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Abstract in English

In the past decade, there has been a considerable growth in applying fluorescence
technique to cellular imaging. This technique provides unique advantages such as high
sensitivity, low cytotoxicity, low cost and non-invasiveness, and makes it a promising
tool. Among the wide range of applications of fluorescence technique, sensing of

various cations is one of the most important and active areas.

The main objective of my PhD dissertation was the design and synthesis of new
generation of fluorescent probes and investigation of their optical properties and
bioimaging applications. | have started with extending the novel synthetic methodology
for the synthesis of fully asymmetrical diketopyrrolopyrroles developed in our
laboratory. Condensation between aromatic nitriles and pyrrolidin-2-one leads to 1,4-
diketopyrrolo[4,3-c]pyrrole (DPP) derivatives possessing two different C-aryl
substituents. The first part of this Thesis explored how the direct linkage of molecular
recognition unit to DPP core can affect the optical properties. Taking advantage of the
new methodology, | have designed and synthesized new class of diketopyrrolopyrrole
sensors directly from nitriles possessing (aza)crown ethers leading to macrocycle-dye
hybrids. Their strong interaction with cations possessing Lewis acid character such as
Li*, Mg?* and Zn?* leads to significant changes of optical properties, hence to the new

fluorescent probes.

In the second part of my work, | synthesized novel highly sensitive potassium probes
with the strategic placement of a recognition crown ether unit at most conjugated
position of the second aryl substituent of diketopyrrolopyrrole core. These D-A-D’
hybrid fluorophores exhibits very high fluorescence quantum yields (®n = 0.8-0.9%)
even in CH3CN. An additional lariat alkoxy group at ortho position to aza-18-crown-6
induces strong coordination to K* with 80 nm blue-shift of fluorescence. The
incorporation of PPhs* group enables the probe to be selectively accumulated in
mitochondria of cardiac H9C2 cells and it makes it possible to observe the fast

efflux/influx of mitochondrial K* upon stimulation with nigericin.

In the final part of my thesis, | designed and synthesized diketopyrrolopyrrole-based

novel highly sensitive fluorescent zinc sensors directly from pyridine-derived nitriles

https://rcin.org.pl



possessing dipicolylamine as a zinc recognition unit. The obtained DPP sensors showed
favorable photophysical properties including strong bathochromic shifts (=80nm) of
fluorescence upon complexation with Zn?* and high fluorescence quantum yields. The
probes decorating with PPhs* and morpholine units are selectively localized in

mitochondria and lysosomes of cardiac H9C2 cells respectively.
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Abstract in Polish

W ostatniej dekadzie nastgpit znaczny wzrost zainteresowania technikami
fluorescencyjnymi w obrazowaniu komdérkowym. Oferujg one wiele korzysci, takich jak
wysoka czutos¢, niska cytotoksycznosé, niski koszt i nieinwazyjnos¢, co czyni je
obiecujgcym narzedziem w biologii molekularnej i medycynie. W$réd szerokiego
zakresu ich zastosowan jednym z najwazniejszych i najbardziej aktywnych obszaréw jest

wykrywanie réznych kationéw.

Gtéwnym celem mojej rozprawy doktorskiej byto zaprojektowanie i synteza nowej
generacji sond fluorescencyjnych, a takze badanie ich wtasciwosci optycznych oraz
zastosowanie praktyczne otrzymanych barwnikobw w bioobrazowaniu. Prace
rozpoczatem od rozszerzenia zakresu stosowalnosci opracowanej w naszym
laboratorium nowatorskiej metodologii syntezy asymetrycznych diketopirolopiroli.
Kondensacja nitryli aromatycznych i pirolidyn-2-onu prowadzi do pochodnych 1,4-
diketopirolo[4,3-c]pirolu (DPP) posiadajgcych dwa rdzne podstawniki C-arylowe. W
pierwszej czesci pracy zbadatem, w jaki sposdb bezposrednie potgczenie jednostki
rozpoznania molekularnego z rdzeniem DPP moze wptywacé na witasciwosci optyczne.
Wykorzystujgc nowg metodologie, zaprojektowatem i zsyntetyzowatem nowg klase
sond opartych o rdzen diketopirolopirolu bezposrednio z nitryli zawierajacych
(aza)etery koronowe. Silne oddziatywanie otrzymanych hybryd makrocykl-barwnik z
kationami o charakterze kwasowym, takimi jak Li*, Mg?* i Zn?* ma znaczacy wptyw na
wtasciwosci optyczne barwnikéw, a wiec potwierdza mozliwos¢ ich stosowania jako

sond fluorescencyjnych.

W drugiej czesci mojej pracy zsyntetyzowatem nowe, wysoce czute sondy potasowe
umieszczajgc jednostke rozpoznania molekularnego kationéw w najbardziej sprzezonej
z chromoforem pozycji podstawnika arylowego. Otrzymane hybrydowe fluorofory typu
D-A-D' wykazujg bardzo wysokie wydajnosci kwantowe fluorescencji (®s = 0,8-0,9%),
nawet w acetonitrylu. Dodatkowa grupa alkoksylowa w pozycji orto- do aza-18-korony-
6 indukuje silng koordynacje K* z przesunieciem fluorescencji o 80 nm w kierunku
hipsochromowym. Przytgczenie grupy PPhs* umozliwia selektywng akumulacje sondy w
mitochondriach  komérek sercowych H9C2 oraz obserwacje szybkiego
wyptywu/naptywu mitochondrialnego K* po stymulacji nigerycyna.
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W koncowej czesci pracy zaprojektowatem i zsyntetyzowatem oparte na
diketopirolopirolu nowatorskie, wysoce czute, fluorescencyjne sondy na kationy cynku,
wychodzac bezposrednio z nitrylowych pochodnych pirydyny posiadajgcych
dipikoliloamine jako jednostke rozpoznawania. Uzyskane sondy oparte o rdzern DPP
wykazywaty korzystne wiasciwosci fotofizyczne, w tym silne przesuniecia
batochromowe fluorescencji (*80nm) po kompleksowaniu z Zn?* oraz wysokie
wydajnosci kwantowe fluorescencji. Sondy udekorowane jednostkami PPhs* i morfoling
sg selektywnie zlokalizowane odpowiednio w mitochondriach i lizosomach komodrek

sercowych H9C2.
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1. Introduction
1.1. Introduction to fluorescence

Over the past several decades the phenomenon of photoluminescence has received
much attention in the field of biological science. Photoluminescence is the emission of
light from excited electronic states of a molecule, first created by the absorption of light.
Based on the nature of the excited state, photoluminescence is divided into
fluorescence and phosphorescence. Fluorescence is the photoluminescence from a
singlet electronic excited state to the ground state where the spin state of the electron
does not change. The fluorescence lifetime, the time between excitation and emission,
isin the order of nanoseconds. Phosphorescence differs in the fact that emission is from
a triplet electronic excited state and relaxation involves the change of electron spin.
Due to this spin change, phosphorescence lifetimes are typically in milliseconds or
seconds.

