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Synopsis

In thisthesis, preparation of novel fluorescent organic nano-materials for long-
term in vitro and in vivo bioimaging applications is described. Fluorescent organic
nanoparticles (FONs) were prepared from organic chromophores based on naturally
occurring nitrogen containing heterocycles, including nucleobases and nucleosides,
connected to fluorescent moieties through a long and flexible aliphatic linker. The
primary goa was to synthesize novel fluorescent organic molecules with improved
properties, from readily available biocompatible materials and convert them into
FONSs via bottom-up approach. Characterization of these nanoparticles was carried
out using modern methods employed in nanotechnology, e.g. scanning electron
microscope (SEM), dynamic light scattering (DLS), atomic force microscope and
confocal fluorescence microscope (CFM). FONs prepared in this work were resistant
to bleaching/fading, were water soluble, biocompatible, easy to use and were shown
to be excellent bioimaging reagents. Biological activity of the FONs was tested using
different cell lines and model organisms, including mouse macrophage cells, cancer
cells, yeast, zebrafish embryos and various bacterial cell lines, and utilization for in
vivo and in vitro molecular bioimaging was demonstrated. In addition, a novel

fluorescent chemosensor for toxic heavy metals was also designed and examined.

The thesis entitled, “Design, Synthesis, Characterization and Application of
Fluorescent Organic Nanoparticles for Live In Vitro/ln Vivo Bioimaging”

contains five chapters:
CHAPTER 1
Introduction to Fluor escent Nano-Bioimaging

Chapter 1 contains a detailed discussion on the subject of bioimaging, and
coversthe historical perspective, recent developments and applications of bioimaging.
This chapter also presents basic concepts of fluorescence and evolution of the
fluorescent microscope, including areas of improvement of fluorescence bioimaging.
Additionally, this chapter includes a detailed discussion of the properties and maor
characteristics of fluorophores. Advantages and drawbacks of the main fluorophore
families, including biological or natural fluorophores, quantum dots, fluorescent

organic molecules and FONSs are presented. History and advances in the development



of the FONs family is covered more comprehensively. Finally, a brief description of
the most popular small model organisms commonly used for in vivo bioimaging

studiesis also included.
CHAPTER 2

Selective Multicolour Imaging of Zebrafish Muscle Fibres Using Fluorescent
Organic Nanoparticles
(ChemBioChem 2012, 13, 1889-1894)

Chapter 2 reveals the design, synthesis, characterization and in vitro/in vivo
bioimaging applications of multicolour emitting FONs. Multicolour and
biocompatible FONs were prepared from novel chromophores (PPy and GPy),
composed of purine derivatives connected to pyrene by 12 carbons aliphatic chain.
Both chromophores were synthesized via simple and straightforward synthetic route
involving copper catalyzed (3+2) cycloaddition as a key reaction. FONs were
prepared from PPy and GPy via bottom-up approach, and their photophysical
properties and morphology were fully investigated by UV-Vis and fluorescence
spectroscopy, SEM, AFM and CFM. It was found that multicolour FONs were able to
penetrate into human breast cancer cells and zebrafish embryos. They were nontoxic,
biocompatible and exhibited specificity for muscular tissues of zebrafish embryos.
The multicolour imaging potential of the pyrene containing FONs can be exploited to

overcome tissue autofluorescence, which often occur in many biological samples.

cl
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Figure 1: Synthesis and application of pyrene containing guanine ana ogues (PPy and
GPy)
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PPy and GPy nanoparticles were resistant to bleaching or fading, easy to use and
could be utilized as an excellent reagent for the study of neuromuscular changes in
zebrafish embryos. This study demonstrated, for the first time, the utilization
possibility of FONs for zebrafish in vivo whole body fluorescent imaging.

CHAPTER 3

Red Fluorescent Organic Nanoparticles for Real Time In Vitro and In Vivo
Bioimaging
(ChemNanoMat 2015, 1, 567-576)

This chapter describes the design, synthesis, characterization and in vitro/in
vivo bioimaging applications of red FONs. Novel highly efficient FONs based on red
fluorescent compound (Cy-Red), which was synthesized using click chemistry
approach  from  cytosine  moiety  connected to  4,7-di(thiophene-2-
yl)benzo[c][1,2,5]thiadiazole via long (12 carbons) aiphatic chain. Although Cy-Red
was almost insoluble in most of the common organic solvents and water, nanonization
effectively converted it into water soluble nanoparticles (nano-Cy-Red), suitable for

biological experiments.

Fission yeast
stained with
nano-Cy-Red

Cancer cells
stained with
nano-Cy-Red

Zebrafish &
..embryo
£ My,

Cancer cells
stained with
nano-Cy-Red

Figure 2: Synthesis, characterization and application of nano-Cy-Red for long-term

real timein vitro and in vivo visualization
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The photophysical properties and morphology of nano-Cy-Red were fully
investigated by UV-Vis and fluorescence spectroscopy, SEM, AFM, DLS, CFM and
fluorescence microscope. It was found that novel nano-Cy-Red nanoparticles are
nontoxic, biocompatible and were able to penetrate into mouse macrophage cells, ora
cancer cells and yeast. More importantly, they retained in living cells for severa
generations, serving as a cytoplasmic stain. Taking advantage of this property, the
nano-Cy-Red dye was exploited for direct in vivo visualization of cancer cell

migration upto 72 h post transplantation in zebrafish embryos.
CHAPTER 4

Novel Fluorescent 3, 5 and 5'- Substituted Nucleosides Derivatives with Selective
Antibacterial Activity
(J. Med. Chem.2015 submitted)

Chapter 4 discloses the synthesis of various 3, 5 and 5- substituted
nucleosides and evaluation of their in vitro inhibitory activity against gram-
positive/gram-negative bacteria and Mycobacterium tuberculosis (Mtb, pathogenic
H37Rv). One of the tested compounds, 3-substituted pyrene akyl uridine 3 showed
mycobacterium inhibitory activity in MTT assay a MICsp = 62 pM, without
significant cytotoxic effect against host macrophages. Compound 3 also showed
selective inhibitory activity against gram-positive bacteria, but was non-toxic to gram-
negative bacteria at all concentrations tested. This work hypothesizes that bactericidal
activity of active compound 3 stems from its ability to disrupt DNA replication. In
support of this mechanism, a) it was demonstrated that active compound 3 inhibits
polymerase chain reaction (PCR) in vitro; b) fluorescent properties of the compound 3
were utilized to perform microscopy studies in different bacteria, showing that
selectivity of compound 3 is limited by cell permeability; c) in vitro binding studies
and fluorescence measurements were used to establish direct binding of compound 3
to enzyme; and finally, d) molecular modeling studies demonstrated a good fit of this
compound within the active site of Tag DNA polymerase enzyme (Tag DNA Pol).
SEM, AFM and Tyndal scattering of light revealed that compound 3 exist in the form
of solution stable nanoparticles. The uniform shape and size of nanoparticles was
confirmed by SEM and the average diameter was ca. 250-300 nm, which was small

enough to penetrate into micro organisms. Thus, 3-substituted pyrene alkyl uridine 3

viii



is a novel, potent, narrow spectrum antibacterial compound which can be used to

target Mtb as well as gram-positive bacteria.

In Silico InVivo InVitro
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Figure 3: Biological evaluation of various 3, 5 and 5'-substituted nucleosides, and in-

vitro, in vivo, and in silico mechanistic studies of lead compound 3
CHAPTER 5

1,8-Naphthyridine-Based Boronic Acid as Fluorescent Chemosensor for Hg*
and D-Fructose

(Manuscript under preparation)

Chapter 5 presents the design and synthesis of novel fluorescent chemosensor
8 [(2-((((5-(7-acetamido-1,8-naphthyridin-2-yl)thiophen-2-yl)methyl)(methyl)amino)
methyl)phenyl)boronic acid], its fluorescence properties, and interaction with various
metal ions and monosaccharides. Compound 8 displayed highly selective fluorescence
quenching upon interaction with Hg®*, possibly by means of photo induced electron
transfer (PET) mechanism. The binding stoichiometry of the naphthyridine-boronic
acid-Hg?* complex and the association constant was determined. It was found that in
the presence of D-fructose at physiologica concentration, the sensitivity of



chemosensor 8 towards Hg?* improved by at least 7 fold, perhaps as result of the
cooperative binding of both D-fructose and mercury ion to the sensor. To the best of
our knowledge, this dual D-fructose-mercury chemosensor is the first example, where
boronic acid—diol complexation is utilized for enhancement of the sensor’s sensitivity
towards toxic metal ion. The utility of compound 8 isin applications in food industry,
e.g. for detection of mercury contamination of high fructose corn syrup, or in

estimation of mercury in polluted biological samples and underground water.
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Figure 4. PET based fluorescent chemosensor 8, proposed binding modes and its

fluorescence properties with Hg>" in presence and absence of D-fructose
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Cul : Copper iodide

CuS0,4.5H,0 : Copper sulphate pentahydrate
DAPI : 4’ 6-diamidino-2-phenylindole
DCM : Dichloromethane

DLS : Dynamic light scattering

DMF : Dimethylformamide

DMAP : 4-Dimethylaminopyridine

DMEM ; Dulbecco’s modified Eagle’ s medium
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EGFP : Enhanced green fluorescent protein
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E. coli or E.c. : Escherichia coli

ES : Electron spray

FBS : Fetal bovine serum
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FONs : Fluorescent organic nanoparticles
Fe(ClOy4)3.6H,0 : Iron perchlorate hexahydrate
FESEM : Field emission scanning electron microscope
GFP : Green fluorescent protein

H2 ; Hydrogen

H20 ) Water

HCl : Normal hydrochloric acid

HgCl» : Mercury chloride
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h : Hour
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K2CO3 : Potassium carbonate
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General Information

Nuclear Magnetic Resonance Spectroscopy:
'H and **C NMR spectra were recorded on a Varian 400 MHz NMR spectrometer.

Spectra were recorded using the solvent peaks as the internal standard.

Mass Spectrometry:
Mass spectra and LC-MS were recorded using electron impact, chemical ionization or

electron spray ionization techniques, on Micro Mass VG-7070H.

Infrared Spectroscopy:
FT-IR spectra were recorded on a Bruker (Alpha) spectrometer. Solid samples were
recorded as KBr pellets and liquid samples as thin films between NaCl plates.

Solvents Distillation:

DMF, DCM, MeOH and THF were dried immediately prior to use according to
standard procedures. dimethylformamide, dichloromethane was distilled under N, from
CaH,, methanol was distilled under N, over Mg and tetrahydrofuran was distilled under N,

over Na. All solvents were removed by evaporation under reduced pressure.

Melting Point:
Melting temperatures of solids were determined using Buchi made electro-thermal

melting point apparatus and val ues reported are uncorrected.

Thin Layer Chromatography/Flash Column Chromatography:

Thin layer chromatography (TLC) was carried out on aluminum sheets coated with
silica gel 60Fzs4 (Merck, 1.05554) and the spots were visualized with UV light at 254 nm or
aternatively by staining with agueous basic potassium permanganate or ceric ammonium
molybdate or ninhydrin. Flash column chromatography was performed using silica gel
(Merck, 60A, 230-400 Mesh).

High-performance Liquid Chromatography:
High-performance liquid chromatography was carried out on Agilent-1200 instrument
using X-BRIDGE C-18 150x4.6mm 5 column.
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Elemental Analysis:
Elemental analysis was carried out on a Thermo Finnigan Flash EA-1112 series
CHNS analyzer.

Single Crystal X-ray Diffraction Data Collection, Solution and Refinement:

The X-ray intensity data of crystals were collected on a Bruker Nonius SMART
APEX CCD area detector system equipped with a graphite monochromator and a MoKa fine-
focus sealed tube (A = 0.71073A) operated at 1750 W power (50 kV, 35 mA). All data were
collected at 298 K. The detector was placed at a distance of 6.003 cm from the crystal;
exposure time (10-20 sec/frame) was set based on the data quality. The frames were
integrated with the Bruker SAINT Software package using a narrow-frame integration
algorithm. Data were corrected for absorption effects using the multi-scan technique
(SADABYS). The structure was solved and refined using the direct method analysis in Bruker
SHELXTL Software Package.

Absorption Spectroscopy:
Absorption spectra were recorded on a Cary-100, Varian double beam

spectrophotometer.

Fluorescence Spectroscopy:
Steady state fluorescence emission and excitation spectra were recorded on a
Jobin Yvon Horiba model Fluoromax-3 spectrofluorimeter.

Scanning Electron Microscopy:

SEM and FESEM images were recorded on a Philips XL30 ESEM and aHITACHI S
4300SE/N FESEM respectively using beam voltages of 20 kV. The samples were fixed on
aluminum platforms using carbon tapes; a conducting connection was made between samples
and aluminum platform by silver paint. Samples were coated with a thin layer (3 5 nm) of
sputtered gold prior to imaging.

Atomic Force Microscopy:

Atomic Force Microscopy (AFM) imaging was carried out on NT-MDT Model Solver
Pro M microscope using a class 2R laser of 650 nm wavelength having maximum output of 1
mW. All calculations and image processing was carried out by a software NOVA 1.0.26.1443
provided by the manufacturer. The images were recorded in a semi-contact mode using a
noncontact mode tip purchased from NT-MDT, Moscow. The dimensions of the tip are as
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follows: Cantilever length = 95 (£5) um, Cantilever width 30 (£5) pm, and Cantilever
thickness = 1.5-2.5 um, Resonate frequency = 140-390 kHz, Force constant = 3.1-37.6 N/m,
Chip size = 3.4x1.6x0.3 mm, Reflective side = Au, Tip height = 14-16 um, Tip curvature
radius = 10 nm, and Aspect ratio 3:1-5:1.

Dynamic Light Scattering:

The size of the aggregates was determined by dynamic light scattering technique using
a Malvern Zeta size Instrument (NanoZS90, Malvern, U.K.). The laser light source (He-Ne)
has a single wavelength of 633 nm and the detector was Avalanche photodiode. Before
measurement, the scattered cell (DTS1060) was rinsed with biocompatible solution and
equilibrated for 180 s in the system. The measurement was carried at 25 °C with a scattering
angle of 90 °.

Confocal Laser Scanning Microscopy:

The luminescence behavior of the samples was observed with a Leica Laser scanning
confocal microscope, Germany [model No - TCS — SP2 (spectral confocal microscope)]
equipped with an Acousto-Optical Beam Splitter (AOBS) emission filter. The wavelength and
amplitude of the ultrasound can be changed (programmed) to deflect certain band of
wavelength and its amount passing through the field to collect emissions in high
efficiency. The topographic structural data were directly coupled with the spectroscopic
properties of the specimen. The emission spectral curves were recorded in XYA (spectral scan
mode) scan mode, and the images were recorded in XY T mode (time scan mode). Argon-ion
Laser (Power- 280 mW) was used as UV excitation source. Scanning was done
by a 20.0X optica lens, later it was further magnified by a factor 3.45 using digital
magnification by the Leica confocal software (LCS). The data were recorded with a
(Continuous scan) scanning speed of 400 Hz (image lines per second) with a scan format of
512 pixel x 512 pixel resolution. The active emission colors were detected using the different
color detection channels of the photomultiplier tube (PMT). The pinhole size was 36 um and

six frames were taken to make an average of the final frame.
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Introduction to Fluorescent Nano-Bioimaging

1.1. Introduction to Bioimaging:

Molecular live-cell bioimaging is one of the advanced interdisciplinary areas
of the trandational biomedica research. Bioimaging is a non-invasive tool, allowing
visualization of the biological processes in real time without disturbing its physical
structure.® Moreover, it provides the three dimensional structure of the observed
specimen from outside and makes available information about specific intracellular
events, such as changes in receptors kinetics, molecular and cellular signaling,
protein-protein interactions® and movement of the molecules through membrane.*
Depending on the type of source used for imaging, bioimaging techniques can be
classified as X-ray imaging, ultrasonography, magnetic resonance imaging (MRI),
positron emission tomography (PET), computed tomography (CT), fluorescence
molecular imaging, etc.

Among the methods listed above, fluorescence molecular bicimaging has a
special place. Since its discovery in the 16" century, light microscope plays central
role in studying dynamic processes in living cells and is remaining one of the most
significant imaging tools.> Continuous improvements of optics hardware and digital
imaging sensors made it a very powerful instrument. However, it is discovery of
green fluorescent protein (GFP) and evolution of small fluorescent molecular probes
that helped to overcome limitations and advanced optical microscope sensitivity
enough to illuminate specific biological targets and processes, both in vitro and in
Vivo.

Compared with conventional imaging methods, which are deeply obsessed
with either low spatial resolution or costly equipment, fluorescence imaging exhibits
distinct advantages such as high sensitivity, high selectivity and non-invasive in vivo
imaging without radiopharmaceuticals.®™® Fluorescence imaging offers visualizing
biological process such as genetic expression and biological information transmission
at the molecular level, and tracing the real-time physiological processes in vivo via
staining tissue, cells, or cellular compartments with fluorescent dyes.® Moreover,
fluorescence techniques provide not only direct visualization using biomarkers, but
also have ahility to detect intrinsically non-fluorescent species or parameters such as

the pH value and activity of enzymes.”
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1.2. Historical Perspective of Bioimaging and Fluorescence

Microscope:

An active use of the microscope for research begun in 1660" -1670" in
England, the Netherlands and Italy. Antonie van Leeuwenhoek’s discovery of the red
blood cells and spermatozoa attracted broad attention of research community to a
microscope-assisted visualization.®? In late 17" century optical microscopes were used
for seeing microorganisms. However, optical microscopes had poor resolution,
contrast, and sensitivity, as well as optical aberrations and immense noise. In 1873,
Ernst Abbe proposed an equation which gives a maximum resolution of an optical
microscope. According to the Abbe's equation the resolution could never become
better than 0.2 micrometers. Invention of the fluorescent microscopes helped to
improve specificity, resolution and contrast. The first fluorescence microscope was
developed between 1911 and 1913 by German physicists Otto Heimstaedt and
Heinrich Lehmann. They used ultraviolet light as a source of excitation, which
resulted in increased resolution of microscope (as per Abbe's equation).® In the very
beginning, fluorescent microscope was employed to observe autofluorescence in
bacteria, animal’s and plant’ s tissue. Subsequently, cells and tissues were labeled with
fluorescent dyes for selective imaging. For example, in 1940s fluorescent microscope
become very popular with the invention of immunofluorescence technique,” by Albert
Coons and Melvin Kaplan. In this technique fluorescent molecules are chemically
bound to antibodies that can couple with a specific protein in a cell or tissue, thus
providing good contrast and high specificity towards targeted object. In 1994, Chalfie
et al. succeeded in expressing of a prokaryotic and eukaryotic cells with the help of
GFP, which shows strong green fluorescence when excited by UV-light.° Thiswas a
landmark evolution in the field, fostering a whole new class of tagging methods. The
conventional methods which are used for monitoring gene expression and protein
distribution require an additional co-factors or substrates from outside, but the use of
GFP requires only irradiation of UV-light. The important impact of this work in cell
and molecular biology led to the awarding of Noble Prize in Chemistry in 2008 to
Martin Chalfie, Osamu Shimomura and Roger Y. Tsien for the development of GFP.
The winners of Noble prize in chemistry- 2014, Eric Betzig, Stefan W. Hell and
William E. Moerner, have taken optical microscope onto new level with help of
fluorescent molecules. They converted microscope into nanoscope using stimulated
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emission depletion process. Super resolution image is provided by selectively
deactivated fluorophore except for that in a nanometer sized volume. Using this
technique super imposition of nanometer range provides resolution far better than
Abbe's diffraction limit (Figure 1)."* With these new developments in the field of
molecular bioimaging, biologists have got unprecedented tool which helps to
visualize sub-cellular components and processes both structurally and functionally.
Nevertheless, the scope of improvement lays in development of new, better
fluorescent probes with higher quantum yields, longer fluorescence life time and
better photostability.

Figure 1: Image of lysosome membranes; a) with conventional microscope, b) with
super resolution microscope, ¢) and d) are higher magnification views using super
resolution microscope (note the scale division of 0.2 micrometres, equivalent to
Abbe' s diffraction limit (adapted from reference 11a)




Chapter 1

1.3. Introduction to Fluorophore:

In order to employ fluorescent microscope highly efficiently, one needs
fluorescent probes of specific qualities. The earliest example of the phenomenon of
fluorescence was observed in 1565, when Spanish physician and botanist Nicolas
Monardes discovered a bluish colour of water when it comes in contact with Mexican
wood.? Due to its strange property, it becomes well known in Europe from 16™ to
18™ century. Cups made from the Mexican wood (Figure 2a) were given as gifts to
royalty and were thought to have great medicinal properties. In 1603, a Vincenzo
Casciarolo discovered a stone named as a Lapis Solaris (Figure 2b) which emits a
purple-blue in the dark. In 1850 the term fluorescence was first named by George
Gabriel Stokes after observed the phenomenon that the emitted light has longer
wavelengths that of excited light. In 1871 Adolph Von Baeyer synthesized a
fluorescent dye from phthalic anhydride and resorcinol named as Fluorescein. Famous
GFP was isolated from Aequorea Victoria jellyfish by Shimomura, Johnson and Saiga
in 1962 (Figure 2d)."

Figure 2: Discovery of fluorescence (past to present) a) from Mexican wood, b) from
Lapis Solaris, c) from fluorites and d) GFP isolated from jellyfish Aequorea Victoria
(adapted from reference 12 and 13)
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Fluorophore is a molecule that has the ability to re-emit light upon light
excitation. Compared with other molecules, fluorophores react distinctly to light: a
photon of excitation light is absorbed by an electron of a fluorescent particle, which
raises the energy level of electron to an excited state. During this short excitation
period, some of the energy is being lost as result of molecular collisions or transfer to
a proximal molecule, the remaining energy is emitted as a photon, while the electron
relaxes back to the ground state. Naturally, the emitted photon usualy carries less
energy and has a longer wavelength than the excitation photon. If a molecule absorbs
energy in the form of electromagnetic radiation, there are a several routes by which it
can return to the ground state. The Jablonski diagram (Figure 3) shows a varying

relaxation process for an electronically excited state molecule.
Singlet Excited States Triplet Excited States

. Intersystem Crossing
Internal Conversion
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Figure 3: Illustration of various relaxation processes of an electronically excited state

molecule by Jablonski diagram (adapted from reference 14)

Molecule excited to its singlet excited state may either have internd
conversion to the singlet state that relax to the ground state and cause fluorescence, or
have intersystem crossing to the triplet state that relax to the ground state, thus
causing phosphorescence.™ The excitation and emission of a photon is cyclic process,
and can continue until the fluorophore is irreversibly damaged. Each fluorophore has
unigue characteristic optical properties which are varying from one fluorophore to
another due to several factors, such as. extended m conjugation, solvent polarity,

7
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attractive forces between two molecules, aggregation of molecules, steric hindered
rotations, chemical nature of chromophore and binding strength. The main

characteristic properties of a fluorophore are:

1. Excitation and emission wavelengths;

2. Extinction coefficient or molar absorption value;
3. Quantum yield;

4. Fluorescence life time;

5. Stokes shift;

6. Photostability.

1) Excitation and Emission Wavelengths. The excitation of the molecule or atom
happens when absorption of light either in ultraviolet or visible region promotes a
valence electron of an atom or molecule from its ground state to an excited state with
preservation of the electron’s spin. For example, a pair of electrons occupying the
same electronic ground state has opposite spins and are said to be in a singlet spin
state. A photon of excitation light absorbed by one of the electrons in singlet ground
state promotes to its singlet excited state. The excited states are not stable and an
electron in the excited state will spontaneoudy return to the ground state after a short
period of time (Figure 3). The names for above described processes are: deactivation
and relaxation or decay. If the energy, which was absorbed during the excitation
process, releases in the form of a photon (emission of the photon), it results in

fluorescence.”®

2) Molar Extinction Coefficient. Molar extinction coefficient is a measure of how
strongly a chemical species absorbs light at a given wavelength. According to Beer-
Lambert law, the absorbance is directly proportional to the concentration of the
sample and also proportional to the length of the light path. Therefore,

Acccl (1)
A=e¢gl (2)
where A is absorbance, ¢ is concentration and | is width of the cuvette. The molar
extinction coefficient values usually represented by Lmolcm™. In order to determine
the molar extinction coefficient values Beer’s Law plot is to be drawn (concentration
over absorbance), where determination of the slope gives the molar extinction

coefficient, (exI). The molar extinction coefficient value is important in order to find
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the exact concentration of an analyte, for example protein.®® Larger molar extinction
coefficient values reflect better optical properties of the fluorophores.

3) Quantum Yield. The fluorescence quantum yield (®y) is calculated as the ratio of
photons absorbed to photons emitted through fluorescence (Equation 3). In other
words, the quantum yield gives the probability of the excited state being deactivated

by fluorescence or non-radiative mechanism.

