisomerisering av indolin-3-on
derivatet genom ringdppning vilket framst sker i opoldra 18sningsmedel.
Ytterligare cellstudier visade att indolin-3-on derivatet ocksa &r cytotoxisk nér
behandlade celler exponeras for bestralning. En hog fotostabilitet och icke-
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cytotoxicitet dr dock fordelaktiga egenskaper om fluoroforen ska anvéndas for
fluorescensmikroskopi. Darfor skulle framtida arbete kunna syfta till att
modifiera strukturen sé att fotoreaktionen och fototoxiciteten &r hammad.

Sammanfattningsvis bidrar arbetet som presenteras i denna avhandling till
utvecklingen av fluoroforer som kan anvéndas i celler och avbildas med
fluorescensmikroskopi, som dr en viktig metod i forskningen om sjukdomar,
till exempel cancer.
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Figure Al. Remeasured normalized emission spectra of piperidino-BTD 6 and
pyrrolidino-BTD 10 in various solvents, showing positive solvatochromism.
Correlations between the remeasured fluorescence quantum yields and the E1(30)
solvent polarity parameter (in kcal/mol) are shown on the right.
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Figure A2. Remeasured normalized emission spectra of cyclohexylamino-BTD 11
and diphenylamino-BTD 13 in various solvents, showing positive solvatochromism.
Correlations between the remeasured fluorescence quantum yields and the Er(30)
solvent polarity parameter (in kcal/mol) are shown on the right.
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Figure A3. Correlations between the remeasured fluorescence quantum yields of
amido-BTD 4 or morpholino-BTD 7 and the E1(30) solvent polarity parameter (in
kcal/mol).
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Figure A4. Correlation between Stokes shifts (based on remeasured Agmax) and the
orientation polarizability parameter (Af) of the solvents (i.e., the Lippert-Mataga plot;
left) or the £1(30) solvent polarity parameter (in kcal/mol; right) for compounds 4, 6,
and 7. The plots against £1(30) show better linearity.

77



]Slope10®*=7.6+1.9

Compound 10

1Slope =119 £ 15

~1001R2= 0,793 1001R%= 0.942
o 8.0+ o 8.0-
= x -
| ]
£ 60- £ 6.0-
[ [%:]
W w
- L g
S 4.0- / S 40-
w 1 w n
L . P, L | | SR UL RN P e i
00 01 02 03 30 35 40 45 50 55
Af E(30)
Compound 11
] slopert0®*=7.4+1.9 1slope = 117 £ 12
PRy Y ) 100qR%= 0.956
'g - 'E 4
o, 8.0 o 8.04
= n 3
£ 6.0 £ 6.0-
w ™ w
@ B a3
S40] ® S 404 ®
in [ R
L M 1 hd ] v L] L v L v L v 1 b T v L] v
00 01 02 03 30 35 40 45 50 55
Af E.(30)
Compound 13
] slope/10® = 10.0 £ 3.2 1Slope = 238 + 27
.:-10'0- RO :‘m.o- Ff= 0,063
'g o 'E 4
o, 8.0 o, 8.0
x . x
£ 6.0 £ 6.0-
w [ w
wl w
2 - £
2404 g4a0d
L 1 r ] v L] L L L v 1 L 1 b ] L L] v
00 01 02 03 30 35 40 45 50 55

Af

E.(30)

Figure AS. Correlation between Stokes shifts (based on remeasured Agmax) and the
orientation polarizability parameter (Af) of the solvents (i.e., the Lippert-Mataga plot;
left) or the E1(30) solvent polarity parameter (in kcal/mol; right) for compounds 10,
11, and 13. The plots against E1+(30) show better linearity.
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