In 1845, John Frederick William Herschel reported the first observation of fluorescence
from a quinine sulfate solution when it was exposed to a UV light source or the sun.?
Later, in 1852, George Gabriel Stokes named this phenomenon as “fluorescence” in
honor of the fluorescent mineral fluorspar. Stokes also discovered that emission occurs
at

longer wavelengths than absorption. This relationship now bears his name and the
‘Stokes Shift’ is counted as one of the most positive characteristics of fluorescent
molecular sensors.? In 1935, Alexander Jablonski illustrated the processes that occur
between the absorption and emission of light using a diagram, now known as a Jablonski
diagram (Figure-1).3

3 —— Absorption
S, 2—
1 Fluorescence
0 —— Phosphorescence
v 1C ---- Interconversion (IC)
3 : ---- Intersystem Crossing (ISC)
s, 2 T
1
o—r vy IsC ,
o T 2 7,
—v—' 1
o 1]
Ic !
3 Y Y y
2
So 1
0

Figure-1: Jablonski diagram showing photon absorption and emission processes. The straight
arrows indicate radiative processes and dotted arrows indicate nonradiative processes.

These diagrams often depict the ground state So, the first and second singlet excited
electronic states S; and S; as well as the first triplet excited electronic state Ti. Each
state can exist in various vibrational energy levels, due to the variety of nuclear
geometries, represented by the numbers 0, 1, 2 and 3. According to the Frank-Condon
principle, the transitions of electrons between states occurs in a much shorter time (10
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15 5) than the displacement of the nuclei (10'? s) and therefore can be represented as
vertical lines. Jablonski diagrams provide a theoretical basis for the development of
fluorescence and are often used as the starting point for discussing light absorption and
emission. As the mechanism of fluorescence became more widely understood, it has
received more and more attention and developed into a field of study in its own right.

In recent decades, advances in fluorescent technology has made great strides, and has
yielded increasingly fascinating discoveries for diverse fields in biological sciences.
Fluorescence spectroscopy is considered to be one of the most important research tools
in biochemistry and biophysics. Presently, fluorescence is a dominant methodology
widely used in a great number of research domains, including biotechnology, medical
diagnostics, genetic analysis, DNA sequencing, flow cytometry, and forensic analysis
among others. Due to the high sensitivity of fluorescence detection, there has been a
remarkable growth in the use of fluorescence for cellular imaging, which renders
fluorescence techniques promising tools to replace radioactive tracers for most
biochemical measurements, avoiding the high expense and difficulties of handling such
unstable isotopes. Moreover, fluorescence imaging has the resolution to effectively
reveal the localization of intracellular molecules.

1.2. Fluorescence sensing

Fluorescence sensing of chemical and biological analytes is an active research field.*®
The efforts devoted to this subject were initially driven by the desire to eliminate the
use of radioactive tracers, which are costly to use and dispose of. Nowadays, the high
sensitivity of fluorescence sensing techniques is another important reason for the
increased attention. Fluorescence sensing also meets the need for rapid and low-cost
determination methods for a wide range of chemical, biochemical, clinical, and
environmental processes.

Fluorescence sensing requires a change in a spectral property, such as fluorescence
intensity, emission spectrum, excitation spectrum, fluorescence lifetime, anisotropy, or
®n with concominant environmental changes around the fluorophore through a binding
event to an analyte. The most popular fluorescence sensing approach is the
fluorescence intensity-based strategy, that is, the fluorescence intensity of the probe
changes in response to an analyte. A great number of this type of sensor have been
developed for pH, cations, anions, DNA, RNA, ATP, enzymes, amino acids, glucose, etc.®
16 An additional advantage of fluorescence sensing is that detection of analytes can be
performed via time resolved measurements.

As illustrated in Figure-2, fluorescent probe design strategies mostly include three main
features; (1) a recognition moiety with high selectivity for the analyte of interest; (2) a
fluorophore with sufficient brightness and spectral properties in some form; (3) a
suitable linker that connects the two former moieties allowing for signal transduction.”
1517 There are generally four types of reaction mechanisms between fluorescent probes
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and the corresponding analytes: (1) complexation; (2) formation or cleavage of a
covalent bond; (3) redox reaction; and (4) protonation-deprotonation.®

<
e <@

Fluorophore Receptor Analyte

Figure-2: Schematic representation of the mechanism of fluorescent probe. Fluorescence
emission is turned-on upon binding with analyte.

1.3. Metal cation sensing

Metal cations are essential for sustaining every form of life because they play a vital role
in many chemical, biological, and environmental processes. Based on a physiological
viewpoint, metal cations can be broadly classified into two pools: (1) essential metal
cations (Li*, Na*, K*, Mg?*, Ca?*, Zn**, Fe?*/3*, etc.) which play an key role in many
biological processes, including intra- and intercellular communication, in the regulation
of DNA transcription, proper functioning of nerve cells, the transport of oxygen, in
photosynthesis and electron transfer processes; and (2) nonessential or toxic metal
cations (Hg?*, Cd%*, As3*, Pb2?*, Cr3*/6*, NiZ*, Co?*, etc.) which have a serious impact on the
environment and health. In medicine, it is important to control the serum levels of
lithium in patients under treatment for manic depression, and potassium in the case of
high blood pressure. Due to their importance in many areas, the chemistry of cation
complexation has played an important role in the origin of the field of molecular
sensors.

Great efforts have been dedicated towards the development of fluorescent probes for
various metal cations. The research on metal cation sensing has come a long way since
Pederson’s pioneering discovery of crown ethers and their ability to form complexes
with metal cations.® After Pedersen’s first report on the cation-complexation of crown
ethers in 1967, a tremendous amount of subsequent work was performed to create
more complex structures to bind a variety of metal cations.'® Among various metal
cations, alkali and alkaline earth metal cations, especially Li*, Na*, K*, Mg?*, and Ca?*
have attracted significant attention because of their well-known biological
significance.'®%> With the discovery of the important roles of transition metal cations
play in a diverse array of biological and environmental processes, more recent attention
has been focused on developing sensors for transition metal cations, such as Cr3*,26
Fe3* 27 Co2*,28 Ni2* 22 Cu?*,3° Zn2* 3132 Cd2* 33 and Hg2+.33

Complexation is the most widely used strategy for the development of fluorescent
sensors for various metal cations by virtue of their strong binding affinities with
electronegative heteroatoms such as N, O, and S.3* There are some general principles
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for probes based on this strategy: (1) an appropriate ring/cavity size for a given metal
cation, e.g., crown ethers with different ring sizes bind different alkali metal cations; (2)
suitable ligands forming five- or six-membered chelate ring complexes with metal
cations, such as probes with an DPA (dipicolylamine) unit complexing Zn%*; and (3) soft-
hard acid-base principle, for instance, soft sulfur-containing receptors exhibit high
affinities for soft metal cations such as Ag* and Hg?*.