@¢ = Photons emitted/Photons absorbed @~ ...
(3)

In general, the value ®¢ of any fluorophore is always less than one (0 to 1), except for
a few cases, like photo-induced process, where the value @ is greater than one.
Williams et al. found the most consistent method for recording @+ by using a relative
method,*”® which involves the use of well characterized standard samples (for
example quinine sulphate) with known ®; values. He assumed that solutions of the
standard and test samples with identical absorbance at the same excitation wavelength
are absorbing the same number of photons. Hence, a ratio of the integrated
fluorescence intensities of the two solutions (recorded under identical wavelength)
will yield the ratio of the quantum yield values. Since ®; for the standard sample is
known, and the quantum yield of the unknown is calculated by the following equation
(Equation 4). Quantum yield has no units; high quantum yield is most desirable in
bioimaging applications, as it can ensure high signal-to-noise ratio, thus providing
higher quality of imaging.

4) Fluorescence Life Time. Absorption of light by fluorophore results in a formation
of an electronically excited state. After some time the species return to the ground
state. The relaxation processes of fluorophore might be via: a) inter system crossing
(vibrational relaxation), b) fluorescence (radiative process), or c) non-radiative
process. The fluorescence life time (t) is a measure of the average time a molecule

spends in the excited state before relaxing back to the ground state (Figure 4)
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Figure 4: Pictorial representation of relaxation process (adapted from reference 14)

The absorption process Sp—S; and vibrational relaxation $;—S; (inter system
crossing) processes happen on a much faster timescale than the fluorescence emission
(S1—Sp). Thus the time it takes to return to the ground state Sp only depends on the
time spend in the lowest vibrational state of S;. K, is the rate coefficient for the
S1— S transition through fluorescent emission, K, is the rate coefficient for the
S1—Sp transition through non-radiative relaxation mechanism and K; is the rate
coefficient for the S;—S; through intersystem crossing. Therefore fluorescence life

timeisasum of al relaxed transitions (Equation 5).

T = 1/Kr+Knr + Ki .....................
(5)
The contribution of K; is negligible due to rapid relaxation by internal conversion

occurs on the picosecond time scale, and hence can be ignored. Therefore,

t=1/Ke+Kor .
(6)
Fluorescence life time depends on surrounding environment properties, like pH, ions
concentration, binding strength, proximity of the energy acceptors, but is independent
on the concentration of probe.X™ This can be an important advantage for imaging of

cells and tissues where probe concentration may not be uniform.
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5) Stokes Shift. Stokes described for the first time the phenomenon of fluorescencein
1852, in his famous paper “On the change of refrangibility of light”. Based on his
experience, he came up with the idea that some materials, like fluorspar and uranium
glass, have a power to convert invisible radiation (shorter wavelength) into visible one
(longer wavelength). On the honor of his efforts the difference between the positions
of the band maximum of the absorbance and emission of the fluorophore named as a
Stokes shift (Figur e 5).8 The shift occurs due to internal conversion, which resultsin
partial loss of the absorbed photon energy. Large Stokes shift is very important for
high sensitivity of fluorescence microscope. The presence of the red shift gives the
possibility to use additional optical filtersin order to block the excitation source from
reaching the detector so that fluorescence detection is measured against a low

background.*®

Stokes shift
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2
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Figure 5: Pictorial representation of absorption, emission and Stokes shift (adapted

from reference 18b)

6) Photostability. Photobleaching is the photochemical reaction of fluorophore on
components of the local environment, which results in permanent loss of fluorescence
property due to photoinduced chemical damage® of a fluorophore or the covalent
modifications of fluorophore by surrounding molecules.** The accurate mechanism of
photobleaching is not known, but experts assumed that transition of excited singlet
state to excited triplet state, which is relatively long-lived and chemically reactive.
There are numerous ways to reduce photobleaching: @ minimizing exposure time of

illumination on fluorophore, b) irradiating at longer wavelengths, or/and c¢) avoiding

11
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of exposure to oxygen to prevent molecular interactions with it in reactive triplet
excited state, which can be achieved either by passing nitrogen gas or using
antioxidants.?*® Obviously, the fluorophore which can undergo high number of photon

emission cycles are highly desirable.

Figure 6: A typical example of photobleaching observed in a series of digital images
captured at different time points for a multiply stained cryostat thin section of mouse
intestine. &) at O min, b) at 2 min, c) a 4 min, d) a 6 min, €) a 8 min, f) at 10 min
(adapted from reference 22b)

1.4. Advantages of Fluor escence Micr oscope:

The fundamental properties of fluorescence are extensively used in biological
imaging for understanding of molecular recognition events. Compared with other
techniques fluorescence offers much safer and more convenient procedures. In
addition to that, fluorescence offers advantages of high sensitivity, selectivity,

versatility of molecular probes, and high signal-to-noise ratio.

1) High Sensitivity. Fluorescence offer high sensitivity towards analyte, and its
detection limit lays in the nano-molar range. For example, Weiying Lin et al.
discovered a highly sensitive fluorescent for benzenethiols in environmental solutions

and living cells and its detection limit was in the nanomolar range.”

2) High Selectivity. Among available existing fluorophores, one can choose highly
selective probe to differentiate events of cells and micro organisms on the subcellular

12
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level, as well as to recognize metal ions, anions and molecules in analyzed sample.
For example, DAP! is a staining agent for selective recognition of nuclei,® which is
routinely used to discriminate between cytoplasm and nuclei. Another example, Ye
Won Choi and co-workers developed a chemosensor for selective recognition of
mercury ions even by naked eye.”® Li Fu and co-workers developed a highly selective
BODIPY dyes for recognition of fluoride anions.”®

3) High Versatility. Great numbers of fluorescent probes are available as cellular and
molecular biology tools for understanding of the fundamental aspects of life.?” One of
the recent examples is versatile fluorescence probes developed in group of B.
Imperiai for protein kinase activity.?® The probe was designed in such away, that by
changing the kinase recognition motif in the peptide sequence it can target and

recognize any desired kinase.

4) Stokes Shift. One of the maor contributors in high resolution and increased
sensitivity of microscope imaging is a large Stokes shift of the fluorescent molecule.
It provides extremely high sensitivity for fluorescence imaging experiments. Larger
Stokes shift helps to reduce interference as it eliminates spectral overlap between
absorption and emission. Such dyes in general give stronger signal and have reduced
fluorescence quenching, which is advantageous for biological imaging.

1.5. Areas of Improvement of Fluorescence Bioimaging:

Although fluorescence microscope posses numerous definite benefits over
other microscope techniques, there is still scope for improvement. For example,
difficulty to obtain clear image for the objects exhibiting autofluorescence, or in case
when signa is aso coming from non-specific binding parts. Some of the

disadvantages and ways to overcome them are listed below.

1) Blurring. Fluorescence images may not be clear for deeper tissues imaging or
thick samples (>1-2 cm) due to optical sectioning or refraction of light.* This can be
overcome by use of either red to near infrared light or use of transparent/semi-

transparent model organisms, e.g. zebrafish.

2) Bleaching. Photoinduced chemical damage of a fluorophore or the covaent and

non-covalent modifications of fluorophore by surrounding molecules may lead to

13
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fluorescence quenching.®* This problem can be solved by protecting molecule in
excited state from interactions or reduce an exposure time of illumination.

3) Autofluorescence. Autofluorescence often interferes during fluorescent imaging,
especially when the signals of interest are very dim, resulting in loss of images clarity.
This problem can be solved by using of fluorophores with large Stokes shift or multi-

colour fluorophores.

4) Toxicity. Sometimes chemical interference may cause cytotoxicity, in this case,
special care should be taken to select non-toxic chromophores suitable for particular

experiment.

1.6. Classification of Fluorophores:

Fluorophores can be classified into four types, based on their nature, size and
chemical composition:

1. Biological fluorophores or natural fluorophores;

2. Quantum dots;

3. Fluorescent organic molecules;

4. Fluorescent organic nanoparticles (FONS).

1) Biological Fluorophores. GFP was the first biological fluorophore used in
molecular and cellular biology. In 1962 Shimomura, Johnson and Saiga isolated a
GFP from Aequorea Victoria jellyfish.*® In 1994, Chalfie et al. succeeded in
expressing of GFP in a prokaryotic and eukaryotic cells, resulted in a strong green
fluorescence when excited by UV-light.’> GFP has excitation wavelength a 395 nm
and emission wavelength at 475 nm and quite good fluorescence quantum yield of @
= 0.79. In order to improve its physical and biochemical properties, new versions of
GFP were engineered through mutagenesis. In 1995, Roger Y. Tsien®* described an
S65T point mutation that increased the fluorescence intensity and photostability of
GFP, labeled as enhanced green fluorescent protein (EGFP). Later T203Y mutation of
GFP resulted in yellow fluorescent protein.** Undoubtedly the family of GFP
fluorophores is very useful tool for biological studies, which does not require any
cofactors or substrates. However, the problem of overexpression, which may lead to
generation of novel phenotypes, must be taken into consideration and special attention
has to be paid do not alter the natural function of the fused to GFP proteins.®

14
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2) Quantum Dots. Quantum dots (QDs) are tiny nanocrystals of a semiconducting
material with diameters in the range of 2-10 nm.* In general, quantum dots are
composed from the elements in the periodic groups of 1I-VI, 1II-V or IV-VI, for
example CdTe, InP, etc. In comparison with conventional fluorescent probes,
guantum dots have substantial advantages, such as bright fluorescence, narrow
emission, broad band excitation, photostability and extended half-life. Unique size of
guantum dots allow them to penetrate in any part of the body making them suitable
for such bio-medical applications as medical imaging, biosensors, in vivo and in vitro
imaging, etc.*> However, quantum dots have they own limitations, examples of which
are poor solubility in agueous medium and often high toxicity, which results in

requirement of additional surface coating with non-toxic materials.*

3) Fluorescent Organic Molecules. Organic fluorophores based on small molecules
are powerful tools of visualization of biological eventsin living cells and organisms.
Their diversity, easy synthesis, good colour tunability and high quantum yields are
definite advantages for both bio-medical and biologica research, yet there is ill
demand for development of molecular probes which combine best properties of the
fluorophores. For example, Fluorescein, Rhodamine, and cyanine dyes show bright
fluorescence and high quantum yield. However, these fluorophores have poor
photostability.®” Indocyanine green (ICG) is a stable and clinically approved dye, but
its agqueous solubility of it is poor.® Currently BODIPY based dyes are widely used as
a fluorescent labels and probes for bicimaging, nevertheless these fluorophores also

have poor agueous solubility and small Stokes shift.*

4) Fluorescent Organic Nanoparticles. In order to overcome the disadvantages of
organic chromophores for bioimaging, fluorescent organic molecules are converted
into FONs. This is an effective strategy to minimize photobleaching, improve
guantum efficiency and increase its aqueous solubility and biocompatibility. Over
bulk chromophores, FONs have the following advantages for both in vivo and in vitro
experiments:

a) good biocompatibility and penetrability;

b) high photobleaching threshold;

c) high quantum yields;

d) high signal to noiseratios;

15
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e) they are easy to prepare, relatively inexpensive and easy to handle.

Zero dimensional organic nanoparticles (when al dimensions of nanoparticle
are in nanoscale) have already found wide applications in optoel ectronic nanodevices,
bio/chemical sensing, immunofluorescent labeling, diagnostics, drug delivery,
monitoring systems, and in vitro /in vivo imaging.”® For the first time, FONs have
been made in 1992 from m-conjugated organic molecules by Nakanishi and co-
workers through reprecepitation method.* Later in 1997, perylene and
phthalocyanine nanoparticles were prepared in the same group and their
photophysical properties were shown to be much different from that of bulk
samples.*? Similarly, pyrazoline nano-crystals reported by Yao et al. were exhibiting
optical properties divergent from bulk pyrazoline.** Although the reprecepitation
method is well accepted as a cheap and efficient way to fabricate organic
nanoparticles, formation of stable nanoparticles is an issue. The method of
improvement came from Yao's group, where they used a water soluble polymer
(poly(vinyl acohol), PVA) as a protective and stabilizing agent to obtain a stable
nanoparticles suspension.* In 2006, Latterini et al. synthesized perylene nanoparticles
by reprecepitation method under various experimental conditions and showed that
their spectral properties are markedly different from those of bulk perylene.® Latter,
Baba et al. applied perylene nanocrystals for in vitro fluorescence confocal imaging
of living cells.®® In 2008, Jinsang Kim et al. reported dual colour self assembled
organic nanoparticles and their application in targeted immune fluorescent labeling.**®
Nanoparticles with very interesting properties were reported in 2012 by N. D. Pradeep
Singh et al. Prepared in his group perylene-3-yl-methanol FONs had four important
functions. @ nano-carriers for drug delivery, b) photo-triggers for drug release, c)
fluorescent chromophores for cell imaging and d) detectors for real time-monitoring
of drug release.

Fluorescent imaging of thicker tissues is difficult with visible range
wavelengths. Hence, one photon imaging using fluorescent organic nanoparticles is
efficient only for surface tissues or transparent animals. However, in vitro fluorescent
imaging of thicker samples is possible with dye possessing good two-photon
absorption and the corresponding excitation in the far infrared region. In order to
increase spatia resolution and high penetration in bioimaging, in 2011 Blanchard-
Desce et al. prepared dipolar and octupolar triphenyl amine based FONs in agqueous
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medium. The developed FONs were successfully utilized for two photon imaging on
living Xenopus laevis tadpoles.® Similarly, in 2014 Chuang-Feng Chen et al.
prepared multicolour FONs based on tetrahydro[5]helicene moiety and used for HeLa
cell imaging.*

Among all FONSs, ones with red/ near-infrared emission are more preferable
for biomedical applications due to reduced light scattering, minimal auto fluorescence
interference from biological samples, and ability to illuminate thicker samples as
result of their longer excitation and emission wavelengths. In 2014 Yen Wei et al.
reported a new class of red FONs, which were good imaging agents for A549 cells
and had excellent solubility in water and biocompatibility.>® Another fascinating work
was reported by Ben Zhong Tag et al. who prepared aggregation-induced red to near
infrared emissive organic nanoparticles as effective and photo stable fluorescent
probes for long term cell tracing studies.™

Thus, fluorescent organic probes are powerful tool for both basic biology and
translational biomedical research.>* Development of FONs with high quantum yield,
large Stokes shift, good photostability and impermeability remains to be very
appealing area which is rapidly expanding. Among FONSs, red /near infrared nano-
dyes attract bigger interest due to their less harmful effect on the biological samples
and lesser interference of autofluorescence. One of the limitations of the fluorescence
microscope is inability to obtain clear image for deeper or thick samples (due to
optical sectioning or refraction of light). However this problem can be easily
addressed by usage of either red/near-infra-red light or transparent/semi-transparent
model organisms, like zebrafish.

1.7. Model Organismsfor In Vivo Imaging Studies:

Biological phenomena on laboratory level are usualy studied using model
non-human organisms, expecting that discoveries made with their help will be
trandated into understanding of biological processes in humans. Investigations of the
cellular functions, developmental pathways and diagnosis of disease on the early
stages of research are made on small model organisms, such as xenopus, drosophila,
zebrafish, mouse, yeast and E. coli.

1) Zebrafish: For the last ten years, zebrafish (Danio rerio) has become a popular
model system for the study of vertebrate development. The ability to acquire and
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guantitatively analyze microscope data of living biological organisms is crucia in
many areas of life sciences. In many model systems, light scattering and light
absorption ambiguous the view of the inside of the specimen. Zebrafish offer the
exciting opportunity to study development and function in a highly complex
vertebrate model system by live imaging as the embryos are small enough to fit
completely within the working distance of optical microscope. The embryos and
larvae of this species are of small size, optically transparent, they have external
fertilization and rapid embryo development (Figure 7). Apart from that, they are cost
effective, easy to maintain, have high fecundity and shares the mgjority of the same
genes as humans.> Zebrafish rapid development and exceptionally high optical clarity
in embryonic and larval stages make it smple for quantitative investigation using live
imaging approaches.>*Zebrafish embryos can be labeled effortlessly with fluorescent
dyes by just immersion in medium. After treatment and a brief wash followed by
anesthetization, embryos can be transferred and oriented in correct the position on
glass slides for visualization under optical microscope. A high resolution images with
smaller signal to noise ratio can be easily captured facilitating quick collection of live

imaging data.

&

el

Figure 7. @ 2-day old zebrafish larvae ill inside the egg shell, b) pictorial

e

representation of zebrafish larva at 2 days post-fertilization (adapted from reference
54b)

2) Yeast: Yeast is a eukaryotic microorganism, which is particularly attractive as a
model organism due to its small size, ease of culturing and short life cycle. Yeast can
exist in both haploid and diploid stages (Figur e 8a and 8b), and its genomes shares 50
genes with human disease.®™ Apart from that, it is relatively cheap in vivo model. In
yeast, the two most important species namely, budding or brewer's yeast
Saccharomyces cerevisiae (S. cerevisiae), and the fission yeast Schizosaccharomyces

pombe (S. pombe) are commonly employed as a models for biomedical research in
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molecular biology laboratory. S. cerevisiae entered laboratories as a model system in
early 1900s, when Ojvind Winge and Carl Lindegren begun their experiments.>” Later
in 1990, fission yeast was used as model system to study basic principles of acell that
can be applied to understand more complex organisms like mammals and in particul ar
humans.>® Budding and fission yeast are still used to study cellular processes such as
growth, cell division, and morphogenesis using live cell fluorescence microscope.™

Figure 8: Pictorial representation of a) S. pombe and b) S. cerevisiae (adapted from

reference 56)

3) Escherichia coli (E. coli): E. coli is a unicellular prokaryotic microorganism
(Figure 9), and is another very attractive model organism. This small single celled
organism reproduces and grows very rapidly, it is cheap and easy to maintain, its
complete genome is studied and is easy to manipulate.® In 1940, E. coli adopted as a
model organism to understand mechanisms of molecular genetics such as DNA
replication and protein synthesis. Now E. coli is also used to study dynamic cellular
processes such as growth, cell division, morphogenesis and gene expression using live

cell fluorescence microscope.’®
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Figure 9: SEM images of E. coli (adapted from reference 61)

4) Xenopus. In xenopus, the two species namely, xenopus laevis and xenopus
tropicalis are widely employed in basic cell and molecular biology studies. Among
them Xenopus laevis embryos and their eggs are a popular model system for in vivo
imaging studies.®™ They are attractive due to large abundant eggs that are easily
manipulated, ready accessibility to any developmental stage and availability at low
cost. Xenopus genome is similar to that of human, which makes it an ideal vertebrate
model organism for in vivo imaging studies.® Individual cellsin xenopus embryos are
larger than those in other vertebrate models, and therefore are more suitable for
imaging cell behaviour and subcellular processes.® They are also easy to manipulate,
and easy to stain with fluorescent dyes by means of targeted micro injections.** Such
manipulations do not require highly trained personnel due to big size of the embryos
and their large number available.

5) Drosophila: Drosophila is a multicellular eukaryotic organism and it is also
very étractive as a model organism, due to its small size, short life cycle, high
fecundity, cost effectiveness and effortless maintenance. Moreover, its genome (61%)
and its protein sequence (51%) almost similar to that of human genome.®® In addition
to that, Drosophila larva posses translucent skin surface which is very convenient
property for liveimaging.®®

Among all model organisms described above, zebrafish, yeast and E. coli were
successfully employed in thiswork for bioimaging using FONSs.

1.8. Layout of the Thesis:

In this thesis, preparation of the novel fluorescent organic nano-materials for
long-term in vitro and in vivo bioimaging applications is described. FONs were
prepared from organic chromophores based on naturally occurring nitrogen containing
heterocycles including nucleobase and nucleosides, connected to fluorescent moieties
through long and flexible aliphatic linker. The primary goal was to synthesize novel
fluorescent organic molecules with improved properties from readily available bio-
compatible materials and convert them into FONs using bottom-up approach.
Characterization of those nanoparticles was carried out using modern methods

employed in nanotechnology, e.g. scanning electron microscope (SEM), dynamic light
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scattering (DLS), atomic force microscope and confocal fluorescent microscope
(CFM). Biological activity of FONs was tested using different cell lines and model
organisms, including mouse macrophage cells, cancer cells, yeast, zebrafish embryos
and various bacterial cell lines, and utilization for in vivo and in vitro molecular bio-
imaging was demonstrated. On the other hand, a novel fluorescent chemosensor for
toxic heavy metals was designed and examined in thiswork as well.

In summary of aspectsinvolved in thesis,

Chapter 1 contains a brief introduction to bioimaging, historical perspective of
bioimaging, introduction to fluorophore and its recent developments and applications
for bioimaging. Evolution of the fluorescent microscope/ nanoscope is covered in the
Chapter 1 as well. Finally, brief description of the most popular small model
organisms commonly used for in vivo bioimaging studiesis aso included.

Chapter 2 comprises the synthesis and characterization of multi-colour FONs
based on PPy and GPy fluorescent chromophores, their physical-chemical
characterization and mechanism of the nanoparticles formation. The use of PPy and
GPy based FONs for the real-time in vivo whole-body fluorescent imaging of
zebrafish was demonstrated for the first time.

Chapter 3 reports the synthesis of Cy-Red (cytosine-4,7-di(thiophene-2-
yl)benzo[c][1,2,5]thiadiazole) - the novel biocompatible, non-toxic and highly
efficient chromophore with large Stokes shift and high quantum yield. Although the
organic molecule Cy-Red was amost insoluble, nanonization effectively converted it
into well soluble in water as FONs (nano-Cy-Red). Chapter 3 describes broad range
of applications of nano-Cy-Red in real life long-term in vitro/in vivo imaging, which
includes staining of mouse macrophage, cancer cells and fission yeast, and direct in
vivo visualization of cancer cell migration up to 72 h post transplantation in zebrafish
embryos.

Chapter 4 describes the synthesis of various 3, 5 ahd 5-pyrene akyl
substituted nucleosides via simple, rapid and economical protocols. The evaluation of
antibacterial activity of novel nucleoside derivatives helped to identify potent lead
compound 2.4 with high activity against both gram-positive bacteria and
Mycobacterium tuberculosis, without significant cytotoxic effect against host
macrophages. The mechanism of action via disruption of the bacteria DNA

replication is proposed, and a series of the experiments leading to its conformation is
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presented. Morphology studies of FONs based on compound 2.4 are described as
well.

Chapter 5 comprises multiple efforts to synthesize the novel fluorescent
chemosensor based on naphthyridine-boronic acid through the short and efficient
synthetic route. Fina compound was shown to be highly sensitive specifically
towards Mercury ion, with much improved sensitivity in the presence of D-fructose at
physiological concentration. This finding is especially important in food industry, e.g.
for detection of mercury contamination of high fructose corn syrup, or in estimation

of mercury in polluted biological samples and underground water.
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2.1. Abstract:

This chapter describes novel multi colour FONs (PPy and Gpy) prepared from
pyrene containing guanine analogs through an efficient Cu-catalyzed alkyne-azide
(3+2) cycloaddition.” Their photophysical properties and morphology were fully
investigated by UV-Vis and fluorescence spectroscopy, SEM, AFM and CFM studies.
This work demonstrates that multicolour FONs were able to penetrate into human
breast cancer cells and zebrafish embryos, they were nontoxic, biocompatible and
exhibited specificity towards muscular tissues of zebrafish embryos. Tissue auto-
fluorescence occur in many biological samples,? and it is challenging task to correctly
select chromophore of specific properties, which is not masked by natura
autofluorescence, especialy when multiply-labeled specimens are used. This work
displays effective use of multicolour imaging using pyrene containing FONSs to
overcome the issue of high background noise arising from sample autofluorescence.
PPy and GPy nanoparticles were resistant to bleaching or fading and were easy to
use. This chapter proposes a potential application of PPy and GPy FONs as an
excellent reagent for the study of neuromuscular changes in zebfish embryos. This
study demonstrated for the first time the utilization possibility of PPy FONSs for the

in vivo whole body multicolour fluorescent imaging of zebrafish embryos.

2.2 Introduction:

The design and preparation of FONs from organic molecules is one of the
rapidly emerging fields of organic-based nanoscience. FONs can be exploited in the
broad range of potential applications in optoel ectronic nano-devices, (bio-)chemical
sensing, drug delivery and monitoring systems, diagnostics, immunofluorescent
labelling and in vitro/ in vivo imaging.>” Particularly for fluorescent imaging studies,
fluorescent proteins, organic dyes and probes have been widely used in all areas of
biology and preclinical research for the visualization of cellular and subcellular
biological processes.® Among fluorescence-based imaging agents, organic dyes are of
rising interest, because of their diversity, easy synthesis, good colour tunability and
high quantum yield, although poor photostability is an issue.”” On the other hand,
FONs are very attractive candidates for fluorescent imaging, as they offer definite
advantages over bulky organic chromophores, such as easy cellular uptake® size-

dependent fluorescent properties™ and longer fluorescence lifetime.*
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Although the nature of the organic fluorophores does not allow them to
generate fluorescent signals at significant tissue depths (>1-2 cm), this limitation can
be overcome by using either fluorescence imaging with near-infrared (NIR) light'*?
or by taking advantage of small animals with transparent tissues, for example frog
(Xenopus frog) or zebrafish (Danio rerio) embryos. Zebrafish is particularly attractive
model for fundamental and preclinical research because of an exceptional
combination of experimental and genetic advantages, such as the significant similarity
between zebrafish and human genomes, high fecundity, external fertilization, rapid
embryo development and optical transparency of embryos. An additional advantage is
the straight forward generation of a zebrafish mutant for modeling a particular human
disease; for example, human muscular dystrophies show very similar cellular
pathology to that of zebrafish muscle degeneration.® These qualities make zebrafish
an ideal research model for studying early development, understanding the
pathogenesis of human disease and providing systems for developing and testing new
therapies.