1.4. Mechanism of signal transduction

The signaling moiety acts as signal transducer and is responsible for the conversion of
the recognition event into a change in the photophysical properties of the fluorescent
probe. This happens because the chemical and structural properties of the excited state
are very different from the ones of the ground state and various processes such as
fluorescence resonance energy transfer (FRET), photo-induced electron transfer (PET),
internal charge transfer (ICT), energy transfer (ET), aggregation induced emission (AIE),
excimer and exciplex formation can occur in the excited state.

1.4.1 Fluorescence resonance energy transfer (FRET)

A non-radiative process results from interaction between different fluorophore couples
wherein the transfer of resonance energy occurs from a donor fluorophore (D-F) excited
state to an acceptor fluorophore (A-F) ground state and emission may subsequently
arise from the acceptor centre through non-radiative “dipole—dipole coupling” (Figure-
3).3°> The basic necessity for the FRET process is an appropriate overlap of the emission
spectrum of donor (D) with the absorption spectrum of acceptor (A). A higher spectral
overlap leads to a better FRET depending on the distance between donor and acceptor
which should lie between 10 to 100 A for an efficient process. FRET also depends on the
virtual orientation of dipole moments of the donor absorption and acceptor emission.3®
The FRET mechanism is generally used to design fluorescent ratiometric sensors capable
of displaying large pseudo Stokes shifts. In metal-complex based FRET fluorescent
probes, both the donor-fluorophore (D-F) and acceptor-fluorophore (A-F) are linked to
the metal ion bound receptor/ionophore. However, the possibility of another receptor
site for metal ion binding enables the entire metal-complex to serve as a FRET probe
(Figure-3). It is worth mentioning that usually charge transfer inactive Zn(Il) and Cd(ll)
are pre-bound metal ions in complex based probes so that a non-radiative FRET can be
observed. However, occasionally other metal ion (d'-d®) based complexes are also
fluorescent and can serve as FRET sensors.
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Figure-3: Metal-complex based fluorescent probes for metal ion sensing via FRET mechanism.

Scheme-1 shows FRET-based fluorescent probe CPBT for Zn?*, which is a combination
of a coumarin moiety acting as the fluorescence donor and 4-amine-7-
sulfamoylbenzolc][1,2,5]-oxadiazole (ASBD) as the acceptor.3” The emission spectrum
of coumarin overlaps well with the absorption spectrum of ASBD with strong emission
at 560 nm and weak emission at 480 nm. After Zn?* binding, the absorption spectrum
of ASBD moiety shows a large blue-shift due to the decreased Intramolecular charge
transfer (ICT) effect, which leads to a dramatic decrease in the spatial-overlap and FRET
efficiency. Consequently, by increasing the concentration of Zn?*, the emission intensity
at 560 nm significantly decreased and fluorescence emission at 480 nm increased.

G P Cr
3 ﬁ@ Q o3

(o)

VI

° \/A
ELN \/A Et,N
2 FRET ON FRET OFF
CPBT CPBT+Zn?*

Scheme-1: Schematic illustration of mechanism of FRET probe CPBT.

1.4.2 Photo-induced Intramolecular Charge Transfer (ICT)

ICT processes from a donor to an acceptor in a single molecule have also been used as
the basis of the sensing mechanism for macrocyclic fluorescent probes for cations. In
this process, fluorescence effects depend on the combination of electron-donating
groups and electron-accepting groups in a conjugated m-system that combines the
fluorophore and the acceptor. After light excitation, the redistribution of electron cloud
density from the electron donor to the electron acceptor produces a dipole moment in
the molecule. When an analyte is added, the dipole distance can be increased or
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decreased depending on the property of the analyte and the electronic relationship
between the acceptor and the fluorophore. The reduced dipole moment will cause a
blue-shift in the fluorescence emission spectrum (ICT) pathway to be suppressed, which
makes the excited state more unstable than the ground state when reacting with the
analyte. Conversely, the increased dipole distance will cause a red-shift in the emission
spectrum and the strength of the ICT process is enhanced, which results in the excited
state being more stable relative to the ground state after analyte binding (Figure-4).3%

» il = >
S \—

e ¢

Weak ICT Strong ICT

Figure-4: Metal-complex based fluorescent probes for metal ion sensing via an ICT
mechanism.

To date, many fluorophores have been designed and reported utilizing the ICT
mechanism. Scheme-2 shows a typical example of an ICT-based probe, Fura 2.3° Upon
complexing with Ca?*, Fura 2 exhibits a remarkable blue-shifted fluorescence and
increased fluorescence intensity.

Complexation

Receptor
coo oocC
Caz+
H co0 -]
~' voc— 2 ~
ca?* o 7\ \
- ‘xouo -~ g — 7/
1= e .- z o o
(3
%
'G N0
o0 Coo
Fura 2 Blue-shifted fluorescence

Scheme-2: Schematic illustration of mechanism of ICT probe Fura 2.

1.4.3 Photo-induced Electron Transfer (PET)

In PET probes, the analyte recognition moiety (the receptor) is often connected to a
fluorophore via a spacer, rendering the receptor and the fluorophore electronically
isolated, which essentially differs from ICT-based probes. The electronegative element,
usually a nitrogen atom, embraced in the receptor moiety has a high-energy lone pair
of electrons, which can transfer an electron to the fluorophore in the excited state,
resulting in fluorescence quenching. Upon complexing metal cations, the reduction
potential of the receptor is enhanced and, thus, the HOMO of the receptor becomes
lower in energy than that of the fluorophore. As a result, the PET process from the
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receptor to the fluorophore is restricted, and consequently fluorescence quenching of
the fluorophore is reduced, leading to increased fluorescence intensity of the
fluorophore.?*° Therefore, the PET mechanism has potential to be explored to develop
fluorescence “turn-on” sensors.

hVaps

Fluorophore

] Lumo —— _ Lumo—lj
Homo—‘—/:H_ HOMo HomMo—}~—

Free receptor

HOMO

Fluorophore Fluorophore

Bound receptor
Figure-5: Metal-complex based fluorescent probes for metal ion sensing via PET mechanism.

Scheme-3 shows a typical example of a PET probe, in this case a BODIPY based K*
sensor.*! In the absence of K*, KS-6 fluorescence emission is relatively weak because of
the PET process from the receptor moiety to the BODIPY fluorophore. However, upon
binding with K* ions, the fluorescence of the fluorophore is increased 130-fold at 572
nm due to prohibition of the PET process and shows strong transduction to K*
concentrations ranging from 30 to 500 mM. KS-6 has been applied for selective imaging
of the K* efflux/influx in mitochondria living cells.*" 42 Due to the advantages of
fluorescence “turn-on” sensors in cell imaging applications, probes utilizing the PET
mechanism have become more numerous than others and have been attracting more
and more attention in developing various fluorescent probes for metal cations.