Though there is a number of reports available on zebrafish tissues fluorescent
imaging, including green fluorescent protein expression, quenched fluorescent protein
(EnzChek), phospholipid (PEDG6), antibody labeling and staining with fluorescent
small molecules,* however, until now there are no reports of whole-body imaging
with FONs. FONs based on purine scaffolds seem particularly promising because
substituted purines, pyrimidines and their tautomers have high biological activity and
are the most widely distributed nitrogen-containing heterocycles in nature. This thesis
proposes that the use of non-toxic FONs self-assembled from biologically active
molecules and carrying chromophoric tags with high quantum yield and broad
emission could be useful for cell/tissue/organism multicolour imaging, and for
biological processes visualization in zebrafish embryos.

Particularly, this chapter reports the synthesis of a novel pyrene-based blue
chromophore linked to biologically active guanine analogues, PPy and GPy, and their
self-assembly in DMSO/H,0 to form solution-stable, blue emissive, biocompatible,
nontoxic FONs. Their photophysical properties and the results of SEM, AFM and
CFM studies are also presented here. Finally, this chapter demonstrates the use of
FONs as an excellent technique for in vivo whole-body fluorescent imaging of

zebrafish, and in particular for the selective imaging of muscle fibres.
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2.3. Results and Discussion:

The target guanosine analogues, 6-chloro-7-(12-(4-(pyren-1-yl)-1H-1,2,3-triazol-1-
yl)dodecyl)-7H-purin-2-amine (PPy) and 2-amino-7-(12-(4-(pyren-1-yl)-1H-1,2,3-
triazol-1-yl)dodecyl)-1H-purin-6(7H)-one  (GPy)  were  synthesized  from
commercialy available 6-chloro-7H-purin-2-amine (1.1) in four steps according to
Scheme 1A. At the first step, N-alkylation of 6-chloro-7H-purin-2-amine (1.1) with 3
equiv of 1,12-dibromododecane (1.2) in the presence of anhydrous potassium
carbonate gave N9-alkylated purine 1.3 in 53% vyield. Such low yield can be
explained by the fact that alkylation of purines is not regiospecific, and product
mixtures usually contain significant amounts of N7-substituted product and unutilized
materia.®® The two regio-isomers, N7 and NO9-alkylated purines have been
characterized by 'H NMR, where they exhibit characteristic shift differences in the
spectra that were used to distinguish the products in mixtures.’®> Specificaly, the
signals of N9-CH, and Br-CH, for the N9-isomer shifted upfield relative to the
corresponding N7-CH; and Br-CH» for the N7-isomer (Figure 1). At the next step,
reaction of N9-substituted purine 1.3 with sodium azide formed the azide precursor
1.4 in good yield. Subsequent 1,3- dipolar Huisgen cycloaddition reaction of 1.4 with
1-ethynylpyrene (1.8)* under “click reaction” conditions in presence of
CuSO,5H,0/Sodium ascorbate in water/DMF (2:1) gave purine connected to
fluorescent pyrene unit via triazole-alkyl linker (compound 1.5 or PPy). '"H NMR
spectroscopy confirmed the formation of a five-membered triazole ring by exhibiting
a Cyiazole-H proton at 8.23 ppm and disappearance of the terminal acetylene proton at
3.63 ppm (see page no 61). Subsequently, treatment of PPy with 0.1N HCI under
reflux condition produced the corresponding guanine derivative carrying akylated
pyrene triazolyl compound GPy in areasonable 52% yield. FTIR spectroscopy clearly
confirmed the formation of carbonyl group by displaying a band at 1567 cm™.
Additionally, the "H NMR spectrum showed a peak at 10.7 ppm in DMSO-dg (see
page no 62), thus confirming the presence of an N-H proton. EI-MS spectrometry
revedled an m/z value of 586, corresponding to GPy. Apart from that 1-decyl-4-
(pyren-1-yl)-1H-1,2,3-triazole (1.9) was prepared from 1-azidodecane®’ (1.7) through
a click reaction with 1-ethynylpyrene (1.8) in 81% yield and was used for
photophysical studies (Scheme 1B).
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Scheme 1. Synthesis of fluorescent guanosine analogues PPy and Gpy
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Figure 1. Stacked spectra of N7 and N9- alkylated purine regio-isomersin DM SO-dg
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2.4. Optical Properties of PPy and GPy:

For the exploitation of organic compounds for biological studies, the preferred
biocompatible solvent mixture is DM SO/H,0 (2:98); hence, photophysical properties
of PPy and GPy were examined in both solvents DM SO and DM SO/H,0. Figures 2
and 3 show the solution-state optical absorption and emission properties of PPy and
GPy. In DMSO, PPy and GPy displayed nearly identical absorbance maxima (350
nm and 353 nm, respectively). Fluorescent emission spectra (Ae = 350 nm) exhibited
similar fluorescence bands, with a maximum at 389 nm and a shoulder at 409 nm for
both compounds. Due to high solubility of PPy, its optical absorption and emission
properties in various solvents were aso studied. It was found that in chloroform PPy
forms strong J-aggregates™ which was indicated by a band shift from 350 nm to 365
nm in absorption spectrum (Figure A1, see page no. 55) and a band is shift from 387
nm to 408 nm in emission spectrum (Figure A2, see page no. 55). The solution-state
quantum yield of GPy (@; =0.221) was slightly weaker than that of PPy (& =0.257).
The new chromophore PPy had Stokes shift of 39 nm, while PPy FONs had even
large Stokes shift of 135 nm, which is also an indication of the formation of Jtype
molecular aggregates. Although the target compound for preparation of FONs was
GPy, its precursor PPy found to be more convenient to use for all further biological
and morphological studies, as it had better solubility, slightly higher quantum yield,
larger Stokes shift, while maintaining structural similarity to GPy and nearly identical
optical properties.
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Figure 2: UV-Vis absorption spectra of PPy and GPy in DMSO at 10°M
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Figure 3: Emission spectra of PPy and GPy in DMSO (Le = 350 nm) at 10°M

While preparing solutions of PPy
investigations, it was noted that addition of water to the DMSO solution of PPy
results a new optical absorption bands with red shift and high extinction coefficients
in the region 230-270 nm. Interestingly, the bathochromic shift was increasing with
increasing water content (50 to 98%, Figure 4). In addition to that PPy shows avisual
bathochromic shift and increasing quenching of fluorescence as the percentage of

water in solution was increasing (Figure 5a and 5b), although the same concentration
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Figure 4: Absorbance spectra of PPy in DM SO/H,0 solutions at 10°M
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Figure 5: Fluorescence properties of PPy in DMSO/H,O solutions at 10°M, a)

fluorescence quenching and Tyndall effect observed as result of nanoparticles
formation of PPy in DMSO solution after addition of water (Aex = 350 nm), b)
emission spectra of PPy nanoparticles obtained at different DM SO/H,O ratios and ¢)

expanded low-energy part of figure 5b
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Laser irradiation of a series of solutions containing PPy in DMSO/H,0 at different
ratios showed a clear onset of Tyndall scattering in samples containing more than
30% H,0. Importantly, pronounced scattering was observed at the biologically
preferred concentration (DMSO/H,0 (2:98); Figure 5a extreme right), whereas in
100% DM SO no scattering was displayed (Figure 5a extreme left). The presence of
Tyndal scattering indicated the formation of solution-stable nanoparticles in
DMSO/H,0 solution of PPy. To investigate the formation of PPy-based FONSs,
optical and *H NMR spectroscopy studies were performed. Surprisingly, the observed
red shift and fluorescence guenching of PPy at different DM SO/H 0 ratios found to
be associated with the appearance of a new broad fluorescent band (400-700 nm) of
lower intensity centered at 485 nm (Figure 5b and 5c¢). This observed low-energy
optical shift of PPy could be associated with the formation of excited-state dimers

(excimers).'®

2.5. Photophysics of Pyrene Excimers For mation:

According to Birks, an excimer is a dimer which is associated in an electronic
excited state and which is dissociative in its ground state.’® Requirement for an
excimer formation is an interaction of an electronically excited state molecule with a
ground state molecule. The two molecules must be sufficiently far apart when light is
absorbed, so that the excitation is localized on one of them. Excimer formation was
observed in the course of a study of anthracene derivatives in water by Suzuki and
Tazuke, indicated by rather unusual patterns in the absorption and emission spectra of
these molecules.®® Furthermore, the excitation spectra observed for anthracene
derived monomer and excimer emissions differed in shape and in wavelengths of
band maxima. To explain these effects Suzuki and Tazuke assumed that the
anthracene molecule associate as dimers or higher aggregates® In general, the
characteristic features of excimers are

a) the wavelength of an excimers emission is always larger than that of the
excited monomers emission;

b) the bands in the spectrum observed for the excimers are broadened;

c) the peak-to-valley ratio of excimer emission (Pg) is aways smaller than that of
monomer emission (Py);

d) if the differences of wavelengths between the excimer emission and monomer

emission is positive, it is preassociated excimer or static excimer.
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Many aromatic molecules can form an excimer but among them, pyrene has achieved
stardom status. This is largely due to the fact that the 0-O transition between the
lowest vibrational energy levels of the Eo and E; electronic states is symmetry
forbidden in the case of pyrene and the excited pyrene relaxes to the lowest
vibrational levels of the ground state (Eo) by fluorescence on longer fluorescence life
time compared with normal photophysical processes. An excimer formation by PPy
molecules, observed in the course of this work, was aso attributed to the presence of

pyrene unit in PPy scaffold.

2.5.1. PPy Excimer Formation Studies:

Excimer formation is a concentration dependent phenomenon.?” In majority of
the experiments the concentration of PPy in pure organic solvents was kept very low
(10 uM). Hence, the typical red-shifted fluorescence band corresponding to excimer
was not observed. At higher concentrations (100 pM, 500 pM and 1mM) the
fluorescence emission spectra clearly showed strong fluorescence quenching
(disappearance of the bands with maxima at 390 and 409 nm) and the appearance of a
new red-shifted emission band a 510 nm (Figure 6), thus indicating molecular
aggregation or excimer formation.
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Figure 6: Emission spectra of PPy in DMSO and DMSO/H,O at various
concentrations (Aex = 350 Nm)

Further investigation showed that in PPy-DMSO/H,0 systems only static excimers

were formed. Strong evidence of preassociated excimer formation was obtained with
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excitation spectra recorded at Ae = 350 nm for 10 uM PPy solutions. Emission
maximum observed were Aem = 388 nm for monomer and Aem = 488 nm for excimer.
The peak-to-valley ratio of the excimer (Pg) was significantly smaller than that of the
monomer (Py), with a positive A\, thus indicating pyrene preassociation *®% (AA=100
nm). In order to investigate the contributions of pyrene and purine units in the
aggregation process, the concentration dependent photophysical properties of isolated
model fragments 1.3 and 1.9 (Scheme 1) were compared with PPy in DMSO and
DM SO/H,0 solutions (Figur es 6-8).

The fluorescence emission spectrum of 1.9 (A& = 350 nm) showed optical
behavior similar to that of PPy (Figure 7): as the concentration of 1.9 in DM SO was
increased (10 uM- 1 mM) fluorescence bands with maxima at 389 nm and 409 nm
disappeared and a new broad red-shifted fluorescent band appeared with maximum
centered at around 498 nm. In DM SO/H-,0, upon increasing the water content from
40 to 90%, similar effects were observed, thus demonstrating the formation of
aggregates (Figure 7). In contrast, a DM SO solution of 1.3 showed no such effects,
neither with increasing concentration nor with addition of water (Figure 8).
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Figure 7: Emission spectra of compound 1.9 in DM SO and DM SO/H,0 at different

concentrations (Aex = 350 nm)
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Addition of water to the DMSO solution of PPy resulted in characteristic

excimer emission at 485 nm (Figure 6) and the Tyndall effect (Figure 4a). These
observations strongly supported the postulation that the formation of solution stable

FONs is driven by intermolecular pyrene-pyrene n-x stacking-mediated self assembly
of PPy. In order to confirm it, "H NMR titration studies of DMSO-ds solutions of

PPy with D,0O were performed.
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Figure 9: Stack 'H NMR spectra of PPy in DMSO-dg aone and gradual increase of
D0 (0, 10, 20 and 30%)
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As Figure 9 shows, the titration spectra exhibited an upfield chemical shift of
the Cyiazole-H aromatic protons (8.23, 8.19, 8.15 and 8.12 ppm for 0, 10, 20 and 30%
addition of D,O to DMSO-dgs solutions, respectively), as well as C8puine-H and
C2pyrene-H. This observation clearly supports the theory of aggregation of PPy
molecules through supramolecular interactions and formation of solution-stable
nanoparticles.

2.6. Morphology Studies:

In order to investigate the morphology of PPy-based FONs formed in
DMSO/H,0 (2:98), SEM and AFM investigation were performed. For the SEM study
the sample was prepared using reprecepitation method. For that, DM SO solution of
compound PPy (60 pL, ¢ ~ 2.5 mM) was rapidly injected into water (3 mL) leading to
the formation of PPy FONs and then immediately drop-casting a solution containing
PPy FONs on clean silica substrate. Supporting with the earlier studies (Tyndall
scattering and 'H NMR titration), the SEM micrographs revealed a narrow
distribution of PPy-based FONs (Figure 10a). AFM was also utilized to estimate
nanoparticles size and morphology. Topographical analysis of noncontact-mode AFM
images of the PPy nanoparticles showed the average widths from 100 to 200 nm and
heights in the range 70 to 80 nm (Figure 10b, 10c and 10d). In addition to that self
assembled structures of PPy in various solvents were studied using SEM. Self
assembly is driven by interactions of molecules through n-m interactions, hydrogen
bonding and Van der Waals forces, which lead to the formation of nano/micro
structures. The nano/micro structures not only depend on supramolecular interactions,
but also on the nature of the solvent,”’ concentration,® chain length
(hydrophobicity)® and the nature of the surface.® In the case reported in this chapter
from nano to micro structures were observed in various solvents. For example, in
DCM PPy forming microspheres with 3 micron size (Figure A3a-b, see page no 56).
In case of acetone PPy forms sheet like structures with 10 micron size, while in
acetone/water it forms 1 micron size spindles (Figure A3c-d, see page no 56). In case
of THF PPy form nanoparticles with average size of 350 nm and in THF/water forms
porous type structures (Figure A3e-f, see page no 56). In case of DMF solvent PPy
form micron size particles, which further aggregate into micro structures with flower
like morphology (Figure A3g-h, see page no 56).
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Figure 10: a) SEM micrographs of PPy nanoparticles obtained from DM SO/H,0
(2:98); inset shows close-up image of the nanoparticles; b) non-contact mode AFM
image of PPy nanoparticles; c) height and length profile (selected nanoparticles in b);
height and count of PPy nanoparticles (selected from b)

2.7. Comparative Optical Studies of PPy Bulk and PPy

Nanoparticles:

The solid-state photophysical properties of PPy bulk powder showed emission
with a band splitting in two maxima (500 nm and 573 nm). PPy FONs were studied
using confocal fluorescent microscope displayed a broad emission spectrum (410-700
nm with maximum at 500 nm; Figure 11), similar to that of the PPy FONs
suspension in DM SO/H,0O (Figure 4b). Bulk PPy compound in solid state displayed
broad emission in the range of 400-700 nm. As result, for the PPy nanoparticles blue,
green and red emission can be observed in the corresponding filters via fluorescent

microscope and confocal fluorescent microscope (Figurel2).
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Figure 12. Fluorescent microscopy images of PPy nano/micro structures obtained in
DMSO/H,0 solutions recorded with blue filter (Aem=400-440 nm); green filter
((Aem=480-550 nm); and Texas red filter (Aen=600-650 Nm)
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2.8. Application of PPy FONsfor Bioimaging:

In order to investigate the utility of PPy FONSs as a fluorescent dye for in vitro
experiments, human metastatic breast cancer cells (MDAMB-231) were treated with
100 uM PPy nanoparticles an incubated for 4 h. The samples were studied and
photographed with an upright fluorescence microscope in bright field and
fluorescence mode. The PPy FONs incubated cells showed a clear blue intracellular
fluorescence (Figure 13), whereas in control cells (treated with only 2% DMSO
solution) did not show any fluorescence (Figure A4, see page no 57). During the
imaging experiments the cells remained viable and no noticeable toxicity or side
effects were observed. Therefore, PPy based FONs are nontoxic at tested
concentration (100 pM) and cell-permeable and could be used for the imaging of
biological processesin living cells.

.

Figure 13: Fluorescent microscopy images of a) bright field image of cells treated

with PPy; b) fluorescence image of cells shown in figure 13a (Ae&=365 nm, Aem=445

nm)

Finally, the toxicity and permeability of PPy- and GPy- based FONs were
investigated using zebrafish embryos. Zebrafish embryos (24 hpf) were treated with
PPy and GPy nanoparticles at different concentration (50 uM, 5 uM, 500 nM, 50 nM
and 5 nM in 2% DM SO) for 48-144 h. Interestingly, there was no any negative effect
on the development or survival of FONSs treated zebrafish at any concentration or
exposure time. Additionally, for confocal fluorescent microscopic studies the embryos
were treated with 50 pyM PPy or GPy nanoparticles for 120 h, followed by washing
and fixing with paraformal dehyde. Upon excitation with argon ion UV laser (356/365
nm) both PPy and GPy treated embryos selectively showed fluorescence in muscle
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fibres Figure 14), where as untreated embryos did not exhibited fluorescence (Figure
A6, see page no 58). Interestingly, the PPy treated embryos displayed equally clear
images with a blue-violet filter set (Aem=400-440 nm) and with a green filter set
(Aem=480-550 nm), commonly used for biological studies, and a dightly less clear
image with a red filter set (Ae,=600-650 nm; Figure A6, see page no 58). Thus, the
broad and intense emission of PPy FONSs could be efficiently exploited in the areas of
muscle biology and pathophysiology, particularly for the study of neuromuscular

disorders.

Figure 14: Laser scanning confocal microscopy images (Aex: Ar ion UV laser
356/365 nm) of zebrafish embryos treated with PPy nanoparticles: a) image recorded
with blue-violet filter (Aen=400-440 nm); b) image recorded with green filter
(Aem=480-550 nm); c) overlap images represented on (a) and (b); d) bright field image

before excitation

2.9. Photostability Studies of PPy Nanoparticles:

It is very well known that majority of organic fluorophores are prone to
photobleaching;® however, the presented PPy and GPy FONs showed no




Selective Multicolour Imaging of Zebrafish Muscle Fibres Using Fluorescent Organic Nanoparticles

photobleaching or fading effect throughout the imaging experiments. The emission
spectra recorded for the PPy solutions in different solvents showed negligible
intensity decrease (Figure 15 and 16) even after overnight treatment with UV light
(254 nm, 8W, 760 pW/cm?, 20 h). Moreover, PPy treated zebrafish embryos exposed
to continuous UV-treatment for 5 h also showed good fluorescent signal, verifying
high photostability of PPy FONs. Images of zebrafish embryos captured at different
time intervals of UV-treatment show negligible intensity decrease (Figure 17).

1 —— PPy (DM S0O/H50, 70:30) before UV-treatment
30 + PPy (DMSO/H,0, 70:30) after UV-treatment
——PPy (DMS0/H50, 60:40) before UV-treatment
—— PPy (DMS0/H50, 60:40) after UV-treatment
——PPy (DMS0/H50, 50:50) before UV-treatment
| —— PPy (DMS0/H50, 50:50) after UV-treatment
15 - — PPy [DMSDIHZO, 40:60) before UV-treatment
\ PPy (DMSO/H50, 40:60) after UV-treatment
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Figure 15: Emission spectra of PPy solutions in DM SO/H,0 obtained before and
after UV treatment (Ae=254 nm, 8W, 760 uW/cm?) for 20 h

751 - PPy in EtOAc after UV-treatment
PPy in EtOAc before UV-treatment
PPy in THF after UV-treatment
5 —— PPy in THF before UV-treatment
@
. 504
2
w
c
2
£
c
(=]
w25
L
E
w
0 ——

T T T T |
400 500 600
Wavelength, nm

Figure 16: Emission spectra of PPy solutions in pure organic solvents obtained
before and after UV treatment (254 nm, 8W, 760 uW/cm?) for 20 h
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Figure 17: Fluorescent microscopy images of zebrafish embryos treated with PPy
solutions in DMSO/H,0 (Ae=365 nm, Lem=445 nm); a) before UV-treatment; b) after
UV-treatment (254 nm, 8W, 760 uW/cm?) for 3 h; c) after continuous UV -treatment
(254 nm, 8W, 760 pW/cm?) for 5 h

2.10. Conclusions:

In conclusion, in this chapter two blue-emitting fluorescent guanine analogues
(PPy and GPy) were designed and synthesized through simple and straightforward
route using effective 1, 3-dipolar Huisgen cycloaddition. Stable FONs based on PPy
and GPy were successfully prepared in biocompatible solvent mixture (DM SO/H,0;
2:98) via reprecepitation method. Their photophysical properties and morphology
were fully investigated by UV-Visible and fluorescence spectroscopy, SEM, AFM
and CFM studies. The ability of PPy and GPy FONs to penetrate into human breast
cancer cells and zebrafish embryos was examined. Interestingly, both PPy-and GPy-
based FONs showed selective multicolour illumination of the zebrafish muscle fibres
under UV-light. This work proposes that multicolour imaging potential of the
presented PPy and GPy nanoparticles can be exploited to overcome autofluorescence
in many biological samples. As demonstrated here, both FONs were nontoxic and
remarkably good stains, particularly specific for muscular tissues, thus providing
more comprehensible visualization of muscle fibres architecture. Developed in this
chapter novel chromophores were resistant to bleaching or fading, easy to use and
could be utilized for the study of neuromuscular changes in zebrafish embryos. This
result demonstrates an innovative and technologically important bio-nanotechnology
method to generate multicolour imaging of cancer cells and muscle tissues.
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2.11. Experimental Section:
2.11.1. Materialsand Methods:

All reactions were carried out under an inert atmosphere with dry solvents, unless
otherwise stated. Syringes and needles for the transfer of reagents were dried at 100
°C and alowed to cool in desiccators over P,Os before use. Reactions were
monitored by thin layer chromatography (TLC) on silica gel plates (60 F254), using
UV light detection. Merck silicagel (particle size 100-200 mesh) was used for column
chromatography. For UV-Vis and fluorescence measurements spectroscopic grade
solvents were used.

The materials 2-amino-6-chloropurine, 1,12-dibromododecane, and paraformal dehyde
were purchased from Sigma Aldrich. Commercia reagents (NaNj3, Sodium
Ascorbate, K,CO3, CuSO, and HCl were purchased from Merck, Loba Chemie and
Rankem and were used as received. The solvents were distilled and dried before
reactions and for extracting purposes.

2.11.2. Nanoparticles Preparation for Biological Studies:

1.5 mg of compound PPy/GPy was taken in a sample vial and dissolved in 1 mL of
DMSO. Then 60 pL of the above solution was rapidly injected into 2940 pL of
millipore water to obtain the final concentration of nanoparticles 50uM in 2% DM SO.

Prepared nanoparticles were used for the fluorescent imaging studies immediately.

2.11.3. Nanoparticles Preparation for SEM and AFM Studies:
Nanoparticles were prepared by two methods;

a) 1.5 mg of compound PPy or GPy was taken in a sample vial and dissolved in 1 mL
of DMSO. Then 60 uL of the above solution was rapidly injected into 2.94 mL of
millipore water to obtain the final concentration of nanoparticles 50 uM in 2%
DM SO. Prepared nanoparticles were dispersed on a clean glass slide by a capillary for
SEM and AFM studies.

b) 1 mg of compound PPy was dissolved in 3 mL of DCM/acetone/THF/DMF
respectively and left for 0.5 h and one drop of the solution was dispersed on a clean
glass dide by capillary for SEM analysis. In other case 1mg/2mL of THF containing
PPy solution was rapidly injected to 1 mL of millipore water and the sample vial was
left for 1 h without disturbing. One drop of the solution was dispersed on a clean glass
dlide by acapillary for SEM analysis.
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2.11.4. Nanoparticles Exposureto Céells:

1.5 x 10° MDAMB-231 (human metastatic breast cancer) cells were seeded on glass
cover dips in 6-well plates, in DMEM (Dulbecco's modified Eagle’'s medium)
supplemented with 10% FBS (Fetal Bovine Serum) and antibiotics (Penicillin-
Streptomycin). After allowing them to adhere (overnight) at 37 °C in 5% CO,, 100
MM of PPy nanoparticles and equivalent volume of vehicle (2% DM SO) were added
to the cells and incubated for 4 h. The cells were washed with PBS (Phosphate-
buffered Saline), and the cover slips were mounted on glass dides using 50%
Glycerol in PBS. The dlides were examined and photographed with an upright
fluorescence microscope using a 10x objective and 10 x eyepieces in bright field and

fluorescence modes.

2.11.5. Nanoparticles Exposureto Zebrafish Embryos:*

At 24 hours post fertilization (hpf), embryos were de-chlorinated using 50 pg/mL
Proteinase-K (Sigma-Aldrich) for 5 minutes. All embryos were immersed (6
embryos/well) into 24 well culture plates containing 500 uL. of PPy or GPy at
different concentrations (50 uM, 5 uM, 500 nM, 50 nM, 5 nM) for treatment. Control
embryos were incubated in 2% DMSO. The complete study was carried out for 24,
48, 72, 96, 120 and 168 h. On the respective time points the embryos were washed
with 1X PBS (phosphate buffer saline) thrice for 5 min each and fixed in 4%
paraformaldehyde in PBS, pH 7.0 for 4 h at room temperature. Then embryos were
used for fluorescent observations under confocal fluorescence or optical fluorescence

microscope.

2.11.6. PPy and GPy Synthesis:

7-(12-Bromododecyl)-6-chlor o-7H-purin-2-amine (1.3):

Anhydrous K,CO3 (1.22 g, 8.84 mmol) was added to a stirred suspension of 2-amino-
6-chloropurine 1.1 (0.5 g, 2.948 mmol) in dry DMF (10 mL) under nitrogen at room
temperature. After 30 min, a solution of 1, 12- dibromododecane 1.2 (2.90 g, 8.84
mmol) in DMF (4 mL) was added, and the reaction mixture was stirred for 24 h. DMF
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was removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with hexane/ethylacetate (1:3) as eluent to yield
1.3 as a white solid (0.6 g, 53%). Mp: 78-79 °C. TLC (hexane/EtOAc (1:1)): Rs =
0.31. IR (KBr): 3426, 3333, 3212, 3074, 3039, 2924, 2852, 1645, 1608, 1562, 1468,
1354, 1229 cm™. *H NMR (DMSO-ds, 400 MHz) d: 1.20 (14H, m), 1.32 (2H, m),
1.74 (4H, m), 3.49 (2H, 1), 4.0 (2H, t), 6.88 (2H, brs), 8.11 (1H, ). *C NMR (DM SO-
ds, 100 MHZz) 4: 26.3, 27.9, 28.5, 28.8, 29.2, 32.6, 35.6, 43.4, 123.7, 143.6, 149.7,
154.5, 160.1. MS (El, 70ev): m/z [M]" calcd for C17H27BrCINs: 416.79, found 418.1
[M + H]". And. Calcd for Ci7H27;BrCINs: C, 48.99; H, 6.53; N, 16.80; found: C,
48.85; H, 6.41; N, 16.61.

7-(12-Azidododecyl)-6-chlor o-7H-purin-2-amine (1.4):

Compound 1.3 (0.6 g, 1.44 mmol) and sodium azide (0.28 g, 4.32 mmol) were
dissolved in dry DMF (10 mL) and were stirred at room temperature for 12 h. DMF
was removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with hexane/ethylacetate (1:3) as eluent to yield
1.4 as ayellowish solid (0.42 g, 77%). Mp: 60-62 °C. TLC (hexane/EtOAc (1:1)): Ry
=0.36. IR (KBr): 3431, 3331, 3212, 3075, 3040, 2924, 2855, 2094, 1647, 1608, 1561,
1468 cm™. 'H NMR (DM SO-dg, 400 MHz) 6: 1.19 (16H, m), 1.48 (2H, m), 1.73 (2H,
m), 3.27 (2H, 1), 4.0 (2H, 1), 6.87 (2H, brs), 8.11 (1H, s). *C NMR (DM SO-dg, 100
MHz) ¢: 26.3, 26.5, 28.6, 28.8, 28.9, 29.2, 29.3, 43.4, 51.0, 123.7, 143.7, 149.7,
154.5, 160.1. MS (El, 70ev): m/z [M]" calcd for C17H27CINg: 378.2, found 379.2 [M
+ H]". Anal. Caled for C17H27CINg: C, 53.89; H, 7.18; N, 29.57; found: C, 53.76; H,
7.10; N, 29.65.
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6-Chlor o-7-(12-4-(pyren-1-yl)-1H-1,2,3-triazol-1-yl)dodecyl)-7H-purin-2-amine
(1.5/PPy):

A mixture of 1-ethynylpyrene 1.8 (0.30 g, 1.33 mmoal), 1.4 (0.42 g, 1.11 mmoal),
sodium ascorbate (0.052 g, 0.26 mmol), CuSO, (0.0055 g, 0.022 mmoal) in a 1:1
mixture of DMF and H,O (20 mL) was stirred at 80 °C for 12 h. After cooling
solvents were removed under vaccum and the crude residue was then purified by
column chromatography on silica gel with hexane/ethylacetate (3:7) as eluent to yield
PPy as ayellowish solid (0.20 g, 31%). Mp: 165-167 °C. TLC (EtOAc): Rf = 0.43. IR
(KBr): 3488, 3296, 3171, 3088, 2923, 2851, 1615, 1567, 1516, 1458, 1403, 1363,
1213 cm™. *H NMR (DM SO-dg, 400 MHz) 6: 1.28 (16H, m), 1.69-1.73 (2H, m), 1.97
(2H, m), 3.98 (2H, t), 4.52 (2H, t), 6.88 (2H, brs), 8.10 (1H, t) 8.30 (7H, m), 8.79 (1H,
s), 8.87 (2H, d). *C NMR (CDCl3, 100 MHz) §: 26.5, 28.9, 29.3, 29.3, 29.3, 29.5,
30.3,43.7,50.5, 122.7, 124.7, 124.8, 125.0, 125.2, 125.3, 126.0, 127.1, 127.3, 127.7,
128.1, 128.5, 130.8, 131.2, 131.3, 142.3, 147.3, 151.1, 153.7, 158.9. MS (El, 70ev):
m/z [M]" caled for CgasH3,CINg: 605.17, found 605.3 [M]*. Anal. Cacd for
CssH37CINg: C, 69.46; H, 6.16; N, 18.52; found: C, 69.32; H, 6.23; N, 18.41.

2-amino-7-(12-(4-(pyren-1-yl)-1H-1,2,3-triazol-1-yl)dodecyl)-1H-purin-6(7H)-one
(1.6/GPy):

Compound PPy (0.2g 0.33 mmol) was refluxed in 0.1M HCI (40 mL) for 6h. After
cooling and neutralization with ag. KOH, the product precipitated as a grey solid,
which was filtered and analyzed without further purification (0.09 g, 52%). Mp: 296-
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298 °C. IR (KBr): 3486, 3317, 3158, 2925, 2851, 1689, 1626, 1600, 1467, 1414,
1176, 1053 cm™. *H NMR (DMSO-dg, 400 MHz) d: 1.20 (14H, m), 1.66 (2H, m),
1.97 (2H, m), 3.87 (2H, t), 4.50 (2H, t), 6.51 (2H, brs), 7.88 (1H, S), 8.08 (1H, t) 8.27
(7H, m) 8.78 (1H, s), 8.86 (1H, d) 10.67 (1H, s). *C NMR (DM SO-dg, 100 MHz) o
26.3, 28.8, 28.8, 29.3, 29.6, 30.1, 43.3, 50.0, 124.3, 124.7, 125.5, 125.9, 126.8, 126.9,
127.4, 127.7, 127.8, 128.0, 128.1, 128.3, 128.4, 130.7, 130.9, 131.3, 146.5, 154.2,
156.7. MS (El, 70ev): m/z [M]" caled for CasH3sBrNgO: 586.3, found 587.3 [M+H]".
Anal. Calcd for C3sH3sNgO: C, 71.65; H, 6.53; N, 19.10; found: C, 71.48; H, 6.61; N,
19.25.

1-Ethynylpyrene (1.8): *?

1-Bromopyrene (2.0 g, 3.57 mmol), PdCl,(PPhz), (100 mg, 0.14 mmol), PPh; (74.6
mg, 0.28 mmol) and Cul (54.3 mg, 0.28 mmol) were mixed under nitrogen, in THF
(20 mL) and triethylamine (60 mL). Then trimethylsilylacetylene (414 mg, 4.2 mmol)
was added and the system was heated for 6 h a 90 °C. The reaction mixture was
cooled to room temperature and filtered. The filtrate was collected and the solvent
removed under reduced pressure. The residue was dissolved in n-hexane. The
remaining solid was filtered off and the filtrate was collected. Then the solvent was
removed and a yellow oily was obtained. The yellow oil was dissolved in diethyl
ether (20 mL). Then methanol (40 mL) and potassium carbonate (3.2 g) were added.
The system was stirred at room temperature for 3 h. The mixture was filtered and the
filtrate was evaporated and the crude residue was purified by column chromatography
on silicagel using n-hexane/DCM= 50:1, v/v as an euent (9:1), to yield 1.8 as a
cinereous powder (0.6 g, 40%). Spectroscopic data matches with the one from the
reported procedure. *H NMR (CDCl3, 400 MHZ) &: 3.61 (1H, s), 7.97 (2H, m), 8.03
(2H, m), 8.11 (4H, m), 8.54 (d, 1H).
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(1-Decyl-4-(pyren-1-yl)-1H-1,2,3-triazole) (1.9):

Compound 1.7 (0.05 g, 0.27 mmol) and 1-ethynyl pyrene 1.8 (0.073 g, 0.324 mmol)
were dissolved in dry DMF (1.5 mL). To the reaction mixture copper iodide (0.0051
g, 0.027 mmol) was added and heated at 80 °C for 12 h under nitrogen atmosphere.
Solvents were removed under high vaccum and DCM (5 mL) was added, the resulting
suspension was filtered through celite in order to remove inorganic salts. The filtrate
was concentrated under reduced pressure, and the crude product was then purified
using flash column chromatography on silicagel using hexane/ethyl acetate (9:1) as an
eluent, to yield 1.9 as a white solid (0.09 g, 81% yield). Mp: 108-110 °C. TLC
(hexanelethyl acetate (4:1)): Ry = 0.32. IR (KBr): 3867, 3626, 3095, 3044, 2922,
2851, 2722, 2427, 2322, 1917, 1853, 1790, 1746, 1641, 1595, 1457, 1369, 1321,
1218, 1176, 1057, 724 cm™. *H NMR (CDCl3, 400 MHz) §: 0.87 (3H, 1), 1.36 (14H,
m), 2.05 (2H, m), 4.52 (2H, 1), 7.94 (1H, s), 8.02 (1H, 1), 8.18 (7 H, m) 8.70 (1H, d).
3C NMR (DM SO-ds, 100 MHZ) §: 14.1, 22.6, 26.6, 29.0, 29.2, 29.4, 29.5, 30.4, 31.8,
50.5, 124.6, 124.7,124.8, 125.0, 125.3, 126.2, 127.0, 127.1, 127.4, 127.6, 127.9,
127.9, 128.2, 128.5, 130.8, 131.2, 131.3, 147.2; MS (EIl, 70ev): m/z [M]" calcd for
CasHzN3: 409.2, found 410.0 [M+H]*.
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2.13. Appendix:
A1l. Solvatochromism Studies of PPy:
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Figure Al: UV-Vis absorption spectra of PPy in various solvents
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Figure A2: Fluorescence emission spectra of PPy in various solvents
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A3. SEM Images of PPy:
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Figure A3: SEM micrographs of nano- and sub-microstructures of PPy obtained
from different solvents: (a) from DCM (scale bar is 20 um), (b) closer look at the
same sample (scale bar is 2 um), (c) from acetone (scae bar is 5 um), (d) from
acetone/water generated by CAM (scale bar is 2 um), (e) from THF (scale bar is 2
um), (f) from THF/water generated by CAM (scale bar is5 um), (g) from DMF (scale
bar is 50 um) and (h) nanoparticles observed in the same sample (scale bar is 5 um),

the insert shows a single particle at bigger scale (scale bar is2 um).
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A4. Fluorescence Microscopy Images of MDA-MB-231 (Human
Metastatic Breast Cancer) Célls

a)

Figure A4: Fluorescent microscope images (Aex = 365 NM, Aem = 445 nm) show no
auto-fluorescence for control cells: a) bright field image of untreated cells; b)

fluorescent image of untreated cells shown in (a).

A5. Confocal Fluorescence Microscope | mages of PPy Nanoparticles:

Figure A5: Confocal fluorescent microscope images (Lex = 350 nm) of nanoparticles
obtained from PPy in DM SO/H,0 (2:98) solutions.
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A6. Laser Scanning Fluorescence Microscopy Images of Zebrafish
Embryos Treated With PPy and GPy:

5

Vehicle Vehicle

Figure A6: Confocal fluorescent microscopy images (hex = 350 nm) of zebrafish
embryos exposed to vehicle (control) or GPy: &) bright field image of untreated
embryos (vehicle); b) fluorescent image of embryos represented in (a); ¢) bright field
images of embryos exposed to a solution containing PPy nanoparticles (50 uM); d)
fluorescent images of (c) collected in the red, channel of the confocal system; €)
bright field images of embryos exposed to a solution containing GPy nanoparticles
(50 uM); f) fluorescent images of (c), collected in the blue channel of the confocal

system.
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2.14. NMR Spectra of Synthesized Compounds:
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Figure A7: *H NMR (DM SO-ds, 400 MHz) of compound 1.3
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Figure A8: *C NMR (DM SO-dg, 100 MHz) of compound 1.3
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Figure A10: *C NMR (DM SO-dg, 100 MHZ) of compound 1.4
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Figure A12: *C NMR (CDCl3, 100 MHz) of compound PPy
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Figure A13: 'H NMR (DM SO-dg, 400 MHz) of compound GPy
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Figure A14: *C NMR (DM SO-dg, 100 MHz) of compound GPy
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Figure A15: '"H NMR (CDCl3, 400 MHz) of compound 1.8
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Figure A16: *H NMR (CDCl3, 400 MHz) of compound 1.9
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3.1. Abstract:

Development of efficient FONSs, for in vitro and in vivo bioimaging is one of
the emerging areas of nano-biotechnology. This chapter reports the synthesis of novel
FONs based on fluorescent chromophore (Cy-Red), composed of cytosine moiety
connected to 4,7-di(thiophene-2-yl)benzo[ c][1,2,5]thiadiazole by aliphatic chain using
click chemistry approach.! Preparation of solution stable, red emissive nanoparticles
(nano-Cy-Red) via bottom-up approach and their photophysical properties and
morphology were fully investigated by UV-Vis and fluorescence spectroscopy, SEM,
AFM, DLS, CFM and fluorescence microscopy studies. It was found that novel nano-
Cy-Red are nontoxic, biocompatible and are able to penetrate into mouse macrophage
cells, oral cancer cells and yeast and were retained in living cells for severd
generations serving as a cytoplasmic stain. The chapter also describes the utilization
of nano-Cy-Red dye for direct in vivo visualization of cancer cell migration up to 72

h post transplantation in zebrafish embryos.

3.2. Introduction:

For the last two decades, nanoparticles are attracting tremendous interest and
being explored extensively because of their unique size dependent chemical and
physical properties. They are especially interesting candidates for biomedical research
since the size of nanoparticles is comparable to the most biological objects at the
molecular level. FONs are particularly attractive members of nanoparticles family,
because of its broad range of potential application in optoelectronic nano-devices,
(bio-)chemical sensing, drug delivery and monitoring systems, diagnostics,
immunofluorescent labeling and in vitro/in vivo imaging.>” FONSs are very attractive
candidates for fluorescent imaging, as they offer definite advantages over bulky
organic chromophores, such as easy cellular uptake,® size-dependent fluorescent
properties’ and longer fluorescence life time®® Red FONs are high in demand,
because the red emitting FONs can be excited with a visible light source, which
results in less harmful effects on the biological samples, such as cells and tissues, in
comparison with ultraviolet light. Longer excitation and emission wavelength allows
the light to penetrate through thicker samples which is beneficia for in vivo
experiments.**? Therefore, novel nontoxic, biocompatible red colour FONs would be a

valuable addition to FONs family for in vivo and in vitro imaging.
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The novel red fluorescent
nanomaterials were designed
according to following principle
(Figure 1): biologically active
molecule (nucleobase,

nucleoside) is connected to the

Linker

fluorescent tag through flexible Biologically active

molecule
and long aliphatic linker. Such (nucleobase, v
compounds are expected to bind nucleoside ...) ff

to genes and proteins and

. . . . . Fluorophore
illuminate biological processesin

the living cells across several cell Figure 1: Design principle

cycles.

Majority of commonly used for biological imaging and clinical screening
fluorescent organic dyes, such as Fluorescein isothiocyanate (FITS) or Rhodamine
derivatives aren't suitable for the long term imaging as they undergo rapid

photobleaching.*?

Another drawback of some of these dyes is unwanted altering of
the cells viability and proliferation.* Although FONSs are an attractive alternative,
some of them also suffer from above mentioned drawbacks, e.g. silica nanoparticles
doped with fluorescent dyes.™'® Therefore, there is a need to develop nanoparticles
with long term photo-stability and high biocompatibility. In continuation of the efforts
to develop superior fluorescent nanoparticles as bio-probes,'’ described in the
previous chapter, this chapter isfocused on design and synthesis of red biocompatible,
stable and effective FONs. The FONs are prepared form the novel organic
chromophore based on a biologically active molecule (nucleobase), which is
connected to the fluorescent tag through a flexible and long aliphatic linker via
“click”- chemistry. Such compounds may be expected to bind to biomolecules and

illuminate biological processesin the living cells across several cycles.

The synthesis of a novel cytosine based red fluorescent chromophore (Cy-
Red) followed by preparation of organic nanoparticles via “bottom-up” approach is
reported for the first time. According to the design principle, cytosine was connected
to the fluorescent tag 4,7-di(thiophene-2-yl)benzo[ c][1,2,5]thiadiazole by 12-carbons
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aliphatic chain. Self-assembly of the molecules in DMSO/H,0O solutions led to
formation of solution-stable, red emissive, biocompatible, non-toxic FONs (nano-Cy-
Red). This chapter aso presents their photophysical properties and the results of
SEM, AFM, DLS, CFM, and fluorescence microscopy studies. Finaly the ability of
nano-Cy-Red to penetrate into mouse macrophage, oral cancer cells and zebrafish
embryos is also reported. One of the important advantages of this FONs is the ability
to retain in living cells for several generations, serving as a cytoplasmic stain. This
property alowed efficient long time tracking of transplanted cancer cells, stained with
nano-Cy-Red, in live zebrafish embryo up to 72h. Apart from that, chapter 3
discloses an ability of nano-Cy-Red to easily penetrate through yeast cell wall, which
is not a common property for many organic molecules, and demonstrate for the first

time application of Cy-Red FONSs for the yeast imaging.

3.3. Reaults and Discussion:

The synthesis of the novel chromophore Cy-Red was performed as outlined in
Scheme 1-3. Overall synthesis of the target compound Cy-Red consists of ten steps
and commence from simple and un-expensive starting materials. cytosine and
thiophene. Fluorescent intermediate 4-(5-ethynylthiophen-2-yl)-7-(thiophene-2-
yl)benzo[c][1,2,5]thiadiazole 1.7 was synthesized in 5 steps according to modified
reported procedures. Namely 4,7-dibromobenzo[c][1,2,5]thiadiazole 1.2 was obtained
with 92% vyield after bromination of the commercialy available 2,1,3-
benzothiadiazole 1.1 with molecular bromine in hydrobromic acid.*> Thiophene was
lithiated using n-BuLi followed by treatment with tributylchlorostannane to afford
tributyl (2-thienyl)stannane (1.4).** Compound 1.4 was coupled to compound 1.2 in
Stille coupling conditions in THF using palladium (1) catalyst to give 4,7-di-2-
thienyl-2,1,3-benzothiadiazole 1.5 in good yield.** Partiad bromination of the
compound 1.5 with N-bromosuccinimide in acetic acid-DCM gave mono-brominated
compound 1.6 with improved yields (70%) in comparison with literature procedure.™
This could be associated with modification in presented here: The reaction started at 0
°C and then let it Slowly reach room temperature, stirring reaction mixture overnight,
while Jin-Liang et al. were running reaction at 0° C for only 1 h. A similar procedure
leading to improved result was also reported later from Jagjung Ko group.*® Ethynyl
derivative 1.7 was prepared using standard two-steps protection-deprotection

procedure, where protection step was performed via Sonogashira coupling of 1.6 with
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trimethylsilyl acetylene followed by conversion to terminal alkyne by deprotection
with K>CO3 in methanol giving compound 1.7 in good yield*® (Scheme 1).

Scheme 1. Synthesis of red fluorescent tag

Biologically active chromophore Cy-Red was prepared as outlined in
Schemes 2 and 3. At the first step, amine protection of commercially available
cytosine 2.1 with acetic anhydride using DMAP/pyridine resulted in N4-acetyl
cytosine 2.2 with 95% vyield. Although acetylation is not a common protection
strategy for amines, we incorporated N-4-acetyl in the cytosine scaffold because the
acetoxy group might bring additional H-bond acceptor, improving binding ability and
therefore potency of Cy-Red. Initialy we did not have intention of amine
deprotection and were planning to utilize 2.5 directly for bioimaging studies. N-
alkylation of compound 2.2 with 3 equivalents of 1,12-dibromododecane in the
presence of NaH gave compound 2.3 with decent 51% yield. According to literature,
including published results described in the chapter 2, low yields are typical for the
selective akylation reactions of nucleobases. Cytosine was not an exception and non-
regiospecific akylation resulted in unwanted side products. Reaction of bromo
compound 2.3 with sodium azide was performed in DMSO at RT to afford azide
derivative 2.4 in good yield. Subsequent 1,3-dipolar Huisgen cycloaddition reaction
of compound 2.4 with compound 1.7 under “click reaction” conditions in presence of
Cul led to formation of click product 2.5 with only 21% yield. This compound was
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not soluble in any organic solvents including DMF and DMSO. Moreover,
consequent N4-acetyl deprotection of compound 2.5 with agueous ammonia in
methanol was not successful. In order to avoid the problem, the sequence of the
synthetic steps was corrected and deprotection of 2.4 was performed prior to “click-
chemistry” step, In this case compound 2.6 was obtained effortlessly in decent yield.
Subsequent 1,3-dipolar cyclo addition reaction of 2.6 with 1.7 gave cytosine
connected to fluorescent 4,7-di(thiophene-2-yl)benzo[c][1,2,5]thiadiazol e via triazole-
alkyl linker (Cy-Red) in 43% yield. However, overall yield of this synthetic sequence

AN

/

was only 8%.

Scheme 2: Synthesis of fluorescent cytosine analogue Cy-Red

In order to improve yields, the protection group at N-4 position of cytosine
was replaced with tert-butyloxycarbonyl (Boc) anhydride as it is better N-protecting
agent. Treatment of cytosine in dry THF with an excess of Boc-anhydride in the
presence of a catalytic amount of DMAP led to formation of tris-Boc-protected
cytosine with an excellent yield. Tris-Boc cytosine was quantitatively converted into
bis-Boc cytosine 3.1 by refluxing in MeOH with ag.NaHCO3."# The structure of bis-
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Boc cytosine 3.1 was confirmed by *H NMR spectroscopy and mass spectrometry.
The next steps were performed following synthetic route similar to the one described
above (Scheme 2). The alkylation of cytosine derivative 3.2 and sequential azide
formation gave compound 3.3, which in its turn was subjected to “click”-reaction with
intermediate 1.7 to give Boc protected fluorescent precursor 3.4 with improved yield
(62%). The formation of a five-membered triazole ring was confirmed by *H NMR
spectroscopy. Clear evidence of the successful Huisgen cycloaddition was an
appearance of a Cyiaole —H proton at 8.61 ppm and disappearance of the terminal
acetylene proton at 3.48 ppm (see spectrum on page 117). At last step, deprotection of
Boc-amino group in standard conditions using tri-flouro acetic acid in DCM resulted
in the formation of final fluorophore Cy-Red with good yield. *H NMR spectrum
showed a broad signal of N-H protons at 7.42 ppm belonged to free amino group and
disappearance of Ciert.outyi-H protons at 1.25 ppm (see spectrum on page 118). Apart
from that, dramatic shift of CS¢ytesine-H proton from 6.72 ppm to 5.75 ppm was
observed after deprotection, the position of this peak as well as peak of CSgytosine-
H=5.58 ppm are characteristic for free cytosine. Additionally, EI-MS showed
predominant peak with m/z value of 645.2 corresponding to desired molecule. Thus,
'H NMR and mass spectrometry confirmed the formation of final compound Cy-Red.

Scheme 3: Synthesis of fluorescent cytosine analogue Cy-Red
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Unlike previous synthetic route (using acetyl-protected compounds (2.1 —
Cy-Red) there was no any problems related to solubility of intermediates and all
reactions were going smoothly with good yields. The synthetic sequence via Boc-
protected intermediates (3.1 — Cy-Red) helped to improve overall yield to 18%
(from 8% via previous synthetic route, Scheme 2).