® ) C) ©
O(CH,);PPh,

Br O(CH,);PHPh, Br

Weak fluorescent state Strong fluorescent state

Scheme-3: Schematic illustration of PET probe, BODIPY KS-6.
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2. Diketopyrrolopyrroles (DPPs)

In the past two decades, a wide variety of fluorescent probes with different recognition
moieties have been designed and synthesized, which were based on the most versatile
fluorophores, including fluorescein, coumarin, cyanine, boron-dipyrromethene
(BODIPY), rhodamine, and 1,8-naphthalimide, etc., which are applied in many
applications including cation, anion and biological relevant molecules detection, food
analysis, medical diagnosis, environmental monitoring, and many other applications.

Diketopyrrolopyrroles (DPPs) were first discovered by Farmum et al. in 1974 as a by-
product of the classical Reformatsky reaction between benzonitrile and ethyl
bromoacetate (Figure-6).*> Due to poor vyields, the discovery of DPPs went largely
unnoticed until 1983, when Igbal et al ** reported the synthesis of DPP via a new one-
step route, using benzonitrile and diethyl succinate in the presence of base. This revised
synthesis increased the yield to 60-70%, encouraging the commercialization of DPPs for
use as a pigment in inks, varnishes and paints due to their easy functionalization, bright
red color, high thermal stability, and excellent photophysical properties.*> Since
expiration of the key patent in 2003, they underwent transformation from high-quality
pigments to the most popular dyes for optoelectronic applications including organic
field-effect transistors (OFETs), organic photovoltaics (OPVs), organic light emitting
diodes (OLEDs), dye sensitized solar cells (DSSCs) and perovskite solar cells.*® Further
striking innovations include the development of DPP-based singlet fission,*” organic
sensorimotor synapse,*® and circularly polarized luminescence.*®

Figure-6: Structure of diketopyrrolopyrrole (DPP) where Ar represents aryl groups.

The synthesis of the DPP core generally occurs via a condensation reaction between
one equivalent of diethyl succinate and two equivalents of an aromatic nitrile, under
basic conditions.* The DPP core is electron deficient due to the two amide groups
presentin the ring and, through incorporation of electron rich moieties such as benzene
or thiophene, as flanking groups on either side of the DPP core, the absorption and
emission able to be tuned in the bathochromic direction. It is well known that
unsubstituted DPPs are highly insoluble due to intermolecular hydrogen bonding
between N-H and O atoms. In order to improve the solubility, it is necessary to
functionalize the lactam N-H position, usually by means of alkylation (Scheme-4).
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Scheme-4: Classical nitrile-succinate method for the synthesis of DPP via condensation.
3. New developments

In recent years there has been a growing interest in the synthesis of asymmetrically
substituted DPPs, in which the DPP core is flanked by two different aryl groups and two
various substituents on the nitrogen atoms. This breaks the symmetry of final molecule
and improves solubility in non-chlorinated solvents. There have been various reported
examples of asymmetrical DPPs possessing a wide variety of aryl substituents, mostly
relying on the use of analogs of 4,5-dihydro-5-oxo-2-arylpyrrole-3-carboxylate
developed in Ciba-Geigy laboratories.>® Although this synthetic method allows for the
formation of free-NH DPPs, which can be mono-alkylated non-selectively, the yields of
such transformations are low which limits the substrate scope especially for highly
electron-rich and sterically bulky nitriles. To overcome this problem, in 2020, Gryko and
co-workers developed an efficient method for the programmed synthesis of
asymmetrical DPPs (Scheme-5).>! In order to increase the stability and solubility of the
intermediate pyrrolidone in t-AmOH, a trimethylsilane (TMS) protected hydroxyl group
was introduced in pyrrolidone 1 which could then be used in condensation reactions
with nitriles providing asymmetrical DPPs incorporating two different aryl groups and
selective incorporation of a single alkylated lactam product in good yields.

z Alk
Ar2CN 0N

TMSO,  CO,Et Arl
[0} 3 st 2 .
eto,c._J 4 AricHo  TTER ﬁw e {
—_— R
2 COEt  AIKNH, o ! /

77-99% N” VA" t-AmOH/toluene 2

| (o]
Alk 100 °C, 16h H
1 6-70%
Alk= C4H,
OME OMe NMe,
OMe

Scheme-5: The method for synthesis of asymmetrical DPPs developed by Gryko and co-
workers.>?

With this new methodology authors have been able to transform nitriles, which failed
to produce diketopyrrolopyrroles in classical succinate method, into asymmetrical
DPPs. This is especially true for electron-rich nitriles derived from benzene, carbazole,
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naphtho[2,3-b]furan and sterically hindered nitriles such as 2-bromobenzonitrile, 2-
methoxybenzonitrile, 8-methoxy-4-cyanoquinoline, and 9-cyanoacridine. Furthermore,
electron-donating substituents such as 4-dimethyl-aminophenyl, 3-indolyl, and even 2-
methoxyphenyl, which are both electron-donating and sterically hindered moieties can
be easily incorporated into DPPs with good yields. This programmed method for the
synthesis of diketopyrrolopyrroles enables freedom to incorporate an almost
unrestricted variety of substituents around the heterocyclic core.

During the past decade, DPP dyes have shown incredible potential as fluorescent probes
for applications in biological systems. So far, many research groups have designed and
synthesized DPP based fluorescent probes for the detection of metal cations and
anions.*> 52 Among various anions, fluoride ions have the highest affinity to protons and
are capable of deprotonating hydrogen-containing polar moieties, such as O-H and N-H
groups. In 2010, Tian and co-workers developed the first DPP based fluorescent probes
for the detection of fluoride ions.”®> They synthesized mono-N-alkylated DPP
chemosensor 2 (Figure-7) for the detection of fluoride ions through colorimetric and
ratiometric fluorescence signalling. Upon addition of F" ions, the color of the solution
showed significant change from orange to red and a fluorescence change from yellow
to red was observed due to deprotonation of the N-unsubstituted amide group of DPP.
In 2013, Wang and co-workers reported the first DPP based fluorescent Zn?*
chemosensor 3 (Figure-7) by attaching zinc chelator N,N-di(pyridine-2-ylmethyl)amine
(DPA) to the phenyl rings at positions 3 and 6 of the DPP core. This moiety shows strong
Zn?* complexation with a concurrent large emission enhancement and 70 nm blue-shift
response appearing through PeT and ICT mechanisms. Those probes were used for
detecting Zn?* ions inside living cells.>* More recently, Wang, Sessler and co-workers
reported DPP-based Zn?* sensors 4 and 5 (Figure-7) by functionalizing the N2 position
with a zinc-sensing unit comprised of a methoxy derivative of N,N-di-(-2-
picolyl)ethylenediamine (MeO-DPEN) and a mitochondria targeting PPhs* or lysosome-
targeting morpholine group at the N5 position, respectively. In these cases, signaling
was based on PeT processes.” They proved that changing the position of zinc chelator
unit to the N-position of the lactam induces a 77-fold fluorescence enhancement upon
the addition of Zn?* and were applied to imaging lysosomal Zn?* in prostate cancer cells.
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Figure-7: Reported DPP-based fluorescent sensors.