3.4. Photophysical Properties of Cy-Red:

3.4.1. Overcoming the Solubility | ssue:

Before describing studies performed with novel fluorescent compound Cy-
Red it isworth to note that in its original form it is not soluble in any organic solvents
apart from DM SO. Attempts to dissolve compound in water (since it is best non-toxic
solvent for biological investigation) did not succeed at any conditions (shaking,
heating and ultrasound). Therefore, an attempt has been made to overcome solubility
issues by salt formation as it is the most common and effective method of increasing
solubility and dissolution rates of pharmaceuticals.*®>° Unfortunately, formation of
Cy-Red sdlts with hydrochloric acid or hydrobromic acids did not improve its
solubility. Moreover, Cy-Red salt of common organic acids (e.g. citric acid) resulted
only in limited solubility (Figure 2) which was not enough for biological
experiments. Subsequently nanonization using the nanoprecipitation method, 8%
similarly to the method developed for PPy and GPy chromophores (Chapter 2)*",

50 -
= 150 pM nano-Cy-Red
=100 pM nano-Cy-Red
40 4 = 50 pM nano-Cy-Red
s —— Cy-Red bulk
© =150 utM nano-Cy-Red with citric acid
:'3' 30 —— 100 pM nano-Cy-Red with citric acid
% = 50 pM nano-Cy-Red with citric acid
E
g 20 -
7}
L
£
w 104
0_ T T T T T T
500 600 700 800

Wavelength, nm

Figure 2: Emission spectra (Aex= 473 nm) of Cy-Red in DMSO/H,0 (2:98) solutions
obtained after different methods of solubilization (none, salt formation with citric
acid, and nanonization) at different concentrations
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For that, DMSO solution of compound Cy-Red (60 pL, ¢ ~ 2.5 mM) was rapidly
injected into water (3 mL) leading to the formation of nanoparticles (nano-Cy-Red)
due to molecular aggregation.’” Nanonization of the compound was very efficient:
nanosized Cy-Red (nano-Cy-Red) become soluble in water up to 150 uM without
precipitation and exhibited bright fluorescence emission. Prepared nanoparticles were
used for characterization and biological studiesimmediately.

3.4.2. Optical Properties:
Having final pure fluorophore in hands, the photophysical properties of Cy-
Red in DMSO as well as nano-Cy-Red in biocompatible solvent mixture-
DMSO/H,0 (2:98) were investigated. In DMSO and DM SO/H,O chromophore in
both forms displayed nearly identical absorbance maxima at 471 nm and 473 nm
(Figure 3). Fluorescent emission spectra (Aex=473 nm) exhibited similar fluorescence
bands, with a maximum at 634 nm for Cy-Red in DMSO and 647 nm for nano-Cy-
Red in DMSO/H,0 solutions (Figure 4). Solid state spectrum of the bulk compound
exhibited maximum emission at 709 nm (Figure 5a). Solid state and 2% DM SO/H,0
solution has decreased fluorescence intensity, probably due to aggregation induced
fluorescence quenching (AlQ); however fluorescent microscopy studies demonstrated
bright emission of Cy-Red upon excitation at 510-560 nm even in solid state (Figure
5b and 5c¢). The solution state quantum yield of Cy-Red (©;=0.58) was quite high
with respect to quinine sulphate as a reference compound.
0.3

—100% DM SO
—— 2% DMSO

Absorbance, a.u

0.0

I ! I ! I !
300 400 500 600
Wavelength, nm

Figure 3: UV-Vis absorbance spectra of Cy-Red in DMSO and DMSO/H,0 at 10°M
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Figure 4: Fluorescence emission spectra of Cy-Red (A&=473 nm) in DMSO and
DMSO/H,0 at 10°M
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Figure5: @) Comparative emission studies of Cy-Red (L= 473 nm) in solution state
and solid state: fluorescent microscopy images of Cy-Red microspheresin DMSO: b)
magnification is 10x; ¢) magnification is 40x
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3.4.3. Photostability Studies of Cy-Red Fluorophore:

Photobleaching is one of the main drawbacks for majority of organic
fluorophores. In order to check the stability of the Cy-Red, Cy-Red in DM SO and
DM SO/H,0 (2:98) solutions were treated with UV light (254 nm, 8W, 760 pW/cm?)
for 2h, 4h, 8h and 20h, measuring its emission at every time point (Figure 6a and 6b).
Figure 6a clearly shows no or negligible decrease of emission intensity upon UV-
treatment for DMSO solution of Cy-Red, which indicates no photobleaching and
fading throughout the photostability experiments. The emission intensity of nano-Cy-
Red in DMSO/H,0 was dlightly disordered and decreased by approximately 20%
after overnight treatment. This fluorescence loss most probably is associated with

nanoparticles aggregation resulting in AlQ effect, rather than with photobleaching.

a) 49

o
-
B
=3

——0h ——0h
——2h
— 4 h
30 - —— 8h
=20 h

304

20 4

20 4

104 10

Emission intensity, a.u.
Normalized emission intensity, a.u.

560 6(')0 T(IlD 860 660 760 860
Wavelength, nm Wavelength, nm

Figure 6: Fluorescence emission spectra of Cy-Red (10°M solutions) obtained in

different time intervals before and after UV-treatment (254 nm, 8W, 760 pW/cm?); a)

in DMSO, b) in DMSO/H,0 (2:98)

These studies revealed that the characteristic features of Cy-Red fluorophore are as
following:

1. It has longer absorption (at Amx=473 Nm) and longer emission (at Amx=634
nm) wavelengths, which helps to overcome issue of autofluorescence in
majority of biological objects, and decreased damage of cells/tissues by light
beam.

2. The solution state quantum yield of Cy-Red is quite high ®:=0.58 (measured
with respect to quinine sulphate as reference ®¢=0.577).

3. Cy-Red fluorophore possesses high photobleaching thresholds.
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4. Additiona advantage of the new chromophore is large Stokes shift; Cy-Red
has Stokes shift of 163 nm, while nano-Cy-Red has even larger Stokes shift
of 174 nm, indicating the formation of J-type molecular aggregates.

Stokes shifts of most traditional dyes such asfluorescein, polymethinecyanine
and rhodamine are about/less than 25 nm.** The chromophore CellTracker Red (by
Molecular Probes™), with properties similar to nano-Cy-Red, has a Stokes shift of
approximately 50 nm. A large Stokes shift such as that observed for nano-Cy-Red is
advantageous for quantitative determination and bioimaging.This quality would also
provide high resolution and low detection limits™®® in intracellular fluorescence
imaging. All above facts indicate that Cy-Red fluorophore could be useful dye in any
physical state (solution state or solid state, e.g. in form of nano-Cy-Red) for
biological imaging applications.

3.5. Morphology and Stability Studies:

In order to investigate the morphology and size of nano-Cy-Red formed in
DMSO/H,0 (2:98), SEM and AFM investigations were performed. For the SEM and
AFM studies the sample was prepared using reprecepitation method, followed by
drop-casting a solution containing nano-Cy-Red on silica substrate. SEM
micrographs of nano-Cy-Red in DMSO/H,0 revealed their narrow distribution
(Figure 7a and b), and size in range of 280-340 nm. AFM was also utilized to
estimate the size of nanoparticles and their distribution. Topographical analysis of
non-contact mode AFM images of the nano-Cy-Red nanoparticles showed the
average diameter of ca. 500 nm and height in the range of approximately 50-80 nm
(Figure 7c and d).

Investigation of potential aggregation of nano-Cy-Red in aqueous solution
was performed using DL S. The study was done both in DM SO/H,0 (2:98) and in the
solution DMSO/DMEM-FBS (2:98) which is used for biologica studies. An average
diameter of the nanoparticles (Figure 8a) in water solution immediately after
precipitation is ca. 300 nm (average hydrodynamic radius is 164 nm), however after
3h larger population of particles with alarger size was observed as result of formation
of the aggregates, an average diameter of nanoparticles in this case is ca. 500 nm
(average hydrodynamic radius is 253 nm). At the same time, nanoparticles prepared
directly in DMEM-FBS media used for our biological studies were dlightly smaller
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and no significant aggregation was observed even after 3 h of incubation at room
temperature (Figure 8b). This might be due to presence of supplementation
components (vitamins, glucose, amino acids and fetal bovine serum) in media, which
are probably acting as capping agents thereby stabilizing nanoparticles and thus
preventing aggregation for a longer time. The size of the described nanoparticles is
small enough to penetrate into cells or whole organisms. Additionally, we performed
Tyndal scattering experiment for solutions containing Cy-Red in both 100% DM SO
and 2% DMSO solutions. Importantly, pronounced scattering was observed in 2%
DMSO solution, whereas in 100% DM SO no scattering was displayed (Figure 9).
This indicates formation of solution stable nano-Cy-Red. For farther investigation of
solution stable nano-Cy-Red, we performed *H NMR titration studies of Cy-Red in
DM SO-ds/D,0 solutions (Figur e 10), which showed an up-field chemical shift of the
Ciriazole-H aromatic protons (8.66, 8.53, 8.48 and 8.41 ppm for 0, 10, 20 and 30%
addition of D,O to DMSO-dg¢ solutions, respectively), as well as C6eyosine-H and
CS¢ytosine-H. These observations support the theory of aggregation of Cy-Red
molecules through supramolecular interactions and formation of solution-stable

nanoparticles.

Height,nm
100

480 nm

80
B0 nm

(1] 1 2 3 4 5
4] 2 4 6 8 10 12 14 Diameter,um

Hm
Figure 7: SEM micrographs of Cy-Red nanoparticles obtained from (a) DM SO and
(b) DM SO/water (98%) (scale bar is 5 um); (¢) non-contact mode AFM image of Cy-
Red nanoparticles; (d) height and length profile of selected nanoparticles shown in

(C) asawhiteline
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Figure 8: Size (hydrodynamic diameter) distribution of nano-Cy-Red in solutions of
a) 2% DM SO/H,0 and b) 2% DM SO/DMEM-FBS media immediately and after 3 h
obtained by DL S technique

100% DMSO 2% DMSO 100% DMSO 2% DMSO

Figure 9: Tyndal effect observed as result of nanoparticles formation in 2% DM SO at
10-5 M, a) laser irradiation from left hand side and b) from right hand side
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Figure 10: Stack 'H NMR spectra of Cy-Red in DMSO-dg alone and upon gradual
increase of D,0 (0, 10, 20 and 30% respectively)
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3.6. Application of Cy-Red FONsfor Bioimaging:
3.6.1. Toxicity Studies of Nano-Cy-Red and compound 3.4:

Before performing bioimaging experiments, the potential toxic effects of novel
chromophores were investigated. Along with nano-Cy-Red, its well-soluble Boc-
protected precursor 3.4 was also subjected to the study. Toxicity studies were
performed using zebrafish embryos as model organism. Zebrafish are particularly
attractive, because of their ease of maintenance, cost-effectiveness, low compound
requirement and the advantage of being a whole organism, could well be utilized for
evaluation of novel compounds toxicity in large scale.?® Zebrafish embryos (24 hours
post fertilization) treated with 10 uM solution of 3.4 showed morphological
abnormalities (edema, craniofacia defects and tail defects) after 24 - 48 h of exposure
(Figure11).

Figure 11. Confocal fluorescence microscopy images (Ae=473 nm) of zebrafish
embryos (24 hpf) after treatment with compound 3.4 a 10 uM for 24 h: Q)
fluorescence light image; b) transmitted light image; c) overlaid fluorescence and

transmitted light images. The images were taken under Texas Red channdl.

Unlike precursor compound 3.4, nano-Cy-Red did not affect embryos
development and vitality up to 96 h and was found to be non-toxic for live organisms
and safe to be used for any biological experiments. Confocal fluorescent microscopy
images were taken under Texas Red channel and show unaffected embryos exhibiting
red fluorescence after treatment (Figure 12). Nano-Cy-Red displayed no specificity
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towards any tissues and was distributed almost equally all over the body including

zebrafish brain.

Figure 12: Confoca fluorescence microscopy images (Ae=473 nm) of zebrafish

embryos (24 hpf) after treatment with compound Cy-Red at 50 uM for 72 h: a)

fluorescence light image; b) transmitted light image; c) overlad fluorescence and

transmitted light images. The images were taken under Texas Red channdl.

3.6.2. DNA Binding Study:

Keeping in mind that cytosine is one of
the DNA and RNA bases, it was presumed that
such non-specific distribution of Cy-Red in the
organism may be the result of binding to
DNA/RNA by cytosine unit. To test this theory
DNA binding experiment was performed using
Ethidium bromide as a reference fluorescent
dye. Figure 13 shows photographs of gel
electrophoresis of plasmid and linear DNA
stained with both Ethidium bromide and nano-
Cy-Red. Although nano-Cy-Red imparted
background colour, it is very clear that the

compound do bind to both plasmid DNA and

linear DNA as good as the reference  compound.

Figure 13: DNA binding study
using Agarose gel electrophoresis
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3.6.3. Mouse Macrophage (RAW264.7), Human Oral Cancer (Cal 27)

and Metastatic Breast Cancer (MDAM B-231) Cells Staining:

Further, if nano-Cy-Red is able to bind to the DNA, it suppose to selectively
stain only cell’ s nucleus but not cytoplasm. To test it, mouse macrophage cells (RAW
264.7) were incubated with nano-Cy-Red (10 pM) for 30 min, 90 min and 3 h.
Additionally cells were co-stained with 4 ,6-diamidino-2-phenylindole (DAPI) which
is known to be a specific fluorescent DNA probe and exhibit enhanced fluorescence
exclusively in nucleus. Surprisingly the majority of red fluorescence was observed
only in cytoplasm instead of nucleus. Figure 14 shows confocal fluorescence
microscopy images of treated cells and control cells (treated only with DAPI). The
difference between red illuminated cytoplasm and blue illuminated nucleus is
particularly clear on merged images collected through DAPI and Texas-red channels.
Likewise to zebrafish embryos, nano-Cy-Red did not cause major cytotoxicity in

mouse macrophage cells (Figure A1, see page no 106).

DMSO

0.5h

DAPI nano-Cy-Red

Merge

Figure 14. Confocal fluorescent microscopy images (Aex=473 nm) of mouse
macrophage cells treated with: a) nano-Cy-Red, b) DAPI and ¢) co-stained with both
nano-Cy-Red and DAPI at 10 uM for 30 min, 90 min and 180 min
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Similarly, treatment of human oral cancer cells (Cal 27 Human ora
adenosquamous carcinoma cells) for 3h with nano-Cy-Red (10 puM) resulted staining
in only cytoplasm and no significant amount of red fluorescence was observed in
nucleus (Figure 15). In order to check retention of nano-Cy-Red in cells after
treatment, cells were treated with nano-Cy-Red with the final concentration of 10 uM
and 0.4% DMSO for 3 h at 37 °C. Cells were subsequently washed twice with 1X
PBS. Retention of dye in cells was investigated after 6 h and 24 h post wash and
found that nano-Cy-Red stayed in the cytoplasm of cells at both time points tested.

Moreover fluorescence emission intensity remained largely unaltered (Figure 15).

.

Figure 15: Confocal fluorescent microscope images of oral cancer cells treated with

nano-Cy-Red for 3h, followed by wash and incubation in fresh medium without
addition of nano-Cy-Red for 24h. The images were acquired under Texas Red
channel (A& = 473nm).

Similar effect was observed with MDAMB-231 (human metastatic breast
cancer) cells loaded with nano-Cy-Red with the final concentration of 10 uM and
0.4% DMSO for 3 h at 37 °C. Cells were subsequently washed twice with 1X PBS.
Retention of dye in cells after 6 h, 24 h, 36 h, 48 h and 72 h post wash and it was
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found that nano-Cy-Red was retained in cytoplasm of cells at all the time point
tested. Moreover fluorescence emission intensity aso remained largely unaltered
(Figure 16). In addition, the nano-Cy-Red stained cells were analyzed by flow
cytometry, which confirmed that majority of the cells were stained by the dye
expanding its utility to study the cells by different methods (Figure A2, see page no
106). Additional quality of this novel chromophore nano-Cy-Red is its retention in
living cells through several generations and it is comparable with the Cell Tracker™
dye. However nano-Cy-Red has 3.5 times larger Stokes shift in comparison (174 nm
vs 50 nm) with Cell Tracker™. A large Stokes shift such as that observed for nano-
Cy-Red is advantageous for quantitative determination and bioimaging. One of the
proposed applications, arising from this property is tracking of transplanted cancer (or

any other) stained cellsin live animals (e.g. zebrafish or frog).
Oh 24h 48h

72h Control Bright field
Figure 16: Fluorescent microscope images of MDAMB-231 cells treated with nano-
Cy-Red for 3 h, followed by wash and incubation in fresh medium without addition
of nano-Cy-Red for different time points.

3.6.4. Tracking Transplanted Cellsin Live Animal:

Finally, an applicability of nano-Cy-Red treated cancer cells for tracking in
vivo in real time was tested. For thiss MDAMB-231 cancer cells were stained with
nano-Cy-Red for 3 h as described above and injected into zebrafish embryos (3 dpf),
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which were anesthetized with Tricaine and placed on an agarose mould. The cells
were slowly injected into the yolk region of 3 dpf embryos by using electronically
regulated microinjector. After injection, embryos were moved back into E3 medium
and observed for microinjection positives. Figure 17 shows fluorescent microscopy
images of zebrafish embryos after injection of nano-Cy-Red stained cancer cells on
the day of injection (day 1), day 2 and day 4. Up to day 3 stained cells were mostly
observed in region of injection (yolk) and had bright fluorescence, migration of cells
from yolk to tail region was observed on day 4, when stained cells moved from yolk

to tail region.

Figure 17: Fluorescent microscopy images of cancer cells stained with nano-Cy-Red
and injected into zebrafish embryos. Observations were made on 0 hpi, 24 hpi and 72
hpi. The images were taken under Texas red channel
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It is possible that a fraction of the dye may have leaked out of the cells diffusing
through the embryo. However, since concentrated foci of nano-Cy-Red signal was
observed anticipated in the tail region of zebrafish embryo™?® (when injected as
stained cells) and considering that nano-Cy-Red displayed no specificity towards any
tissues and was distributed almost equally all over the body including zebrafish brain
when injected alone (Figure 12). Therefore a major portion of the signal is emanating
from the nano-Cy-Red stained intact MDAMB-231 cells. However, further studies
are needed to refine this application. Nevertheless, it is worth noting, that intracellular
nanoparticles exhibited very bright red fluorescent emission, which was well
detectable even with common fluorescent microscope. The possibility to perform
imaging with help of common fluorescent microscopy, avoiding or minimizing usage
of the confocal microscopy, which is not always available is one of the advantages of
the novel nano-Cy-Red stain. As an example, Figure A3 (see page no 107) display
fluorescent microscope images of zebrafish embryos immediately (0 h) and after 24 h
post injection of cancer cells treated with nano-Cy-Red.

3.6.5. Yeast Staining:

High degree of conservation in cellular processes between yeast and humans,
combined with simple growth requirements, rapid cell division, ease of genetic
manipulation of yeast, promoted its extensive use as a model organism in genetics and
cell biology.?* In order to examine an ability of nano-Cy-Red to penetrate and stain
fission yeast, the unicellular, rod shaped fission yeast was utilized as a model. For
that, fission yeast cells were grown overnight in the presence or absence of nano-Cy-
Red (25 uM) for 24 h. Additionally yeast cells were co-stained with DNA stain
DAPI. The cells were then checked under confocal fluorescence microscope at
excitation of 473 nm. Notably, although yeast is known to have cell wall which is not
permeable to majority of organic compounds, nano-Cy-Red was able to cross it and
stain whole cell (Figure 18), except for a fraction of cells where the middle part was
not stained. Since nano-Cy-Red was exclusively absent in the center of cells, it was
hypothesized that it binds all cellular components except septum. In fission yeast a
medially placed septum or cell wall is usualy formed towards the end of cell division.
The septum separates the mother cell from daughter cell. Quantification of percentage
of mitotic cells (septation index) is a very helpful application in yeast studies.
Septation index is used for checking progression through cell cycle, testing efficiency
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of cell synchronization as well as unveiling the functions of various genes and their
role in cell division.”® Traditionally, Calcofluor stain is used to stain chitin in the
septum of live and fixed cells and is visualized under UV light. Therefore, to test
whether nano-Cy-Red is excluded from septum, fission yeast cells were dually
stained with Calcofluor and nano-Cy-Red and visualized under UV (355nm) light
and 473 nm for Calcofluor and nano-Cy-Red respectively. Results, shown in Figure
19, demonstrate that nano-Cy-Red is excluded from the location stained by
Calcofluor, indicating that it stains whole yeast cells including mitotic cells, but is
specifically excluded from septum which is stained by Calcofluor. We propose
staining with nano-Cy-Red as efficient and accurate method of quantification of
mitotic cells which can be used in conjunction with or as an aternative to commonly
used cell wall stains (e.g. Calcofluor White, Sigma). One of the advantages of the

nano-Cy-Red isthat it does not bleach as quickly as Calcofluor and the quantification
IS quite easy.

Figure 18: Confocal fluorescent microscopy images (Ae=473 nm) of yeast cells
treated with nano-Cy-Red and DAPI (25 uM, 24 h treatment); a) transmitted light
image, b) fluorescent image of nano-Cy-Red treated yeast cells, c) fluorescent image
of DAPI treated yeast cells and d) overlaid fluorescence and transmitted light images

of b and c. The images were taken under DAPI and Texas-red channel
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Figure 19: Confocal fluorescent microscopy images (Ae=473 nm) of yeast cells
treated with; a) nano-Cy-Red, b) transmitted light image and c) Calcofluor White,
Sigma and d) co-staining of both nano-Cy-Red and Calcofluor White, Sigma at 25
uM for 24 h. The images were taken under GFP and Texas-red filters

This novel dye may also be used to track pathogenic yeast strains to study
mechanism of pathogenesis such as rate of clearance of pathogenic yeast cells by host
immune system.This property can be utilised to develop a negative stain for yeast
septum which can be replacement or complementary to currently used cell wall stain
(e.g. Cacofluor White, Sigma).

3.7. Conclusions:

In conclusion, this chapter presents a novel biocompatible and non-toxic red
FONs (nano-Cy-Red) and shows its utility for a broad range of applications,
including real life, long-term in vitro/in vivo imaging. Nano-Cy-Red was prepared
from the novel chromophore Cy-Red. Cy-Red, containing cytosine moiety connected
to the fluorescent tag (4,7-di(thiophene-2-yl) benzo[c][1,2,5]thiadiazole) by 12-
carbons aliphatic chain, was synthesized through simple and straight forward route,
using click-chemistry approach. Nanonization of the almost insoluble chromophore
(Cy-Red) helped to convert it into FONs (nhano-Cy-Red), soluble in water up to 150
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uM without precipitation and exhibiting bright fluorescence emission. Photophysical
properties and surface morphology of nano-Cy-Red were investigated and also
presented in this work. Exceptional photostability and particularly large Stokes shift
are among certain advantages of this novel chromophore. The ability of nano-Cy-Red
to penetrate into mouse macrophage cells, oral cancer cells and yeast was
demonstrated in this chapter as well. Nano-Cy-Red FONs were exploited as
cytoplasmic stain for cells, while in case of yeast nano-Cy-Red was acting as
negative septum stain, ensuring better monitoring of yeast cells division with high
quality clear images. An important property of the chromophore described here is its
retention in living cells for several generations without significant loss of
fluorescence. Taking advantage of this feature, nano-Cy-Red dye was exploited for
direct in vivo visualization of cancer cell migration upto 72 h post transplantation in
zebrafish embryos with help of confocal microscope. Asillustrated in this work, cells
stained with nano-Cy-Red were clearly observed using both GFP and Texas Red
filters, which is definite advantage if the object of study exhibits auto fluorescence.
Potential applications arising from the properties of nano-Cy-Red are
xenotransplatation of human cancer cells and tracking them in real time, cytoplasmic
stain for different types of cells, and negative septum stain for quantification of
mitotic yeast cells. Asthis chapter demonstrates, novel chromophore nano-Cy-Red is
a particularly useful addition to the family of organic fluorescent nanoparticles and
may serve as a convenient tool helping to light up biological processes both in vitro

and in vivo.

3.8. Experimental Section:
3.8.1. Materialsand Methods:

The materials cytosine, 1,12-dibromododecane, 2,1,3-benzothiadiazole, thiophene,
tributyltin chloride, bis(triphenylphosphine)palladium(ll) dichloride, Calcofluor white
and paraformaldehyde were purchased from Sigma Aldrich. Tertiary butyloxy
carbonyl (Boc) anhydride, N,N-dimethyl-4-aminopyridine, copper(l) iodide, acetic
anhydride were purchased from Spectro Chem. Commercia reagents (NaNs,
ammonium bicarbonate, and HCI) were purchased from Merck and Rankem and were
used as received. All solvents were distilled and dried before reactions and for

extracting purposes. All reactions were carried out under an inert atmosphere with dry
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solvents, unless otherwise stated. Syringes and needles for the transfer of reagents
were dried at 100 °C and allowed to cool in a desiccator over P,Os before use.
Reactions were monitored by thin layer chromatography (TLC) on silica gel plates
(60 F254), using UV light detection. Merck silica gel (particle size 100-200 mesh)
was used for column chromatography. For UV-Vis and fluorescence measurements

spectroscopic grade solvents were used.

3.8.2. Improvement of Cy-Red Solubility:

3.8.2.1. Salt Formation Using Hydrobromic Acid:

Cy-Red (0.04 g, 0.06 mmol) and 48% hydrobromic acid (3 mL) were heated at 110
°C for 12 h using seal tube. After 12 h, precipitate was filtered and solubility was
analysed.

3.8.2.2. Complexation with Citric Acid:

Equal volumes of Cy-Red and citric acid from 2.5 mM stock solutions were mixed
and stirred for 30 min at room temperature. From above mentioned mixture the
solutions were prepared with final concentration of 50 uM, 100 uM, and 150 uM in 3

mL H-,O, fluorescence emission intensities were measured at Ae= 473 Nm

3.8.3. Nanoparticles Preparation for Biological Studies:

0.8 mg of compound Cy-Red was taken in a sample vial and dissolved in 0.5 mL of
DMSO. Then 60 uL of the solution was rapidly injected to 2.94 mL of millipore water
to obtain the final concentration of nanoparticles 50 uM in 2% DMSO. Prepared
nanoparticles were used for the photo-physical and fluorescent imaging studies
immediately.

3.8.4. Nanoparticles Preparation for SEM and AFM Studies:
0.8 mg of compound Cy-Red was dissolved in 0.5 mL of DMSO. Then 60 uL of the

solution was rapidly injected to into 2.94 mL of millipore water to obtain the fina
concentration of nanoparticles 50 uM in 2% DMSO, and the sample vial was left for
0.5 h without disturbing. Prepared nanoparticles were dispersed on a clean glass slide
by acapillary for SEM and AFM studies.
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3.8.5. Nanoparticles Stability by Dynamic Light Scattering Studies:
The size of the aggregates was determined by dynamic light scattering technique
using a Malvern Zeta size Instrument (NanoZS90, Malvern, U.K.). The laser light
source (He-Ne) has a single wavelength of 633 nm and the detector was Avalanche
photodiode. For the aggregation experiment, 0.8 mg of compound Cy-Red was taken
in a sample vial and dissolved in 0.5 mL of DMSO. Then 60 pL of the solution was
rapidly injected to 3 mL of millipore water/DMEM medium to obtain the fina
concentration of nanoparticles 50uM in 2% DMSO. Before measurement, the
scattered cell (DTS1060) was rinsed with biocompatible solution and equilibrated for
180 s in the system. The measurement was carried at 25 °C with a scattering angle of
90°.

3.8.6. Nanoparticles Exposureto Yeast Cells:

3.8.6.1. Nano-Cy-Red and Calcofluor Staining:

A wild type S. pombe strain LPY 3279 (genotype: h-ade6-210 arg3-D4 his3-D1 leul-
32 ura4-D18) was grown in liquid YES media (yeast extract plus supplements) at 32
°C in the absence or presence of 25 uM of nano-Cy-Red to an optical density
ODsgo=1. One mL of a culture of S. pombe cells was pelleted down and washed with
ImL PBS and resuspended in 20 puL of PBS. Equal amount of Calcofluor white
solution and 10% KOH is added and incubated for 1 min. The cells are washed with
PBS and re-suspended in 20 pL of PBS. Cells were then visualized under confocal
microscope under UV light and at excitation wavelength 473 nm, respectively.

3.8.6.2. Nano-Cy-Red and DAPI Staining:

S. pombe strain ROP191 is grown in YES media at 32°C. 10 mL of culture in the
absence or presence of 25 pM of nano-Cy-Red is grown to an optical density
ODgp=1. One mL of a culture of S. pombe cells was pelleted down and washed with
ImL PBS. Cells were fixed in 1 mL of 30% methanol/70% acetone for 20 min at -
20°C. Célls were rehydrated with 5 min washes in 75, 50, and 25% methanol in PBS.
Cells were then re-suspended in 20 pL of PBS. Equal amount of 0.5 ug/mL of DAPI
was added to cells and incubated for 5 min, the cells were then washed with 100 pL
of PBS and resuspended in 20 pL of PBS. 5 pL of cells were taken and checked under
confocal microscope at excitation wavelength 473 nm for nano-Cy-Red staining and
UV range for DAPI staining.
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3.8.7. Nanoparticles Exposure to Mouse M acr ophage Cells:

The mouse macrophage cells (RAW 264.7) were seeded on cover dlips in 6-well
plates, in DMEM (Dulbecco’s modified Eagle's medium) supplemented with 10%
FBS (Fetal Bovine Serum) and 1% antibiotics (Penicillin-Streptomycin) and allowed
to adhere overnight. Next day, cells were either treated with 0.4% DMSO (vehicle
control) or 10 uM nano-Cy-Red, and incubated at 37 °C, 5% CO, for different time
points (30 min, 90 min and 180 min). Post incubation, cells were washed with 1X
PBS (Phosphate-buffered Saline), fixed, stained with DAPI to visualize nuclei and
mounted on a glass side for confocal microscopy analysis.

3.8.8. Nanoparticles Exposureto Oral Cancer Célls:

The oral cancer cells (Cal-27) were cultured in DMEM supplemented with 10% FBS
and antibiotics (Penicillin-Streptomycin) and allowed to adhere overnight. Next day,
cells were both treated with 0.4% DMSO (vehicle control) or 10 uM nano-Cy-Red
and incubated at 37 °C, 5% CO, for 30 minutes. Post incubation the cells were
washed with 1X PBS, fixed, stained with DAPI and mounted on to glass slide for

confocal fluorescent microscopy analysis.

3.8.9. Nanoparticles Exposureto Metastatic Breast Cancer Cells:

The metastatic breast cancer cells (MDAMB-231) were cultured in DMEM
supplemented with 10% FBS and antibiotics (Penicillin-Streptomycin) and were
either treated with 0.4% DMSO (vehicle control) or 10 uM nano-Cy-Red and,
incubated at 37 °C, 5% CO, for 3 h. Post incubation the cells were washed with
1xPBS and bioavailability of the loaded nano-Cy-Red for different time points (24,

48 and 72 h) was monitored under microscope.

3.8.10. Nanoparticles Exposureto Zebrafish Embryos:

At 24 hours postfertilization (hpf), embryos were dechlorinated using 50 pg/mL
Proteinase-K (Sigma-Aldrich) for 5 minutes. All embryos were immersed (6
embryos/well) into 24 well culture plates containing 500uL of 3.4 or nano-Cy-Red at
different concentrations (50 uM, 5 uM, 500 nM, 50 nM, 5 nM) for treatment. Control
embryos were incubated in 2% DMSO. The complete study was carried out for 24,
48, 72, and 96 h. On the respective time points the embryos were washed with 1X
PBS thrice for 5 min each and fixed in 4% paraformaldehyde in PBS, pH 7.0 for 4 h
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at room temperature. Then embryos were used for fluorescent observations under
confocal fluorescence or optical fluorescence microscope.

3.8.11. Nano-Cy-Red in Tracking Cancer Cells Using Zebrafish as a
Model Organism:

The xenotransplation of cancer cells was carried out as per a previous describe
protocol. The microinjections in zebrafish embryos were conducted by using
Eppendorf FemtoJet®. MDAMB-231 cells, stained with nano-Cy-Red as described
above, or cancer cells over-expressing GFP were micro-injected into 3 dpf (days post
fertilization) zebrafish embryos. For that, cells were loaded into microinjection
needle. The needle was inserted into micromanipulator and the position for injection
was adjusted. The Eppendrof FemtoJet® express and the InjectMan parameters were
calibrated by adjusting injection pressure (pi), time of injection (ti) and compression
pressure (pc), injection pressure of 280 and injection time of 0.4 and compression
pressure of 5 were set after calibration and found to inject a volume of 8 L of cells.
One day post fertilized (24 hpf) embryos were transferred onto microinjection mould
and were aligned in rows by using fine forceps and the excess medium was removed
using pipette. The calibrated volume was injected into each embryo into the yolk and
the volume of microinjection was maintained constant for all the larvae injected. After
injection, embryos were transferred into E3 medium and observed for microinjection
positives. Cells were tracked under fluorescent microscope at 24 hours post injection
(hpt), 48 hpi and 72 hpi and their respective fluorescent images of zebrafish embryos
injected with nano-Cy-Red stained cancer cells were captured and analyzed.

3.8.12. Differentiation of Cell Nature Using Flow Cytometry:

The metastatic breast cancer cells (MDAMB-231) were cultured in DMEM
(Dulbecco’'s modified Eagle’s medium) supplemented with 10% FBS (Fetal Bovine
Serum) and antibiotics (Penicillin-Streptomycin) and were either treated with 0.4%
DM SO (vehicle control) or 10 uM nano-Cy-Red and incubated at 37 °C, 5% CO, for
1 h. The cells nano-Cy-Red loaded MDAMB-231or nano-Cy-Red unloaded
MDAMB-231 cells were prepared and analysed by flow cytometry analysis.
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3.8.13. Preparation of Red Fluorescent Tag:

4,7-dibromobenzo[c][1,2,5]thiadiazole (1.2):*

To a 500 mL two-necked round-bottomed flask were added benzothiadiazole 1.1 (7.0
0, 51.4 mmol) and HBr (100 mL, 48%). A solution containing Br, (24.2 g, 154.2
mmol) in HBr (150 mL) was added dropwise very slowly. After the total addition of
Br,, the solution was heated at reflux for 6 h. Precipitation of a dark orange solid was
noted. The mixture was cooled to room temperature and a sufficient amount of a
saturated solution of NaHSO3; was added to completely consume any excess Br,. The
mixture was filtered under vacuum and washed exhaustively with water. The solid
was then washed once with cold Et,O and dried under vacuum to afford di-
brominated product 1.2 in 92% yield (13.85 g, 47.28 mmol). Spectroscopic data
matches with the one from the reported procedure. '*H NMR (CDCl3, 400 MHz) 6
7.73 (2H, 9).

Tributyl(2-thienyl)stannane (1.4):*3

To a stirred solution of thiophene 1.3 (1 mL, 12.2 mmol) in dry THF (30 mL) was
added n-butyl lithium (1.6 M in hexane, 5.5 mL, 8.72 mmol) at -78 °C. After 2 h at -
78 °C, tributyl tin chloride (2.15 mL, 7.90 mmol) was added drop wise to the above
reaction mixture. After stirring over 6 h at room temperature, the mixture was
guenched with 20 mL of saturated agueous NaHCO3. The organic phase was dried
with anhydrous sodium sulphate, concentrated under reduced pressure, and the
resulting residue was used without further purification (2.9 g, 8 mmol). Spectroscopic
data matches with the one from the reported procedure. *H NMR (CDCl 3, 400 MHz)
5: 7.64 (1H, 9), 7.25 (1H, m), 7.18 (1H, dd), 1.54 (6H, t), 1.32 (6H, m), 1.09 (6H, m),
0.89 (9H, 1t).
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4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1.5): **

To a solution of 4,7- dibromobenzo-2,1,3-thiadiazole 1.2 (2.00 g, 10.20 mmol) in 50
mL of THF were added compound 1.4 (6.00 g, 24.48 mmol) and PdCl,(PPhz), (180.0
mg, 2.00 mol%) under nitrogen atmosphere. After 3 h at reflux, the solvent was
removed under reduced pressure, and the crude residue was then purified by column
chromatography on silica gel with hexane/CH,Cl, (1:1) as eluent to yield 1.5 asared
solid (1.5 g, 88%). Spectroscopic data matches with the one from the reported
procedure. *H NMR (CDCl3, 400 MHz) 6: 8.14 (2H, dd), 7.89 (2H, ), 7.48 (2H, dd),
7.23 (2H, dd).

4-(5-bromothiophen-2-yl)-7-(thiophen-2-yl)benzo[c][1,2,5] thiadiazole (1.6):

To asolution of compound 1.5 (3.12 g, 10.4 mmol) in 50 mL of dichloromethane was
added 50 mL of acetic acid. The mixture was shielded from light and cooled in anice
bath and N-bromosuccinimide (1.48 g, 8.32 mmol) was added stepwise. After 12 h,
then the mixture was poured into aqueous saturated Na,CO3 solution. The aqueous
layers were extracted with ethyl acetate. The combined organic extracts were washed
with brine and dried over anhydrous MgSO,. After removal of solvents under reduced
pressure, the crude residue was purified by column chromatography on silica gel with
hexane/CH,Cl, (1:1) as eluent to yield 1.6 asared solid (2.75 g, 70%). Spectroscopic
data match with the one from the reported procedure. *H NMR (CDCl3, 400 MHZ) &:
8.12 (1H, dd), 7.85 (1H, m), 7.80 (2H, m), 7.47 (1H, dd), 7.21(1H, dd), 7.15 (1H, d).

4-(5-ethynylthiophen-2-yl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (1.7):**%
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Step-1: A mixture of compound 1.6 (1g, 2.7 mmol), PdCl,(PPhs), (80 mg, 0.1
mmol), copper(l) iodide (22 mg, 0.2 mmol) in distilled triethylamine (20 mL) was de-
oxygenated using nitrogen. Trimethylsilylacetylene (0.6 g, 6 mmol) was then added to
the reaction mixture and was stirred while being heated at reflux for 12 h. The mixture
was filtered, and the solvent was evaporated under reduced pressure to give a solid
residue and the crude residue was then purified by column chromatography on silica
gel with hexane/CH,Cl, (1:1) as eluent to yield silyl protected alkyne as a red solid
(0.7 g, 65%). Spectroscopic data matches with the one from the reported procedure.
'H NMR (CDCl3, 400 MHz,) 6: 8.13 (1H, dd), 7.95 (1H, d), 7.86 (2H, m), 7.47 (1H,
dd), 7.31 (1H, d), 7.21 (1H, m), 0.27 (9H, 9).

Step-11: The above red solid (0.7 g, 1.76 mmol) was dissolved in MeOH (10 mL) was
degassed by bubbling nitrogen for 2 minutes and then K,CO3 (0.732 g, 3 mmol) was
added under nitrogen atmosphere. The mixture was stirred at room temperature for 2
hours. After completion of reaction, the solvent was evaporated at reduced pressure
and the residue was purified through column chromatography using hexane/DCM
(8:2) as euent to yield compound 1.7 as a red-orange solid (0.23 g, 96%).
Spectroscopic data matches with the one from reported procedure. TLC (20% DCM
in hexane): Ry = 0.26. 'H NMR (CDCl3, 400 MHz) §: 8.14 (1H, dd), 7.97 (1H, d),
7.88 (2H, m), 7.47 (1H, dd), 7.36 (1H, d), 7.22 (1H, m), 3.47 (1H, s). °C NMR (100
MHz, CDCl3) 0: 147.0, 135.4, 133.7, 128.5, 122.7, 122.4, 122.1, 121.7, 121.4, 121.2,
120.5, 120.3, 120.1, 1195, 117.7, 77.5. MS (El, 70 ev): m/z [M]" cacd for
C16HsN2Ss: 324.4, found 324.5 [M]*.

3.8.14. Cy-Red Synthesis (Route | ; Scheme 2):

N-(2-ox0-1,2-dihydr opyrimidin-4-yl)acetamide (2.2):

To a suspension of cytosine 2.1 (2.00 g, 18.0 mmol) in toluene (6 mL) at room
temperature, pyridine (2.2 mL, 27.3 mmol) and DMAP (10 mg) were added. Acetic
anhydride (2.17 g, 21.3 mmol) was diluted with toluene (3.5 mL) and added to
reaction mixture slowly. The mixture was heated to 50-55 °C and stirred for 6 h until

the reaction was complete. The reaction mixture was then cooled to room
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temperature, filtered and washed once with toluene and twice with water. The residue
was dried at 60-65 °C under reduced pressure to give compound 2.2 as a white solid
(258 g 93%). Spectroscopic data matches with the one from the reported
procedure. 'H NMR (DMSO-dg, 400 MHz) §: 11.48 (1H, brs), 10.8 (1H, brs), 7.80
(1H, d), 7.09 (1H, d), 2.08 (3H, s).

N-(1-(12-Bromododecyl)-2-oxo-1,2-dihydr opyrimidin-4-yl)acetamide ( 2.3):

NaH (0.235 g, 9.79 mmol) was added portion wise to compound 2.2 (1 g, 6.53 mmol)
suspended in 15 mL DMF. After stirring at room temperature for 0.5 h, 1, 12-
dibromododecane (19.59 mmol, 6.4 g) was added drop wise to this clear solution. The
mixture was stirred at 40-50 °C for 24 h. After addition of 1 mL methanol, the
solvents were evaporated, the crude residue was then purified using column
chromatography on silica gel with DCM/EtOAc (1:1) as eluent to yield compound 2.3
as a white solid (1.33 g, 51%). Mp: 79-81 °C. TLC (50% DCM in EtOAc): R; =
0.257. IR (KBr): 3321, 3140, 3061, 2923, 2853, 2185, 1991, 1719, 1691, 1662, 1624,
1557, 1511, 1432, 1379, 1305, 1246, 1178, 1001, 755, 666 cm™*. *H NMR (DM SO-ds,
400 MHz) §: 10.7 (1H, S), 8.02 (1H, d), 7.1 (1H, d), 3.74 (2H, t), 3.49 (2H, 1), 2.06
(3H, s), 1.75 (2H, m), 1.57 (2H, m), 1.26 (16H, m). *C NMR (DM SO-ds, 100 MHz)
0. 171.2, 162.6, 155.6, 150.5, 95.2, 49.9, 35.6, 32.6, 29.33, 29.31, 28.5, 27.9, 26.2,
24.7. MS (El, 70 ev): m/z [M]" caled for CigH3oBrNzO,: 399.9, found 399.9 [M]".
Anal. Calcd for C1gH3BrN3O»: C, 54.0; H, 7.55; Br, 19.96; N, 10.50; O, 7.99; found:
C,54.12; H, 7.58; N, 10.45.

N-(1-(12-azidododecyl)-2-oxo-1,2-dihydr opyrimidin-4-yl)acetamide (2.4):
Compound 2.3 (1.336 g, 3.35 mmol) and sodium azide (0.653 g, 10.05 mmol) were
dissolved in DMF (10 mL) and were stirred at room temperature for 12 h. DMF was
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removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with DCM/EtOAc (1:1) as eluent to yield
compound 2.4 as a yellowish solid (0.78 g, 73%). Mp: 91-93 °C. TLC (50% DCM in
EtOAC): R = 0.26. IR (KBr): 3321, 3141, 3062, 3016, 2924, 2854, 2508, 2096, 2002,
1725, 1692, 1661, 1557, 1514, 1458, 1380, 1299, 1249, 1177, 997, 899, 754, 666 cm’
! ’H NMR (DMSO-dg, 400 MHz) d: 10.7 (1H, S), 8.05 (1H, d), 7.13 (1H, d), 3.77
(2H, 1), 3.3 (2H, 1), 2.09 (3H, S), 1.62 (2H, m), 1.57 (2H, m), 1.24 (16H, m). *C
NMR (DMSO-dg, 100 MHz) ¢: 171.2, 162.5, 155.5, 150.5, 95.2, 51.0, 49.9, 29.3,
29.0, 28.9, 28.6, 26.5, 26.2, 24.6. MS (El, 70 ev): m/z [M]* calcd for C1gH3NgO5:
362, found 363.2 [M+H]". Anal. Calcd for C1gH30NgO2: C, 59.64; H, 8.34; N, 23.19;
0, 8.83; found: C, 59.73; H, 8.45; N, 23.12.

4-amino-1-(12-azidododecyl) pyrimidin-2(1H)-one (2.6)

Compound 2.4 (0.5 g, 1.38 mmol) was dissolved in a methanol (15 mL) and 26%
agueous ammonia (60 mL). The turbid solution was stirred at 180 °C for 24 hin a
sealed tube. The solvents were removed under reduced pressure, and the crude residue
was then purified using column chromatography on silica gel with EtOAc/MeOH
(97:3) as eluent to yield compound 2.6 as a white solid (0.22 g, 52%). Mp: 186-188
°C. TLC (10% MeOH in EtOAc): Rf = 0.46. IR (KBr): 3776, 3344, 3127, 2922, 2855,
2508, 2799, 2519, 2093, 1890, 1658, 1620, 1516, 1486, 1378, 1285, 1120, 924, 790,
711, 673, 622 cm™. *H NMR (DM SO-dg, 400 MHz) §: 7.52 (1H, d), 6.85 (2H, brs),
5.58 (1H, d), 3.57 (2H, t), 3.28 (2H, 1), 1.47 (4H, m), 1.25 (16H, m). °C NMR
(DM SO-dg, 100 MHz) ¢: 166.2, 156.1, 146.4, 93.3, 51.0, 49.0, 29.35, 29.33, 29.1,
28.9, 28.6, 26.5, 26.3. MS (El, 70 ev): m/z [M]" calcd for C16H2sNO: 320.43, found
321.1 [M+H]". Ana. Calcd for CisH2sN6O: C, 59.97; H, 8.81; N, 26.23; O, 4.99;
found: C, 59.93; H, 8.79; N, 26.21.
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4-amino-1-(12-(4-(5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole-4-yl)  thiophen-
2-yl)-1H-1,2,3-triazol-1-yl)dodecyl)pyrimidin-2(1H)-one (Cy-Red):

A mixture of compound 2.6 (0.2 g, 0.62 mmol), compound 1.7 (0.241 g, 0.74 mmol),
Cul (0.011 g, 0.74 mmol) was dissolved in 4 mL of DMF and stirred at 80°C for 12 h.
After cooling solvents were removed under vacuum the residue was dissolved in
DCM and passed through celite plug, solvents were removed under reduced pressure
to yield Cy-Red as a red solid (0.171 g, 43%) and was used without further
purification. Mp: 243-245 °C. IR (KBr): 3770, 3336, 3120, 2920, 2852, 2503, 2791,
2515, 1741, 1697, 1664, 1621, 1512, 1457, 1425, 1389, 1312, 1261, 1158, 1072,
1028, 865, 794, 708, 632, 600 cm™*. *H NMR (DMSO-ds, 400 MHZ) J: 8.65 (1H, 9),
8.16 (4H, m), 7.75 (1H, d), 7.69 (1H, d), 7.42 (brs, NH>), 7.30 (1H, t), 5.75 (1H, d),
4.45 (2H, t), 3.64 (2H, 1), 1.89 (2 H, m), 1.55 (2H, m), 1.23 (16H, m). *C NMR
(DMSO-dg, 100 MHz) ¢: 166.5, 152.0, 151.9, 147.3, 141.8, 138.8, 137.5, 135.4,
128.7, 128.5, 128.3, 127.8, 126.2, 125.9, 125.4, 125.1, 125.0, 121.4, 93.4, 50.1, 49.0,
29.9, 29.33, 29.24, 29.08, 28.9, 28.7, 26.29, 26.23. MS (El, 70 ev): m/z [M]" calcd for
C3H3sNgOSs: 644.17, found 644.9 [M+H]*. Anal. Calcd for CsH3sNgOSs: C,
59.60; H, 5.63; N, 17.38; O, 2.48, S, 14.92; found: C, 59.72; H, 5.61; N, 17.26.

3.8.15. Cy-Red Synthesis (Route | I; Scheme 3):

N,N-ditert-butyl (2-oxo-1,2-dihydropyrimidin-4-yl)car bamate (3.1):*®

Cytosine 2.1 (0.5 g, 4.5 mmol) and DMAP (0.054 g, 0.45 mmol) were placed in a 100
mL flask flushed with nitrogen and equipped with a magnetic stir bar. Dry THF (25
mL) was added dropwise to this mixture. To the stirred suspension was added Boc,0O
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(3.92 g, 18 mmol) under nitrogen atmosphere. The reaction mixture was stirred
overnight at room temperature. Excess THF was removed by rota evaporator, and the
crude residue was dissolved in ethyl acetate (150 mL), washed with 1M HCI and
brine, dried with anhydrous Na,SO, and concentrated in vacuum to give tri-Boc-
cytosine. Later compound was dissolved in methanol (70 mL) and ag. saturated
NaHCO3 solution (25 mL) was added to the solution. The turbid solution was stirred
at 50 °C for 1 h, at which point clean conversion to bis-Boc protected cytosine was
observed by TLC. After evaporation of MeOH, water (40 mL) was added to the
suspension, and the aqueous layer was extracted with DCM. The organic layer was
dried with anhydrous sodium sulphate, filtered and evaporated to give compound 3.1
as a white solid. Spectroscopic data matches with the one from the reported
procedure. *H NMR (CDCl3, 400 MHz) &: 12.8 (1H, brs), 7.64 (1H, d), 7.04 (1H, d),
1.49 (18H, ).