4. Aims and Objectives

Until now, there has only been limited research focused on DPPs designed for detection
of metal cations especially for biologically important alkali metal ions including lithium
(Li*), sodium (Na*), potassium (K*) and alkaline earth metal ions magnesium (Mg?*) and
calcium (Ca?*). Although there have been reports of DPPs designed for zinc (Zn?*)
detection, the vast majority of them are based on the photo-induced electron transfer
(PET) mechanism. These reported DPP zinc probes have absorption and emission
maxima below 600 nm, however, which limits their biological applications in the
therapeutic window. Moreover, these probes exhibited low fluorescence quantum
yields, even after zinc complexation, and were not organelle-specific, which often
results in the detection of the subcellular Zn?* decreasing resolution. While a large
number of DPP-based fluorescent probes have been developed for detection of metal
cations, the vast majority of them possess poor water solubility and biocompatibility
combined with a low ®n and low photostability. Therefore, when designing the next
generation of fluorescent probes for imaging metal ions in living cellular systems they
must meet the above mentioned key properties along with high optical brightness
values which can lower the amount of dye needed for cellular applications, minimizing
the potential for altering endogenous cellular distribution, and have visible-light
excitation in order to minimize sample damage and reduce autofluorescence.

The aim of my project was to investigate ways of overcoming the above limitations by
designing and synthesizing new diketopyrrolopyrrole-based fluorescent probes which
are not only highly selective and sensitive for the detection of metal cations such as Li*,
K* and Zn?*, but also have good solubility in polar solvents, bathochromically shifted
emission, high fluorescence quantum vyield, hydrophilicity and cell permeability.
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The rationale behind the use of diketopyrrolopyrrole as a fluorophore was two-fold.
First of all they have appreciable photophysical properties to start with (see above)
which can be modulated by alteration of C-aryl substituents. Moreover | would like to
exploit the newly developed programmed method for the synthesis of fully
asymmetrical diketopyrrolopyrroles®® which gives full freedom to incorporate an
unrestricted variety of substituents regulating all essential features i.e., cation
recognition unit, solubility, functional targeting group for a specific organelle in
biological systems and modulation of the fluorescence by donor-acceptor architecture.
Therefore, | decided to construct highly sensitive and selective probes comprised of two
different electron-donating or electron-withdrawing peripheral aryl groups, only one of
which would contain the cation recognition unit, and strong electron-accepting DPP
core in the middle. Given that the rationale behind my PhD-Thesis was to design and
synthesize the targeted fluorescent probes, biological targeting groups will also play an
important role to accumulate in specific organelles and increase the solubility in polar
solvents for molecular biology cell studies. Finally, all the novel DPP probes may induce
better compatibility with the cells to detect changes in concentrations of metal cations
(K*, Zn?*) in specific localization in living cells.

5. Result and discussion
5.1 Diketopyrrolopyrrole-based Chemosensors Possessing Macrocyclic Units

Crown ethers are flexible macrocyclic compounds consisting of multiple oligo-ethylene
oxides in a cyclic array and were first discovered by Pedersen in 1967.2 These crown
ethers and their aza-crown analogues have been a popular receptors for alkali and
alkaline earth metal cations owing to their strong binding ability between metal ions
and electron rich donor atoms through electrostatic ion-dipole interactions. The most
common types of crown ethers are 15-crown-5, 18-crown-6 and 1-aza-18-crown-6
which are widely used in the design of fluorescence based sensor systems.>® The
predominant design of such probes is based on photo-induced electron transfer (PET)
and the probes typically comprise both a fluorophore and a recognition unit linked via
a methylene group or longer electronically isolating bridge. However, a limited number
of studies have been conducted on the photophysical consequences of directly linking
the fluorophore core with a molecular recognition unit. Such fluorescent sensors
operate via intramolecular charge transfer (ICT) which leads to a strong push-pull
electron system. If the dye is polarized, the cation binding to electron-donating group
affects the push-pull electronic character of the fluorophore, weakens or strengthens
the ICT and leads to changes in emission such as blue- or red-shifts.>” On the other hand,
DPPs have rarely been used as fluorophores to study the recognition of metal cations
and to the best of my knowledge, there is no single example on DPP-based fluorescent
probe for detection of alkali metal ions such as Li*, Na*, K* and all existing examples
designed for Zn?* detection rely on the PET mechanism. Therefore, | decided to explore
the direct linkage of intramolecular charge transfer (ICT) mechanism to construct more
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efficient probes based on the DPP chromophore directly from nitriles possessing
macrocyclic units.

In the first part of my study (Paper 1), | prepared a series of nitriles bearing crown ether
moieties directly fused to a peripheral aryl group of DPP of different ring sizes including
18-crown-6, 15-crown-5 and 21-crown-7 (chosen as Na*/K* ionophores). Initially |
attempted condensation of these nitriles under classical DPP synthesis conditions in
presence of diethyl succinate. Unfortunately, these reactions were unsuccessful and did
not produce the desired symmetrical DPPs. Taking advantage of the recently developed
new methodology for synthesis of fully asymmetrical DPPs to overcome the problem of
low reactivity of nitrile which relies on the condensation of nitrile with key intermediate
pyrrolidin-2-one 1.>! | decided to apply these conditions for condensation of nitrile 6
bearing benzo-18-crown-6 scaffold, with pyrrolidin-2-one 1. This reaction was
successful and produced the first ever macrocyclic hybrid dye DPP 7 possessing crown
ether unit in low yield (Scheme-6).

TMSO,  COOEt o™ oMe
0 o CN t-BuOLi
07N ¥ [
) OMe (o] (o) t-AmOH/toluene
CaHo o/ 110 °C, 16h
10%
1 6 7

Scheme-6: Synthesis of asymmetrical benzo-crown DPP 7

After confirming the molecular structure of DPP 7 by H-NMR and HR-MS, the
methodology was extended to synthesize a library of DPPs possessing benzo crown
ethers differing in crown size. The optical studies performed at the Institute of Physics,
PAS (Warsaw), revealed that fluorescence quantum vyields are in the range of 0.8-0.96
but disappointingly fluorescence titration studies displayed weak selectivity for Na* and
K* even in large excess. Although the size of these crown ethers are known to be
compatible for complexation with the radii of Na* and K* ions, no significant changes in
the emission were observed.