N,N-ditert-butyl(1-(12-br omododecyl)-2-oxo-1,2-dihydr opyrimidin-4-yl)
carbamate (3.2):

NaH (0.115 g, 4.81 mmol) was added portion wise to compound 3.1 (1 g, 3.21 mmol)
suspended in 15 mL DMF. After stirring at room temperature for 0.5 h, 1, 12-dibromo
dodecane (3.139 g, 9.63 mmol) was added drop wise to this clear solution. The
mixture was stirred at 40-50 °C for 24 h. After addition of 1 mL methanol, the
solvents were evaporated, the crude residue was then purified using column
chromatography on silica gel with hexane/EtOAc (4:1) as eluent to yield compound
3.2 as awhite solid (0.857 g, 48%). Mp: 82-85°C. TLC (20% EtOAc in hexane): Ry =
0.20. IR (KBr): 3656, 3495, 3271, 3151, 3084, 2975, 2920, 2856, 2730, 2624, 2406,
2287, 2058, 1979, 1754, 1654, 1527, 1462, 1371, 1326, 1263, 1144, 1042, 963, 839,
805, 725, 624 cm™. 'H NMR (DMSO-dg, 400 MHz) §: 8.16 (1H, d), 6.75 (1H, d),
3.79 (2H, t), 3.50 (2H, t), 1.77 (2H, m), 1.61 (2H, m), 1.48 (18H, s), 1.23 (16H, m).
3C NMR (DM SO-dg, 100 MHZ) 6: 156.6, 149.2, 145.7, 144.3, 90.6, 79.5, 55.8, 44.8,
30.3, 27.5, 27.3, 24.1, 24.07, 24.04, 23.97, 23.95, 23.6, 23.17, 23.13, 22.8, 22.5, 22.4,
22.3,20.8, 20.5. MS (El, 70 ev): m/z [M]" calcd for Co6H44BrN30Os: 557, found 558.2
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[M+H]". Anal. Calcd for CosHasBrN3Os: C, 55.91; H, 7.94; Br, 14.31; N, 7.52; O,
14.32; found: C, 55.85; H, 7.92; N, 7.48.

N,N-ditert-butyl(1-(12-azidododecyl)-2-oxo-1,2-dihydr opyrimidin-4-yl)
carbamate (3.3):

Compound 3.2 (0.857 g, 1.54 mmol) and sodium azide (0.3 g, 4.62 mmol) were
dissolved in DMF (10 mL) and were stirred at room temperature for 12 h. DMF was
removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with hexane/EtOAc (4:1) as eluent to yield
compound 3.3 as a yellowish solid (0.58 g, 73%). Mp: 91-93 °C. TLC (20% EtOAc in
hexane): Rt = 0.22. IR (KBr): 3902, 3649, 3482, 3309, 3191, 3092, 3030, 2978, 2922,
2856, 2727, 2622, 2499, 2409, 2283, 2100, 1985, 1916, 1883, 1754, 1657, 1528,
1462, 1372, 1321, 1260, 1153, 1041, 962, 845, 798, 727, 666, 596 cm™. 'H NMR
(DMSO-ds, 400 MHz) 6: 8.17 (1H, d), 6.76 (1H, d), 3.79 (2H, t), 3.30 (2H, t), 1.61
(2H, m), 1.48 (18H, s), 1.23 (18H, m). *C NMR (DMSO-ds, 100 MHz) 4: 161.9,
154.5, 151.0, 149.6, 95.9, 84.7, 51.0, 50.1, 29.3, 28.9, 28.6, 28.4, 27.6, 26.5, 26.2. MS
(El, 70 ev): m/z [M]" calcd for CosHasNgOs: 520, found 521.3 [M+H]". Anal. Calcd
for CosHusNgOs: C, 59.98; H, 8.52; N, 16.14; O, 15.36; found: C, 59.91; H, 8.59; N,
16.17.

N,N-ditert-butyl (2-oxo-1-(12-(3-(5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-
yh)thiophen-2-yl)cyclopenta-2,4-dien-1-yl)dodecyl)-1,2-dihydr opyrimidin-4-yl)
carbamate (3.4):

A mixture of compound 3.3 (0.584 g, 1.12 mmol), compound 1.7 (0.434 g, 1.34
mmol) and Cul (0.021 g, 0.112 mmol) were dissolved in 5 mL DMF and stirred at 80
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°C for 12 h. After cooling solvents were removed under vacuum and the residue was
dissolved in DCM and passed through celite plug. Solvents were removed under
reduced pressure using rota evaporator, the remaining solid was then purified using
column chromatography on silica gel with hexane/EtOAc (1:1) as eluent to yield
compound 3.4 as ared solid (0.586 g, 63%). Mp: 180-182 °C. IR (KBr): 3405, 2925,
2858, 2513, 2036, 1741, 1697, 1664, 1621, 1512, 1457, 1425, 1389, 1312, 1261,
1158, 1072, 1028, 865, 794, 708, 632, 600, 510, 481, 456, 409 cm™. 'H NMR
(DM SO-dg, 400 MHz) o: 8.61 (1H, s), 8.14 (5H, m), 7.75 (1H, d), 7.52 (1H, d), 7.26
(1H, t), 6.72 (1H, d), 4.38 (2H, t), 3.75 (2H, ), 1.84 (2H, m), 1.59 (2H, m), 1.45 (18H,
s), 1.24 (16H, m). *C NMR (DMSO-ds, 100 MHz) §: 161.9, 154.5, 150.9, 149.7,
141.8, 138.8, 137.6, 135.4, 128.6, 128.5, 128.4, 127.8, 126.2, 125.9, 125.4, 125.2,
125.0, 121.4, 95.9, 84.7, 60.1, 50.14, 50.11, 31.09, 31.03, 30.8, 29.9, 29.28, 29.20,
28.9, 28.7, 28.4, 27.6, 26.22, 26.20, 21.1, 14.5. MS (El, 70ev): m/z [M]* calcd for
C42H52NgOsS3: 845.0, found 844.8 [M]*. Anal. Calcd for C42Hs2NgOsSs: C, 59.69;
H, 6.20; N, 13.20; O, 9.47; S, 11.38; found: C, 59.58; H, 6.12; N, 13.14.

4-amino-1-(12-(4-(5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole-4-yl) thiophen-
2-yl)-1H-1,2,3-triazol-1-yl)dodecyl)pyrimidin-2(1H)-one (Cy-Red):

Compound 3.4 (0.293 g, 0.345 mmol) was dissolved in TFA: DCM (3 mL: 3 mL) and
stirred at RT for 2 h. After 2 h solvents were removed and the reaction mixture was
treated with sodium bicarbonate solution and extracted with DCM. DCM was
removed using rota evaporator to obtain Cy-Red as a red solid which was used
without further purification (0.189 g, 85%). Mp: 243-245 °C. IR (KBr): 3770, 3336,
3120, 2920, 2852, 2503, 2791, 2515, 1741, 1697, 1664, 1621, 1512, 1457, 1425,
1389, 1312, 1261, 1158, 1072, 1028, 865, 794, 708, 632, 600 cm™. *H NMR (DM SO-
ds, 400 MHz) ¢: 8.65 (1H, s), 8.16 (4H, m), 7.75 (1H, d), 7.69 (1H, d), 7.42 (brs,
NH.), 7.30 (1H, t), 5.75 (1H, d), 4.45 (2H, t), 3.64 (2H, t), 1.89 (2H, m), 1.55 (2H,
m), 1.23 (16H, m). **C NMR (DMSO-ds, 100 MHz) §: 166.5, 152.0, 151.9, 147.3,
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141.8, 138.8, 137.5, 135.4, 128.7, 128.5, 128.3, 127.8, 126.2, 125.9, 125.4, 125.1,
125.0, 121.4, 93.4, 50.1, 49.0, 29.9, 29.33, 29.24, 29.08, 28.9, 28.7, 26.29, 26.23. MS
(El, 70ev): m/z [M]* calcd for CsHasNgOSs: 644.17, found 644.9 [M+H]". Anal.
Calcd for C3H3sNgOSs: C, 59.60; H, 5.63; N, 17.38; O, 2.48, S, 14.92; found: C,
59.72; H, 5.61; N, 17.26.
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3.10. Appendix:
3.10.1. Cytotoxicity evaluation Against Mouse M acr ophage Cells:
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Figure Al: Dose dependent cytotoxicity of nano-Cy-Red in RAW 264.7 cells. Cells
were incubated with different concentrations of the nano-Cy-Red for 30 min or 3 h,
washed to remove excess dye and then incubated for 48 hours and cell viability was
assessed by MTT assay.

3.10.2. Differentiation of Stained and Un-Stained Cells Using Flow
Cytometry:

a)

nano-Cy-Red

Count

PE-Texas Red-H
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Figure A2: Analysis of nano-Cy-Red stained cells and control (unstained) by flow
cytometry using phycoerythrin channel.

3.10.3. Transplantation of MDAM B-231 Cellsin Zebrafish Embryos:

Figure A3: Fluorescent microscope images of zebrafish embryos immediately (0 h)

and after 24 h post injection of MDAMB-231 cancer cells treated with nano-Cy-Red.
The images were taken under GFP (left) and Texas Red (right) channels.
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3.11. NMR Spectra of Synthesized Compounds:
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Figure A4: "H NMR (CDCl 3, 400 MHz) of compound 1.4
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Figure A5: 'H NMR (CDCl3, 400 MHz) of compound 1.5
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Figure A6: 'H NMR (CDCl3, 400 MHz) of compound 1.6

B I N
T e
O s =] ]
o oo o o =Y
w oD w oN o
T F T T T | T T T ' T T T T | T T T ‘ T T T T ‘ T T T 1 T T T T ‘ T T T T |
8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 0.0
ppm (f1)

Figure A7: *H NMR (CDCl3, 400 MHz) of intermediate 1.6 and 1.7
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Figure A8: 'H NMR (CDCl3, 400 MHz) of compound 1.7
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Figure A9: **C NMR (CDCl3, 100 MHz) of compound 1.7
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Figure A10: *H NMR (DM SO-dg, 400 MHz) of compound 2.3
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Figure A1l: *C NMR (DMSO-dg, 100 MHZ) of compound 2.3

111



Chapter 3

00k —=

YL —=
2L —=
66l =
00¢ =
LI'e —

-

y
I T T T T | T T T T |
10.0 5.0 0.0
ppm (f1)
Figure A12: 'H NMR (DMSO-ds, 400 MHZ) of compound 2.4

ppm (f1)

150 100 50

Figure A13: *C NMR (DM SO-dg, 100 MHZ) of compound 2.4

112



Red Fluorescent Organic Nanoparticles for Real Time In Vitro and In Vivo Bioimaging

J LM . L_.JLJLU\J !

¥ ! LR Y Y U .
o o W o s s n [ PR
5] 8 L8 28 22 8 8 %2 8 g
I T T T ‘ T T |
10.0 5.0 0.0
ppm (f1)

Figure A14: *"H NMR (DM SO-dg, 400 MHz) of compound 2.5
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Figure A15: *H NMR (DM SO-dg, 400 MHz) of Cy-Red (obtained through route 1)
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Figure A19: *C NMR (DM SO-dg, 100 MHz) of compound 3.2
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Figure A21: *C NMR (DM SO-dg, 100 MHz) of compound 3.3
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Figure A22: *H NMR (DM SO-dg, 400 MHz) of compound 3.4
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ppm (1)

117



Chapter 3

82 52x S8 EPRY
- = e 0 ©So@oounn oy
o o o I

4454

———— 3667

y Loy i i i 4oy
o & —o--o = o n» Moo
8 2 SEBsE B 2 = BB g
T | T T T T ‘ T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T |
9.0 8.0 7.0 6.0 50 4.0 30 2.0 1.0 0.0
ppm {t1)

Figure A24: *H NMR (DM SO-dg, 400 MHz) of compound Cy-Red (obtained
through route 1)
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Figure A25: *C NMR (DM SO-dg, 100 MHz) of compound Cy-Red (obtained
through route 1)
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4.1. Abstract:

A small library of novel nucleoside derivatives have been prepared from
various 3, 5 and 5 - substituted nucleosides via simple 3 to 5 steps synthesis in mild
conditions. Their in vitro inhibitory activity was evaluated against Mycobacterium
tuberculosis (Mtb, pathogenic H37Rv) using MTT assay. One of the tested
compounds, 3-substituted pyrene alkyl uridine 2.4 showed mycobacterium inhibitory
activity at MICsp = 62 pM, without significant cytotoxic effect against host
macrophages. Compound 2.4 also showed selective inhibitory activity against gram-
positive bacteria, but was non-toxic to gram-negative bacteria at all concentrations
tested. Thiswork hypothesizes that bactericidal activity of active compound 2.4 stems
from its ability to disrupt DNA replication. In support of this mechanism, @) it was
demonstrated that active compound 2.4 inhibits polymerase chain reaction (PCR) in
vitro; b) fluorescent properties of the compound 2.4 were utilized to perform
microscopy studies in different bacteria, showing that selectivity of compound 2.4 is
limited by cell permeability; c) in vitro binding studies and fluorescence
measurements were used to establish direct binding of compound 2.4 to enzyme; and
finally d) molecular modeling studies demonstrated a good fit of this compound
within the active site of Tag DNA polymerase enzyme (Tag DNA Pol). SEM, AFM
and Tyndal scattering of light revealed that compound 2.4 exist in the form of solution
stable nanoparticles. The uniform shape and size of the nanoparticles was confirmed
by SEM and the average diameter was ca. 250-300 nm, which was small enough to
penetrate into micro organisms. Thus 3-substituted pyrene alkyl uridine 2.4 isanovel,
potent, narrow spectrum antibacterial compound which can be used to target Mtb as
well as gram-positive bacteria.

4.2. Introduction:

Bacteria are the most successful group of living organisms on earth. They owe
their success to enormous phenotypic plasticity which alows them to survive in a
wide range of environments by rapidly altering their physiology. Bacterial infections
are treated using antibiotics. An antibiotic is a chemical produced by one species of
bacteria that is toxic to several other species of bacteria. Evolution of antibiotics went
hand in hand with the co-evolution of resistance mechanism in competitor species. In

the past several decades, the wide spread and indiscriminate use of antibiotics,
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combined with the immense adaptability of bacterial species has increased the
selective pressure on the emergence of efficient resistance mechanisms to every
known class of antibiotics. Constant exposure and horizontal gene transfer among
bacterial species has resulted in a rapid spread of this resistance, making antibiotics
increasingly ineffective and leaving us with very limited options for what used to be
treatable infections. There is therefore, an urgent need for renewed discovery efforts
to identify novel antibiotics, especialy those that are difficult to evolve resistance to.
One approach to slow down the emergence of resistance is to limit exposure by

developing antibiotics that are selective.

Among the bacterial infections, tuberculosisis one of the leading diseases in
humans.* According to World Health Organization (WHO), one third of population is
infected with tuberculosis, killing approximately two million people annually.? The
pathogen causing it, Mycobacterium tuberculosis has a unique cell wall structure. It
contains mycolic acid,® which posses strong hydrophobic nature. It forms a lipid shell
around the cell and provides impermeability to stains and resistance to antibiotics,
osmotic lysis, etc.* Therefore, it is a challenging task to develop novel drugs for
Mycobacterium tuberculosis.” Till now, the available drugs for Mycobacterium
tuberculosis are designed based on nitrogen containing heterocycles.® Among these
heterocycles, nucleoside derivatives can act as effective antivirals,” anti-malarials,’
anti-bacterials,” anti-cancer agents’® and anti-mycobacterials.™** Appropriate
combination of the hydrophilic and hydrophobic moieties in the nucleoside’ s scaffold
would increase the permeability through bacterial cell wall and bring the required
specificity, maintaining potency of the molecule. Particularly, introduction of a
fluorescent unit ensure certain advantages, e.g. easy tracking if the molecule in vitro
and in vivo. Also, it was reported earlier, that the introduction of the alkyl chain with
ample length improves anti-microbial properties.*® Taking into account all above
mentioned considerations, a series of novel nucleoside derivatives connected to the
hydrophobic fluorescent unit through flexible and long aliphatic linkers were designed
in this work. Such compounds are expected to have high permeability through the
lipid shell surrounding the bacterial cell wall and either possess antibacterial property
(for example, against Mtb) or act as a specific fluorescent tag. As per described above
design principle, various novel 3-substituted uridine (2.4), 3- substituted thymidine
(3.4), 5-substituted cytidine (4.7), 5'-substituted adenosine (5.5) and N9-substituted
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guanine (6.7) derivatives were synthesized. This chapter presents biological
evaluation of their antibacteria activity and reports their specific antibacterial activity
towards gram-positive bacteria as well as proposed mechanism of action of compound
2.4. Additionally, it discusses photophysical properties and the results of SEM, AFM,
CFM, Tyndal scattering of light and fluorescence microscopy studies for the lead
compound (2.4).

4.3. Results and Discussion:

Various nucleoside derivatives were synthesized in economic, efficient and
ecology friendly manner, as the synthesis for each target compound was performed
from in-expensive and readily avallable starting materials, mostly at room
temperature (less energy consumption), and in short (not more than 5 steps) synthetic
route (Scheme 1-5).

Fluorescent intermediate compound 1.5 was synthesized in four steps
according to Scheme 1. At the first step, selective mono bromination of pyrene 1.1
with one equivalent of N-bromosuccinimide in the presence of anhydrous
dimethylformamide gave compound 1.2 in 52% yield.** At the next step, compound
1.2 was lithiated using n-BuL.i followed by treatment with either C4 or C6 dibromo
akane to afford compound 1.3a, b in 18 and 21% yields.™®> Such low yield can be
explained by the formation of dimeric form of compound 1.3. Subsequently,
compounds 1.3a, b were treated with sodium azide to give compounds 1.4a, b in 90
and 91% yield respectively. FTIR spectroscopy confirmed the formation of azide
group by displaying aband at 2087 cm, corresponding to 1.4.

Scheme 1: Synthesis of fluorescent intermediates
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Finally, compound 1.5b was synthesized from compound 1.4b by reduction of azide
group to amine using 10% palladium on charcoal. Compound 1.5b was obtained in
good yield (65%) and structure was confirmed by FTIR spectroscopy. Additionaly,
the '"H NMR spectrum showed the shifting of N-CH. peak from 3.26 ppm to 2.68

ppm, indicating formation of compound 1.5b.

Fluorescent 3-substituted uridine analogue 2.4 was prepared in only three
steps as outlined in Scheme 2. First, acetonide protection of commercially available
uridine 2.1 with 2,2 -dimethoxy propane in dry acetone as a solvent resulted in
compound 2.2 in 90% yield."® At the next step, N-alkylation of compound 2.2 with
lequivalent of compound 1.3b in the presence of anhydrous potassium carbonate gave
compound 2.3 in good yield. *H NMR spectroscopy showed the disappearance of N-H
peak at 11.26 ppm and appearance of peak at N-CH, peak at 3.76 ppm, thus
confirming successful N-alkylation. At the final step, deprotection of compound 2.3
with p-toluenesulfonic acid (PTSA) in methanol gave compound 2.4 in 85% yield. *H
NMR spectroscopy confirmed the absence of methyl groups (from the acetonide
protection) at 1.25 ppm and 1.46 ppm after formation of free hydroxyl group.

Scheme 2: Synthesis of fluorescent 3-substituted uridine analogue

3-Substituted thymidine analogue 3.4 was prepared in three steps as outlined
in Scheme 3. Silyl protection of commercially available thymidine 3.1 with tertiary
butyl dimethyl silyl chloride (TBDMS-CI) gave di-hydroxyl protected compound 3.2
in 91% yield.! At the next step, N-alkylation of compound 3.2 with lequivaent of
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1.3a in the presence of anhydrous potassium carbonate gave compound 3.3 in
excellent yield. '"H NMR spectroscopy showed the disappearance of N-H peak at
11.30 ppm and appearance of N-CH, peak at 3.89 ppm. Finally, deprotection of
compound 3.3 with camphor sulphonic acid (CSA) gave compound 3.4 in 91% vyield.
"H NMR spectroscopy confirmed the absence of silyl attached methyl groups at 0.07
ppm and 0.86 ppm after the formation of free hydroxyl group, corresponding to
compound 3.4. Additionally, unambiguous conformation of the molecular structure of
compound 3.4 was obtained by single crystal X-ray diffraction. Crystallization of
compound 3.4 by slow evaporation technique in MeOH and DCM mixture at room
temperature (4:6) led to formation of the pale yellow block crystals. Single crystal X-
ray analysis of the crystals revealed the monoclinic P21 space group and the structure
and corresponding datais presented in Figure 1 and Tablel.

Scheme 3: Synthesis of fluorescent 3-substituted thymidine analogue

Figure 1. Crystal structure of the compound 3.4 (ORTEP diagram). Thermal
ellipsoids are drawn at 50% probability level.
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Tablel: Crystal data of compound 3.4

Empirical formula

C30 H3o N2 Og

Formula weight 498.56 g/mol
Temperature 298 K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group P21

Unit cell dimensions

a=10.4963(8) A  apha=90°.
b=4.9461(4) A  beta=95.320(7)°.
c=24.1267(17) A gamma=90°.

Volume 1247.16(16) A®

Z 2

Density (calcul ated) 1.32754 g/cm®
Absorption coefficient 0.735 mm*

F(000) 528

Crystal size 0.38 x 0.36 x 0.04 mm
Theta range for data collection 3.6799 to 67.0586°.

Index ranges

-12<=h<=12, -5<=k<=5, -28<=|<=28

Reflections collected

2373

Independent reflections

3062 [R(int) = 0.1247]

Compl eteness to theta = 28.32

1.22/0.69

Absorption correction

Empirical

Refinement method

Full-matrix |east-squares on F*

Data/restraints/parameters

4869/0/ 270

Goodness-of -fit on F?

1.047

Final R indices[1>2sigma(l)]

R1=0.1254, wR2 = 0.2486

R indices (all data)

R1 = 0.3022, wR2 = 0.3309

Largest diff. peak and hole

0.271 and -0.198 e A

5-Substituted cytidine analogues (4.7a and 4.7b) were prepared as outlined in
Scheme 4. In the first step, O-acylation of cytidine 4.1 with acetyl chloride in acetic
acid resulted in compound 4.2 in 78% vyield.®® At the next step, iodination of

compound 4.2 by iodic acid and iodine in carbon tetra chloride, acetic acid and water
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at 40 °C gave compound 4.3 in 80% yield.*® Subsequently, C-C bond formation with
TMS-acetylene in the presence of Cul and PdCl,(PPhs), gave compound 4.4 in good
yield. Selective deprotection of silyl group with tetrabutylammonium fluoride (TBAF)
gave compound 4.5 containing terminal alkyne group in 95% yield.” Coupling of 4.5
with compounds 1.4a or 1.4b in copper catalyzed click reaction conditions led to
formation of coupled products 4.6a and 4.6b respectively, in good yields. *H NMR
spectroscopy confirmed the formation of a five-member triazole ring by exhibiting a
Criazole-H proton at 8.66 ppm in DMSO-ds and disappearance of the termina
acetylene proton at 3.63 ppm. At the final stage, acetyl deprotection of compounds
4.6a and 4.6b under basic conditions (using potassium carbonate) gave compound
4.7a and 4.7b respectively, in good yields. '"H NMR spectroscopy confirmed the
absence of methyl groups (from the acetyl protection) at 1.99 ppm, 2.09 ppm and 2.11

ppm upon formation of free hydroxyl group.

y

Scheme 4: Synthesis of 5-substituted fluorescent cytidine analogues
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5'-Substituted adenosine analogue was prepared in four steps according to
Scheme 5. Acetonide protection of commercially available adenosine 5.1 with 2,2 -
dimethoxy propane in the presence of catalytic amount of concentrated perchloric
acid gave compound 5.2 in 83% yield.'® At the next step, 5'-OH group of compound
5.2 was oxidized using BIAB and TEMPO in acetonitrile/water medium to obtain
compound 5.3 in 90% yield.?® Coupling of compound 5.3 with 1.5b using EDCI as a
coupling agent gave compound 5.4 in 77% yield. '"H NMR spectroscopy confirmed
the formation of amide bond by exhibiting amide N-H proton at 9.04 ppm in DM SO-
ds. At final stage, deprotection of compound 5.4 with p-toluenesulfonic acid (PTSA)
resulted in compound 5.5 in 85% yield. *H NMR spectroscopy displayed the absence
of methyl groups (from the acetonide protection) at 1.37 ppm and 1.61 ppm upon

formation of free hydroxyl group, corresponding to compound 5.5.

Scheme 5: Synthesis of 5'-substituted fluorescent adenosi ne analogues

Additionally, N9-substituted guanine derivative was also prepared via five
steps protocol as outlined in Scheme 6. For that, thiophene was lithiated using n-
BuLi followed by treatment with tributyl tin chloride to afford tributyl(2-
thienyl)stannane 6.2.%* Then, compound 6.2 was coupled with compound 1.2 in Stille
coupling conditionsin THF using palladium (I1) as a catalyst to give compound 6.3 in
82% yield.?! Partial bromination of the compound 6.3 with NBS in acetic acid-DCM
gave mono-brominated compound 6.4 in 72% yield?* Ethynyl derivative of
compound 6.5 was prepared using standard two-steps protection-deprotection
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procedure, where protection step was performed via Sonogashira coupling of 6.4 with
trimethylsilyl acetylene, which was then converted to terminal alkyne by deprotection
with potassium carbonate in methanol, giving compound 6.5 in overall 75% yield. *H
NMR spectroscopy confirmed the formation of termina acetylene group by
displaying asignal at 4.74 ppm, corresponding to compound 6.5. Coupling of 6.5 with
compound 6.6 (reported earlier from our group®) in copper catalyzed click reaction
conditions led to formation of coupled product 6.7 in 50% vyied. '*H NMR
spectroscopy confirmed the formation of a five-member triazole ring by exhibiting a
Crriazole-H proton at 8.60 ppm in DMSO-d¢ and disappearance of the termina
acetylene proton at 4.74 ppm, corresponding to compound 6.7.