Previously, our group had developed a rare example of a non-fluorescent DPP dye
possessing 2-dialkylaminopyridine substituents on both sides of the DPP core. | decided
to utilize this finding to look for a highly prized “switch-on” fluorescent sensor. For this
purpose, suitable nitriles were prepared by attaching azacrown ethers via nucleophilic
aromatic substitution at position 2 of a 4-cyano pyridine. The resulting nitriles were
subsequently used for DPP synthesis via condensation of nitrile using same conditions
to Scheme-6. The incorporation of pyridine containing crown ethers on DPP core leads
to A’-A-D architectures with improved yields of up to 30%. In contrast to the typical
DPPs, which are known to be highly fluorescent, these new pyridine DPPs (8-10, Figure-
8) bearing azacrown ether units at the meta position turned out to be very weak
emissive (®p =0.01-0.03%) compared to benzocrown DPP 7. The quantum chemical
calculations performed by Prof. Denis Jacquemin (Nantes, France) revealed that the
triplet T, state is located very close in energy to the S1 with a small energy gap which

31

https://rcin.org.pl



leads to efficient intersystem crossing (ISC). Thus, the presence of an accessible triplet
state quenches the emission in 8-10.

As predicted, the addition of sodium and potassium salts (1000 eq.) to DPPs 8,9 and 10
(Figure-8) possessing 2-dialkylaminopyridin-4-yl (where alkyl is a crown ether) showed
moderate fluorescence enhancement with a range of 0.06-0.14% fluorescence
quantum yields in acetonitrile and the emission is bathochromically shifted by 9 nm.
The photophysical studies of all three DPPs 8, 9 & 10 displayed significant bathochromic
shift of both absorption and emission compared to benzo crown DPP 7 when
coordinated to cations possessing Lewis acid character such as Li*, Mg?* and Zn?* with
strong fluorescence enhancement =20 to 30 times in presence 1000 eq. of each salt .
Both probes 8 and 10 possessed @ of =0.2-0.3% in acetonitrile in the presence of 1000
eq. of Li*, Mg?* and Zn?*, while the emissions were red-shifted from 550 to 630 nm (=80
nm) going beyond the 600 nm into IR to NIR region.
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Figure-8: Structures, optical properties of new fluorescent chemosensors (8-12) in acetonitrile.

The same trend was observed for protonation with benzenesulfonic acid. Probe 9
displayed very high emission quantum yield upon Li* binding (®s= 0.94 & 34 times) and
Zn** (@s= 0.76 & 25 times). Finally, probe 12 (Figure-8) which lacks a macrocyclic ring,
showed 30-fold fluorescence enhancement with large bathochromic shift of 120 nm in
the presence of 1000 eq. of Li*. This clearly indicates that interaction of lithium with the
2-dialkylaminopyridine unit is responsible for the striking effect.
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In conclusion, by using new, efficient, programmed method for the synthesis of DPPs,>!

it is possible to obtain D-A-D and A’-A-D type DPP based fluorescent chemosensors
bearing macrocyclic units directly from nitriles. As | hoped, this new class of
chemosensors showed strong fluorescence intensity and bathochromic shift of
emission upon complexation with metal cations especially for Li*, Mg?* and Zn?*. Also,
experimental results indicate that these macrocyclic hybrid dyes exhibit moderate
fluorescence enhancement in the presence of Na* and K*. These results open the door
for me to design and synthesize highly selective and sensitive fluorescent probes for
bioimaging applications in living cells as “turn-on” sensors.

5.2 DPP-based K* sensitive probes

Potassium ions play diverse roles in a number of biological functions especially in
mitochondrial metabolic processes. Moreover, the significance of potassium channels
in mitochondria plays indispensable functions in cell proliferation, cell growth, muscle
contraction and nerve transmission. On the other hand, an unbalance in the potassium
levels in the human body leads to many diseases. Hence, considering the importance of
an intracellular and extracellular potassium concentration changes in living cells and
taking into consideration of the results of my first project, | aimed to prepare highly
sensitive mitochondria targeting potassium probes directly linked to a DPP fluorophore
operating via the intramolecular charge transfer (ICT) mechanism. The obvious
consequence of this fact is that the direct linking an amine-bearing recognition unit with
a chromophore leads to a strongly polarized dye. Changing the electron-donating or
electron-withdrawing properties in push-pull donor-acceptor systems influences the
intramolecular charge transfer (ICT) and leads to increasing or decreasing of HOMO-
LUMO gap.3® To the best of my knowledge, there are no examples of DPP based
fluorophores used to study K* concentration changes in mitochondria. For this reason
in my second project | planned to synthesize K* probes possessing phenylaza-18-crown-
6 as a key receptor due to its high selectivity and sensitivity for K* over Na* in biologically
relevant conditions. Consequently, | chose an asymmetrical DPP in my molecular design
strategy so that | decided to place the basic nitrogen atom at the most conjugated
position of the aryl substituent, so that the fluorescence will be sensitive to the binding
event. The efficient stepwise DPP synthesis allowed me to prepare 4-bromo-phenyl
asymmetrical DPP derivatives bearing additional alkoxy group at an ortho position to
bromine. The resulting dyes were used for Buchwald-Hartwig amination with 1-aza-18-
crown-6 to obtain K*-probes 13, 14 and 15 (Figure-9). In order to increase the K* binding
constant an additional lariat ether at a position adjacent to the aza-18-crown-6 moiety
was added in probe 15. This new programmed method for DPP synthesis selectively
gives mono-alkylation at N2-position with NH-free at N5-position. This NH-free position
is crucial for my design since | planned to attach the mitochondria targeting lipophilic
triphenylphosphonium group which was done by means of alkylation with long alkyl
chain 1, 6-dibromohexane which was subsequently reacted to form a
triphenylphosphonium salt to give mitochondria probe 16 in 25% yield (Figure-9). Probe
16 represents the first DPP-based mitochondria targeting potassium probe to date. As
expected, all four probes displayed good solubility in both polar and non-polar solvents.
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The photophysical studies of the new fluorescent probes were broadly investigated at
the Institute of Physics, PAS. Simultaneously the bioimaging experiments were
performed in Nencki Institute of Experimental Biology, PAS (Warsaw).

Photophysical studies of the new D-A-D’ hybrid fluorophores displayed a good
combination of favorable properties including strong absorption of green light (500-530
nm) and strong emission of yellow light (560-590 nm), and very high fluorescence
guantum yields (0.8-0.9%) in both CH3CN and toluene. The probes 13-16 (Figure-9)
bearing additional alkoxy substituents adjacent to crown ether moiety are very sensitive
to K* which leads to hypsochromic shifts of emission from 580 to 520 nm in the presence
of just 1 equivalent of K*. Discouragingly, all four probes failed to give fluorescence
changes in water and in HEPES buffer. In the absence of additional alkoxy group probe
13 displayed no essential changes in the emission even in presence of huge excess of
K*. Probe 16 displayed the highest fluorescence enhancement in the presence of 5 eq.
of K* in CH3CN.
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Figure-9: Structures, optical properties of new fluorescent K* probes 13-16 in acetonitrile.

As a result, probe 16 was selected for bioimaging studies and investigated by myself
together with Dr. Antoni Wrzosek in the group of Prof. Adam Szewczyk (Nencki Institute
of Experimental Biology, Warsaw). The conducted fluorescence microscopy
experiments showed probe 16 localized selectively in mitochondria of cardiac H9C2 cells
which was confirmed by co-localization with MitoTracker™ Green. As probe 16
possesses a lipophilic cation, it accumulated in the mitochondria at very low
concentrations (150-500 nM) after incubation with cardiac H9C2 cells. Also, modulation
in the mitochondrial K* concentration under stimulation in the presence of potassium
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ionophore valinomycin and nigericin were visible via changes of fluorescence.
Importantly, this sensing of mitochondrial K* flux in live cells could be observed at two
different excitation wavelengths (green and red emission channels). With these results
| have demonstrated that probe comprising of the DPP chromophore bridged with
phenylaza-18-crown-6 lariat ether and quaternary phosphonium moiety is a promising
K*sensor for intracellular imaging studies in mitochondria. To the best of my knowledge,
probe 16 represents the first ever DPP-based mitochondria-targeting fluorescent K*
sensor to date.

5.3 DPP-based Zn?* sensitive probes

In the final part of my experimental work | decided on an approach to design, synthesize
and study the photophysical properties as well as the intracellular imaging of
diketopyrrolopyrrole-based zinc sensors directly obtained from nitriles possessing zinc
chelator units. As described for the potassium probe, the development of a probe that
is specific for the zinc cation is challenging as it needs to be sensitive and selective. Since
zinc’s biological significance has led to its intense study and its involvement in important
roles in a wide range of biological processes, it is becoming increasingly important to
determine zinc in living organisms.
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Figure-10: Structures, optical properties of new fluorescent Zn?* probes 17-19 in acetonitrile.
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Although DPP and a large number of different fluorophore-based zinc chemosensors
have been extensively investigated and studied, >*>°%%8>% |imited attention has been
dedicated to direct linking of the DPP fluorophore with the recognition unit for the zinc
cation. Since di-(2-picolyl)amine (DPA) is the most commonly used zinc chelator as its
strong binding affinity over other metal cations, | decided to attach DPA unit at position
2 of a peripheral pyridine ring, so that the basic nitrogen of the pyridine also actively
participates in the binding event along with DPA. Knowing from my first project that
hydrophilic nitriles are compatible with DPP synthesis, | prepared two starting materials
possessing a DPA unit either directly attached or via a methylene spacer at the 2-
position of a pyridine-4-carbonitrile and they were used for the final condensation with
pyrrolidin-2-one 1 using the developed methodology leading to A’-A-D architecture zinc
probes 17 and 18 (Figure-10). Subsequently, | modified the structure of these probes to
include triphenylphosphine cation (PPhs*), with the idea to transform them into
mitochondrial probe 19 (Figure-10) in overall 27% vyield.

In addition, a propylmorpholine group was chosen to be present at the N2 position of
the final molecule as a lysosome targeting group as, due to its basic nature, it easily
accumulates in acidic lysosomes. Hence, | synthesized the key intermediate pyrrolidin-
2-one 20 using the previously developed method by multicomponent reaction of 4-
methoxybenzaldehyde with 3-aminopropylmorpholine and diethyl oxaloacetate
followed by reduction and TMS protection in overall 43% vyield.”* In analogy to the
previous probes 17 and 18, | prepared two lysosome targeting probes 21 and 22 via
condensation of nitrile with pyrrolidin-2-one 20 using the developed conditions
(Scheme-7 & Figure-11).
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Scheme-7: Exemplary synthesis of asymmetrical, lysosome-targeting DPP 21

Altogether, a set of five zinc probes have been prepared and the optical properties and
bioimaging studies of all five probes were extensively studied in Institute of Physics, PAS
and Nencki Institute of Experimental Biology, PAS (Warsaw).

All probes except 19 absorb at =500 nm and emit at 550-560 nm. Probes 17 and 18
display moderate fluorescence quantum yields (0.4 & 0.6%) in CH3CN and obviously the
fluorescence quantum yields are usually not too high for lysosomal probes, although
probes 21 & 22 have ®On = 0.09 and 0.12% respectively. Interestingly, a strong
hypsochromic shift of absorption was observed for probe 19 with ®q = 0.33%. As
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predicted, electronically conjugated polarized DPPs 17, 18 & 19 are very sensitive to the
zinc cation and display strong =80 nm red-shifts of emission (yellow to orange-red) upon
addition of 1 equivalent of zinc (Figure-10). It is worth mentioning that upon zinc
complexation the emission of these probes shifts beyond 600 nm which is almost
invisible to the naked-eye.
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Figure-11: Structures, optical properties of new fluorescent Zn?* probes (21-22) in acetonitrile.

As shown in the Figure-11 probes 21 and 22 bearing morpholine units displayed the
highest fluorescence intensity increase (6-fold) with concurrent 50-60 nm red-shift of
emission after zinc complexation with high fluorescence quantum yields in CH3CN (=
0.6-0.8%). The other notable findings are as follows; (a) these probes also react with
Cd?* but they are silent to other divalent cations of biological importance such as Mg?*
and Ca?*; (b) protonation of these probes with Brgnsted acid shifts the emission beyond
700 nm.

Cell studies were conducted by Dr. Antoni Wrzosek and myself in the group of Prof.
Adam Szewczyk (Nencki Institute of Experimental Biology, Warsaw). As predicted the
staining experiments of probe 19 bearing PPhs* revealed that it was selectively
accumulated in mitochondria (confirmed co-localization with MitoTracker™ Green). On
the other hand the probe 22 selectively localized in lysosomes which was confirmed by
co-localization with LysoTracker ™. The observed photophysical response of studied
DPPs and their ability to act as probes were possible due to the installing vital
substituents implementing all important features, i.e., cation recognition unit,
functional targeting group, solubility and donor-acceptor architecture. This in turn was
only possible, thanks to the previously developed programmed synthesis of
diketopyrrolopyrroles.>!
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6. Comparison and Conclusions

At the beginning of my PhD | designed and synthesized library of quadrupolar (D’-A-D)
and dipolar (A’-A-D) type diketopyrrolopyrrole-based chemosensors for cations
possessing Lewis acid character and their optical properties were investigated. Detailed
literature studies revealed that there are not too many chemosensors possessing DPP
as fluorophore. Therefore, | decided to cross-compare my compounds with other
chemosensors possessing either crown ethers or 2-aminopyridine moieties. The
structures and key optical properties of chemosensors 23-27 are presented on Figure-
12. The comparison of cation sensitivity and fluorescence enhancement of dyes 8-12
with known probes 23-27 revealed that my compounds possess more beneficial
properties. Diketopyrrolopyrroles (DPPs) are known to be used as organic dyes but have
now, for the first time been successfully applied for detection of cations possessing
Lewis acid character such as Li*, Mg?* and Zn?*. In particular the comparison with 3,6-
dibutylbenzodipyrido[3,2-a:2’3’-c]phenazine 23 which has a low ®f and emits in the
green region with slight red-shift of emission upon addition of Li* is interesting.®® On the
other hand chemosensors possessing a crown ether directly fused with a coumarin
fluorophore (24) showed emission in the blue region with hypsochromic shift of
fluorescence upon Li* complexation.®® Merugu and co-workers reported a zinc
chemosensor based on an aminopyridine Schiff base (25) which has a weak
fluorescence enhancement with 30 nm red-shifted emission upon binding with zinc.%?
Wang and Yu developed a BINOL-based fluorescent sensor 26 for Zn?* which showed
weak 7.6-fold fluorescent intensity enhancement and bathochromically shifted
emission by 50 nm.®3 One of the classical compounds from the point of Li* sensors is 27,
bearing an azacrown ether and possessing emission maximum beyond 600 nm after
binding to Li* ions, but its fluorescence enhancement is low (15-fold).5*

In conclusion, my probes 8-12 possessing 2-dialkylaminopyridine are more sensitive to
Li*, Mg?* and Zn?* with higher fluorescence quantum vyields and displayed strong
fluorescence enhancements of up to 45 fold. They also have bathochromically shifted
both absorption and emission upon complexation with both acid and cations possessing
Lewis acid character. Since the DPP core has never been utilized before to construct
chemosensors, especially for Li*, it is impossible to directly compare the optical behavior
of compounds 8-12 with data for analogous compounds. Still, they are very favorable
compared with chemosensors of similar sensing units and these findings brings DPP to
the fore in the design of new generations of sensors.
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24, KLI-1 25,11
Aabs = 410 nm, A, = 553 nm Aabs = 340 nm Maps = 347 nm, Ay, = 474 Nm
@q[Li"] = 0.11 Aem = 430 nm FEF= 14.2 fold

30 nm red shift in emission

OH N/\\
9¢ C°
o) j\n=1 2,3
26 27,SP-1
Aabs = 340 nm, Ao, = 500 nm
®q = 0.28, FEF=7.63 fold Aabs = 530 nm, Agy, = 647 Nnm
50 nm red shift in emission FEF= 15 fold

Figure-12: Photophysical results for structurally related chemosensors for Li*, Mg?* and Zn?*.

In the main part of my work | designed and synthesized a set of DPP-based fluorescent
K* sensors and their optical properties and biological applications were investigated.
Fluorescent K* sensors 28-32, well known from literature?2¢ 233i.0m were compared with
my new DPP K* sensors 13-16. Holdt and co-workers synthesized 28 and proved that
the presence of an additional 2-methoxyethoxy lariat group at the ortho position of the
crown ether moiety is crucial to increase the binding constant. Probe 28 had low
fluorescence quantum yields with weak fluorescence enhancement after complexation
with K*.22 Furthermore, Borisov and co-workers developed set of BODIPY based red- to
NIR emitting K* sensors with moderate quantum yields.?3 Recently, Tian and co-workers
reported a library of K* sensors 29, 31, 32 (Figure-13) and they have displayed blue-shift
of absorption and very low @ upon K* complexation. Moreover, they have comparable
changes in fluorescence properties upon addition of K* and probe 32 was used for
monitoring the K* fluxes in mitochondria under stimulations by adding nigericin
ionophore.

Insummary | have synthesized set of DPP-based K* sensors possessing high fluorescence
quantum yields (0.8-0.90%). | have shown that there is the possibility to fine tune the
photophysical properties of DPP-based K* sensors and an addition of just 1 equivalent
of potassium salt leads to hypsochromic shift of emission from 580 nm to 520 nm. The
incorporation of mitochondria targeting group PPhs* allowed to study changes in
concentration of mitochondrial K* by adding nigericin and valinomycin at two different
excitation wavelengths with increase and decrease in emission intensity. The dual
excitation wavelength of the probe 16 is advantageous.
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60 nm blue shift in absorption 10 nm blue shift in absorption

Figure-13: Photophysical results for structurally related fluorescent K* sensors.

Finally, 1 designed and synthesized DPP-based zinc sensors directly from nitriles
possessing zinc recognition DPA unit and their photophysical properties and bioimaging
studies were investigated. A few DPP-based fluorescent zinc sensors 33-35 (Figure-14)
are well known from literature®*>>. Therefore, | decided to cross compare these known
sensors 33-35 with my zinc probes 17-19 and 20-21. Wang and co-workers reported
the first DPP based fluorescent Zn?* chemosensor 33 and proved a strong Zn?*
complexation with 25-fold fluorescent enhancement and 70 nm blue-shift of
emission.”* Recently, Du et al. synthesized mitochondrial zinc probe 34 by changing the
zinc chelator to the N2 position and it possessed low fluorescence quantum yield and
77-fold fluorescence enhancement in zinc complexation form, but mitochondrial
targeting group PPhs* exhibited a negligible effect on the optical properties of the DPP
fluorophore.>? Very recently, the Wang and Sessler groups reported a series of
lysosomal zinc probes by attaching alkyl morpholine group at N5 position and these
probes display rather low quantum yields and moderate fluorescence enhancement
after bound with zinc.>®® In all the above probes authors were not able to shift the
emission bathochromically to biological window beyond 600 nm.

40

https://rcin.org.pl



R= A~ ~PPhy

33 34
Aabs = 490 nm, L., = 630 Nnm Aabs = 520 nm, Ao = 560 nm
@ =0.07, ®g[Zn?*]= 0.85 ®q = 0.0086, Dy[Zn?*1=0.15
FEF= 25 fold FEF= 77 fold

Aabs = 453 nm, Ag, =512 nm
®@g = 0.008, dq[Zn?*]=0.32
FEF= 75 fold

Figure-14: Photophysical results for structurally related fluorescent Zn?* sensors.

In conclusion, | have shown that my probes which contain sensing moieties directly
conjugated to fluorophore cores display strong bathochromic shifts of fluorescence
moving beyond 600 nm with large fluorescence quantum yields and high emission
intensity when they bind to zinc. Addition of just 1 equivalent of zinc changes the
fluorescence from yellow to orange-red color. Moreover, in the absence of zinc my
compounds possessed nearly 200 fold higher fluorescence quantum yields than
previously reported analogous lysoDPP probes. | also proved that direct linking of a zinc
chelator to DPP fluorophore in a dipolar architecture opens the pathway towards
modulating intramolecular charge transfer via increase in the electron-withdrawing
properties of pyridyl substituent upon zinc coordination, which eventually leads to
strong red-shift of emission. These characteristics in combination with strong orange-
red emission (600-700 nm) mean these new DPP-based zinc probes are promising for
bioimaging applications.
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