Scheme 6: Synthesis of fluorescent N9-substituted guanine derivative

4.4. Optical Studies:
Photophysical properties of synthesized compounds (2.4, 3.4, 4.7a, 4.7b, 5.5

and 6.7) were investigated and summarized in Table I1. Absorbance and fluorescence
emission of DMSO solutions of the tested compounds were measured at the
concentration of 10° M. Compounds 2.4, 3.4, 4.7a, 4.7b and 5.5 displayed identical
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absorbance maxima (at 329 nm and 346 nm, Figure 2) and emission maxima (at 363
and 384 nm, Figure 3), whereas compound 6.7 displayed absorbance maxima at 361
nm and emission maxima at 437 nm as shown in Figures 2, 3 and Table Il. The
Stokes shift was 18 nm for compounds 2.4, 3.4, 4.7a, 4.7b and 5.5, while compound
6.7 had larger Stokes shift of 76 nm. The solution state quantum yields of compounds
24, 3.4, 4.7a, 4.7b, 5.5 and 6.7 were in range of 0.19-0.24 (with respect to quinine
sulphate, Tablelll)

1.0 -
—_—24
—3.4
—_—4.7a
—4.7b
—5.5
— 6.7

e
15}
I

Absorbance, a.u.

0.0

T — = T
320 400

Wavelength, nm

Figure 2: UV-Vis absorbance spectra of compound 2.4, 3.4, 4.7a, 4.7b, 5.5 and 6.7 in
DMSO-dg at 10°M
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Figure 3: Fluorescence emission spectra of compound 2.4, 3.4, 4.7a, 4.7b, 5.5 and
6.7 in DMSO-dg at 10°M
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Tablell: Summary of compounds

S. | Compound Structure and | Molecular Solubility | Aaps, NM | Aem, NM

No | code weight

1 Ca1H3N>O6 Ethanol 329 and | 363 and
DMSO | 346 384

2 C30H3N>0O5 Ethanol 329 and | 363 and
DMSO 1 346 384

3 C31H30NgOs | Ethanol 329 and | 363 and
DMSO | 346 384

4 Ca3HauNgOs Ethanol 329 and | 363 and
DM30 346 384

5 C3xH3:NgO4 Ethanol 329 and | 363 and
DMSO | 546 384

6 C39H39CINgS | Ethanol 361 437
DMSO
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Tablelll: Relative quantum yields with respect to quinine sulphate

Compound Relative @+ with respect to quinine sulphate
24 0.20
34 0.19
4.7a 0.24
4.7 0.24
5.5 0.18
6.7 0.19

4.5. Evaluation of Anti-Mycobacterial Properties:

(*Collaborative study with Dr. Sharmistha Banerjee group, Department of
Biochemistry, School of Life Sciences, University of Hyderabad, India)

The various synthesized nucleoside derivatives (2.4, 3.4, 4.7a, 4.7b, 5.5 and
6.7) were evaluated for their toxicity at various concentrations (31 uM, 62.5 uM, 125
UM, 250 uM) towards Mycobacterium tuberculosis (Mth, pathogenic strain H37Rv)
using a standard MTT assay. Among them, compound 2.4 displayed significant
toxicity, with aMICsy of 62.5 pM, as shown in Figure 4. The rest of the compounds
did not display significant toxicity towards H37Rv even at 250 yuM, as shown in
appendix (Figure A1, see page no 169). Therefore, the MTT assay helped to identify
hit compound 2.4, and all further studies were performed only with it.

1.2 -

0.8 -

0.6

0.4 -

1111
0 - T | | |

control 31puM 62.5 UM 125 uM 250 M

[
|

Figure 4: Toxicity studies on mycobacterium tuberculosis using compound 2.4
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4.6. Cytotoxicity Evaluation against Host Célls:

The active compound 2.4 was evaluated for the host cells cytotoxicity (human
monocytic cell l[ine THPL) at various concentrations (17.75 uM, 35.5 uM, 71 uM, 142
MM, 284 uM) using MTT assay. Compound 2.4 showed negligible cytotoxicity at 71
uM, whereas at higher concentrations (284 uM) it shows 30% inhibition. This data
indicates possibility of utilization of compound 2.4 as potential anti-mycobacterial
drug. Although this compound is active in micro molar range, its potency could be
improved via minor alteration of the structure and study of the structure-activity
relationship. Although, this is not the major goal of the current work, our future plan

includes such investigation.

1 -
0.8 -
0.6
0.4
0.2
0 T | | T T

control 17.75puM 35.50uM 71.0pM 142.0uM 284 uM

Figure 5: Toxicity studies on human monocytic cell line (THP1) using compound 2.4

4.7. Antibacterial Studies:

Since compound 2.4 was toxic to Mtb, the antibacterial property of the lead
compound 2.4 was evaluated against four additional bacterial species. Of these, oneis
gram-positive (Bacillus licheniformis (B.l.)), two are gram-negative (Escherichia coli
(E.c.) and Serratia marcescens (S.m)) and another is neither gram-positive nor gram-
negative (Paenibacillus elgii (P.e)). Compound 2.4 showed selective cytotoxicity
towards gram-positive bacteria (B.l.) and non-toxic to E.c. P.e. and S.m. as shown in
Figure A3, see page no 170. In order to determine minimum inhibitory concentration
(MICs), gram-negative bacteria (E.c.) and gram-positive bacteria (B.l.) were treated
with compound 2.4 at different concentrations in the range of 0-250 uM. It was found
to be non-toxic to E.c., even at high concentration 250 pM and while showing
significant toxicity to B.l., for which the MICsy was determined to be 6 uM (Figure
6).
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Figure 6: Toxicity studies on various bacterial cell lines using compound 2.4

4.8. Bacterial Staining and Microscopy Studies Using 2.4:

From our previous experiments were known that compound 2.4 is showing
specific toxicity towards gram-positive bacteria, but does not show toxicity against
gram-negative bacteria. Such specificity could be related to permeability of 2.4
through cell wall/bacteria membrane. In order to understand the mode of action of
compound 2.4 and its mechanism, several experiments were performed. Specificaly,
in vivo biocimaging studies were done using the fluorescent compound 2.4 on each of
these bacterial (E.c. and B.l.). For that, bacteria cultures in mid-log phase were
treated with compound 2.4 at 250 uM concentration and incubated at 37 °C for 3
hours. The cells were washed with phosphate buffer solution (PBS) and were
examined using confocal fluorescence microscopy. The experiment revealed, that in
the case of B.l. mgjority of the bacteria cells were stained by compound 2.4, and that
compound 2.4 was able to enter and stain the cytoplasm (Figure 7). On the other
hand, in the case of E.c., very few cells in each field were stained by compound 2.4
and among the stained cells, compound 2.4 appears to be localized on the cell
membrane and shows no or very little cytoplasmic staining (Figure 8). The results
support the hypothesis that the selectivity of compound 2.4 stems from its differential
permeability in gram-positive and gram-negative bacteria.
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..

Figure 7: Confocal fluorescent microscopy images (Ae=350 nm) of B.l.; a b)
transmitted light image; c, d) fluorescence light image and e, f) overlaid fluorescence

and transmitted light images. The images were taken under DAPI channel

Figure 8. Confocal fluorescent microscopy images (=350 nm) of E.c.; a b)

transmitted light image; c, d) fluorescence light image and e, f) overlaid fluorescence

and transmitted light images. The images were taken under DAPI channel
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4.9. Investigation of the Mechanism of Antibacterial Activity

of 2.4

(*Collaborative study with Dr. Aarti’s group, Department of Biology, Dr.
Reddy’ s Institute of Life Sciences, University of Hyderabad Campus, India.)

Understanding of mechanism of action of the compound in vivo is extremely
difficult task. Therefore all further experiments were performed in vitro, using PCR.
As structurally compound 2.4 is a nucleoside derivative, ther is a the possibility that
compound 2.4 mediates toxicity by interfering with cellular processes that used
nucleosides or nucleotides, such as DNA or RNA synthesis and/or processing.
Therefore, the first logical step isto check if compound 2.4 is able to bind single or
double stranded DNA of various lengths and conformations and it was found that it is
unable to do so. Next, the effect of compound 2.4 on DNA polymerization was
investigated using the PCR experiment as asimple in vitro assay.

PCR is a standard method for amplification of DNA in vitro (Scheme 7) and
the enzyme used in PCR is DNA Polymerase | from the thermophilic bacterium
Thermus aquaticus (Taq DNA Pol). Once the DNA polymerase binds the primer-
template complex, a dNTP (deoxyribonucleotide triphosphate) enters the active site, a
conformational change occurs resulting in an open-closed transition in the complex,
followed by phosphodiester bond formation. Because of the similarity in the core
structure of compound 2.4 and dNTPs, it was expected that compound 2.4 could
potentially alter the nucleotide pool or enter the active site of the DNA polymerase

and thus interfere with this process.

PCR reactants —

[ A+B+C+D A

Where, A=Deoxy-nucleotide triphosphate (ANTPs)
B=Taq DNA Pol
C=DNA template
D=Buffer (reaction medium)
Scheme 7: DNA synthesis by PCR technique
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The PCR reaction was performed in the presence of compound 2.4 at various
concentrations and PCR efficiency was analyzed by agarose gel electrophoresis of the
DNA product. It was found that at 0.1 mM concentration, compound 2.4 shows slight
inhibition of PCR (as evidenced by decreased DNA product on the gel). At higher
concentrations (0.2 mM-1 mM) it showed complete PCR inhibition (Figure 9). One
of the possibilities is that 2.4 may interact with one of the components of PCR
reaction and thus inhibit DNA replication. For example, because of a similarity in the
core structure of compound 2.4 and dNTPs (deoxyribonucleotide triphosphate)
required for amplification of DNA, compound 2.4 could potentially alter availability
or concentration of the nucleotide pool and thusinhibit DNA polymerase. To test this,
the amount of dNTPs used in the PCR was varied, keeping in mind that an excess of
dNTPs will compensate for and rescue inhibition caused by compound 2.4. However,
in every condition tested, excess of dNTPs did not rescue the inhibition caused by
compound 2.4, therefore there is no effect of compound 2.4 on dNTPs (Figure 10).
Another possibility is that compound 2.4 could directly inhibit the DNA polymerase
enzyme activity. To test this, the effect of compound 2.4 on PCR was measured in the
presence of increasing enzyme concentration. It was found that excess Tag DNA Pol
rescued the inhibition caused by compound 2.4 (Figure 11). This data suggests that
compound 2.4 inhibits PCR by disrupting the polymerase activity of the enzyme Taq
DNA Pol.

Conc. of compound 2.4

A
l N 1
)
&
\\?o@@‘@«,cpo
F T SESH

= - e =|:|- DNA

0.7% Agarose gel

Figure 9: Agarose Gel electrophoresis of PCR amplified DNA: compound 2.4

inhibits PCR in a dose-dependent manner.
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0.05 mM dNTPs 0.1 mM dNTPs 0.2 mM dNTPs

Figure 10: Agarose Gel electrophoresis of PCR amplified DNA: excess dNTPs do
not rescue PCR inhibition by compound 2.4

Control 0.15 mM 2.4 0.2mM 2.4 0.4mM 2.4

Figure 11. Agarose Gel electrophoresis of PCR amplified DNA: excess DNA

polymerase enzyme is able to rescue PCR inhibition by compound 2.4

Finally, the activity of the individual components of compound 2.4 (uridine,
pyrene linker, pyrene and linker) was tested in PCR reaction. Unlike compound 2.4,
each individual component on its own was unable to inhibit PCR and DNA

polymerase activity as shown in Figure 12.
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Figure 12: Agarose Gel electrophoresis of PCR amplified DNA: only compound 2.4,
and none of itsindividua components, are able to inhibit PCR.

4.10. Docking Study of 2.4 with Taq DNA Poal:

(*The docking studies were done by Giridhar Singh Deora, School of
Pharmacy, The University of Queensland, Australia.)

In order to further confirm the mechanism of action via disruption of DNA
polymerization by compound 2.4, molecular docking studies were performed using
Maestro (version 9.8), implemented from Schrodinger molecular modeling suite-
2014. Docking of compound 2.4 into the active site of Tag DNA Pol reveas good
binding interactions, which is in a good agreement with above in vitro results. The
molecule is well occupied by the binding site of the enzyme. The aromatic part of
compound 2.4 is oriented towards the hydrophobic surface, and sugar moiety is
interacting with polar part of the enzyme surface (Figure 13). The molecule is
interacting via hydrogen bonds with Asp610, Tyr611, Ser612, 11e614 and GIn754
residues of the enzyme. In addition, hydrophobic interactions between Phe667 and
pyrene moiety of the molecule is observed and docking scores of these interactions
are listed in Table I V. Hence, the possible basis of inhibition of DNA synthesis by
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compound 2.4 observed in vitro and in PCR experiments might be the result of
binding of compound 2.4 to Tag DNA Pol at a site that is usually bound by dNTPs.
Both PCR and molecular docking investigations strongly supported the design
principle and suggested that linking of the active biological molecule to the

hydrophobic fragment via long enough linker can create a promising scaffold.
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Figure 13: Docking of compound 2.4 with Tag DNA Polymerase-1. Hydrogen
bonding with Asp 610, Tyr611, Ser612, 1le614 and GIn754. Hydrophobic interactions
with Phe667

Table1V: Glide score and contributing X P parameters (docking with Tag DNA Pal).
Compound code | GScore | LipophilicEvdW | HBond | Electro | RotPenal
2.4 -6.8 -2.9 -3.1 -1.0 0.2

G. Score: glide score

LipophilicEvdW: Chemscore lipophilic pair term and fraction of the total protein-
ligand vdw energy

HBond: Rewards for hydrogen bonding interaction between ligand and enzyme
Electro: Electrostatic reward

RotPenal: Rotatable bond penalty

4.11. Examination of Binding Ability of 2.4 to Taq DNA Pal:

In order to further prove the theory that compound 2.4 interacts with Tag DNA
Pol, agarose gel electrophoresis was used to resolve reaction mixtures containing
compound 2.4 alone, with Tag DNA Pol or with a control protein BSA. It was
observed that compound 2.4 was able to enter the gel only in the presence of Tag
DNA Pol, and displayed a dramatic increase in fluorescence under those conditions

(Figure 14). Furthermore, fluorescent properties of the compound 2.4 were employed
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for the additional conformation of the proposed mechanism. For that, fluorescent
intensity changes of the compound 2.4 were recorded and analyzed along and upon its
interaction with Tag DNA Pol enzyme at different concentrations in DM SO/water
(2:98) solutions. In hiologically compatible DMSO/water solution fluorescence
intensity of compound 2.4 decreased significantly in comparison with pure DMSO
solution (Figure 15). Although the emission maxima for both bands were still
observed at the same positions at A.m = 363 and 384 nm, new very broad red-shifted
band appeared with maxima at Aem = ~480 nm. Such changes might be associated
with molecular aggregation resulted in aggregation-induced fluorescence quenching
or excimer formation.?* Such effect was already observed with structurally similar
pyrene-based guanine analogues.”® Moreover, intensity of the red-shifted fluorescent
band increased upon addition of the Tag DNA Pol in concentration dependent manner
(the concentration of compound 2.4 was maintained constant). The increase was about
3 folds in presence of the enzyme at 10.5 nM, and reached 25 folds increase at 87.5
nM of the enzyme, although enzyme alone does not exhibit significant fluorescence at
the same wavelengths. The emission bands in all cases have broad and structureless
features, characteristic for intermolecular exciplex emission, similar to exciplex
fluorescence observed for pyrene-bipyridine complexes® In this case, exciplex
probably forms between pyrene moiety of compound 2.4 and phenylalanine unit in
Taq DNA Pol active site (as suggested by molecular modeling study).

M

3> 2

2
o

Figure 14: Agarose gel electrophoresis of compound 2.4 in the presence of Tag DNA
Pol and BSA
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22 -

—2.4in DMSO

2.4 in DM 8O/Taq buffer(2:98)
—32.4+Taq 3 mL in DM 8O/Taq buffer(2:98)
—2.4+Taq 6 mL in DM S$0O/Taq buffer(2:98)
—2.4+Taq 9 mL in DM $0O/Taq buffer(2:98)
—2.4+Taq 12 mL in DMSO/Taq buffer(2:98)
—_—2.4+Taq 25 mL in DMSO/Taq buffer(2:98)

11 -

Emission intensity, a.u.

400 | 500 | 600
Wavelength, nm
Figure 15: Emission spectra of compound 2.4 with Tag DNA Pol (at various

concentrations)

DNA replication is a key cellular process and is a potential target for novel
antimicrobials. Several classes of antibiotics that are in the clinic today, target
enzymes involved in bacterial DNA replication, however none of these directly target
the DNA polymerase domain of any of the bacteria polymerases. Prokaryotic DNA
polymerases can be of five types- | to V,%* and each performs a specific cellular
function including replication, repair, and damage control. While Pol I1I (commonly
referred to as Pol a) is responsible for most of the replication of the bacterial
chromosome, Pol | is the most abundant Polymerase in the cell and isinvolved in the

initiation of replication at the origin, processing of Okazaki fragments and excision
repair.

Compound 2.4 appears to directly bind and inhibit the activity of Tag DNA
Pol, which belongs to the Pol | family. The docking studies showed that compound
2.4 binds to the active site of the polymerase domain of Tag DNA Pol, occupying the
same site that is bound by dNTPs. This binding may be stabilized by the hydrogen
bonds formed by compound 2.4 with the residues in the active site, as well as by
stacking interactions between the phenylalanine and the fluorescent moiety of
compound 2.4. Such a stable interaction may then prevent dNTP binding or alter the
conformation of the enzyme and thus block polymerization.

142



Novel Fluorescent 3, 5 and 5 -Substituted Nucleosides Derivatives with Selective Antibacterial Activity

Given the high degree of conservation of the polymerase domain of the Pol |
family members among prokaryotes, compound 2.4 is expected to bind and inhibit the
activity of the Pol | family members of other bacterial species as well.” In addition,
all DNA polymerases whose crystal structures are known, share a common overall
architecture®®?® More specifically, the “palm” domain responsible for catalytic
activity is homologous among the Pol | and Pol Il polymerases, and the “finger”
domain which interacts with the incoming dNTP shows strong structural similarities.
This suggests the possibility that compound 2.4 may also bind and inhibit the activity
of the main replicative polymerase Pol |1l observed in gram-positive bacteria. The
elongated cell phenotype characteristic of disrupted cell divison observed in B.1. cells
treated with compound 2.4 lend additional support to this theory (Figure 16). It isto
be noted that at concentrations where it is extremely toxic to B.l. cells, compound 2.4
does not appear to be significantly toxic to the mammalian cells. This may be due to
the sterical differences in the placement of the “finger” domain, which prevents tight
binding of compound 2.4 to the eukaryotic replicative polymerase Pol a, or due to
lower sensitivity of mammalian cells to this compound, or a combination of these and
other factors. The selective toxicity of compound 2.4 to gram-positive bacteria stems
from the selective entry of compound 2.4 into these bacteria. As demonstrated,
compound 2.4 is unable to penetrate the outer membrane in gram-negative cellsand is
therefore not toxic to them. This stringent selectivity combined with the potency of
compound 2.4 against gram-positive bacteria make this a promising lead for

development of other compounds with asimilar scaffold and design principle.

Figure 16: A) Untreated B.l. cells (scale 2 um); B) B.I. cells treated with compound 1
(250 uM, scale 20 um); C) B.I. cellstreated with compound 1 (250 uM, scale 5 um).
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4.12. Morphology Studies:

As compound 2.4 on its own is not soluble in water, the solutions for
biological studies were prepared in biocompatible solvent mixture: DM SO/water =
2/98%. For this, compound 2.4 was dissolved in DM SO followed by rapid injection of
the solution in water. Usually, such protocol leads to formation of compound's
aggregates of micro, sub-micro or nanosize. In order to investigate the morphology
and size of the aggregates of 2.4, SEM and AFM investigations were performed in
biocompatible solvent mixture DM SO/H,0 (2:98). For the SEM and AFM studies the
sample was prepared as described above and a solution was drop-casted on silica
substrate. As expected, both SEM and AFM analysis revealed that compound 2.4
exist in the form of nanoparticles. SEM micrographs revealed the uniform shape and
size of nanoparticles (Figure 17a and 17b). Image profile analysis of noncontact-
mode AFM images of the nanoparticles showed the average width from 250 nm to
300 nm and height in the range of approximately 90 nm to 100 nm, as shown in
Figure 17c and 17d. The size of the nanoparticles is small enough to penetrate into

micro organisms.

EMT= £000Y Signal A = SE2 Do 119 Mar 2015
WD = 70mm Mag= 2500K X% Time 130338
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Plane,nm

0 1.0 20 30 40 50
um

Figure 17: a, b) SEM micrographs of compound 2.4 obtained in DM SO/H,0 (2:98);
¢) non-contact mode AFM image of nanocrystals of compound 2.4; d) height and

length of selected nanocrystals shown in (c) as awhite line
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Additionally, we performed Tyndal scattering experiment for solutions
containing compound 2.4 in both 100% DMSO and 2% DMSO solutions. Tyndal
scattering is described as scattering of light either by particles in colloidal solution or
particles in fine suspension.*! The Tyndal scattering is importantly used to determine
whether it is true solution or colloidal one, If colloidal, it is possible to determine the
approximate size and density of particles present in colloida solution by Mie
scattering theory.* In our case, in 100% DM SO no scattering was displayed (Figure
18), whereas importantly pronounced scattering was observed at 2% DM SO solution,

which indicates formation of solution stable nanoparticles.

100% DMSO 100% DMSO 2% DMSO

Figure 18: @) Fluorescence properties of 2.4 in 100% DM SO and in 2% DM SO at 10-
5 M, b) Tyndal scattering of light observed in 2% DM SO solution, after formation of

solution stable nanoparticles.

4.13. Conclusions:

This chapter presented the synthesis of six novel fluorescent nucleosides
derivatives through smple and straightforward route using mild conditions. The
synthesized nucleosides were tested against Mtb and set of other bacteria. Among
them uridine based fluorescent organic compound 2.4 exhibited highest inhibition
effect on bacterial growth. Compound 2.4 also showed selective inhibitory effect
towards gram-positive bacteria without any effect on gram-negative bacteria
Mechanistic studies of inhibition by compound 2.4 were feasible due to fluorescent
nature of the latter. Finaly, this chapter also proposed the mechanism of inhibition
and demonstrated the capability of 2.4 to selectively inhibit Mtb and gram-positive
bacteria growth by binding to the Tag DNA polymerase enzyme and subsequently

inhibiting the DNA replication machinery in those bacterial cells which it enters.
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Tyndal scattering, SEM and AFM analysis showed that compound 2.4 exist in the
form of nanoparticles, size with the below 300 nm, which probably alow them to
penetrate into micro organisms. As the resistance to antibacterials is increasing
dramatically every year while number of novel antibiotics is continuously declining,
there is an unmet need to develop novel selective antibacterial compounds, such as
2.4, to effectively combat resistance.

4.14. Experimental Section:
4.14.1. Materialsand Methods:

The materials pyrene, n-butyl lithium, uridine, thymidine, cytidine, adenosine,
2,2,6,6-tetramethylpiperdinel-oxyl, trimethylsilyl acetylene, thiophene, tributyltin
chloride, bis(triphenylphosphine)palladium(l1) dichloride and paraformal dehyde were
purchased from Sigma Aldrich. Copper(l) iodide, 1,4-dibromobutane, 1,6-dibromo
hexane, N-bromosuccinimide, tetrabutylammonium fluoride, iodic acid, iodine, acetyl
chloride, imadazole, tert-butyldimethylsilyl chloride and camphorsulfonic acid, 10%
paladium on charcoa, EDCI, perchloric acid, bis(acetoxy)iodobenzene were
purchased from Spectro Chem. Commercial reagents (NaN3, sodium ascorbate,
copper(ll) sulfate pentahydrate, ammonium bicarbonate, and HCI) were purchased
from Merck and Rankem and were used as received. The solvents THF, DMF and
acetone were distilled and dried before reactions and for extracting purposes. All
reactions were carried out under an inert atmosphere with dry solvents, unless
otherwise stated. Syringes and needles for the transfer of reagents were dried at 100
°C and alowed to cool in a desiccator over P,Os before use. Reactions were
monitored by thin layer chromatography (TLC) on silica gel plates (60 F254), using
UV light detection. Merck silicagel (particle size 100-200 mesh) was used for column
chromatography. For UV-Vis and fluorescence measurements spectroscopic grade
solvents were used.

4.14.2. Nanoparticles Preparation for Biological Studies:

1.42 mg of compound 2.4 was taken in a sample vial and dissolved in 0.5 mL of
DMSO. Then 60 uL of the solution was rapidly injected to 2.94 mL of millipore water
to obtain the final concentration of nanoparticles 50 uM in 2% DMSO. Prepared

nanoparticles were used for the fluorescent imaging studies immediately.
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4.14.3. Nanoparticles Preparation for SEM and AFM Studies:
1.42 mg of compound 2.4 was dissolved in 0.5 mL of DMSO. Then 60 uL of the

solution was rapidly injected to into 2.94 mL of millipore water to obtain the final
concentration of nanoparticles 50 uM in 2% DMSO, and the sample vial was |eft for 4
h without disturbing. Prepared nanoparticles were dispersed on clean silica substrate
by acapillary for SEM and AFM studies.

4.14.4. In Vitro Antimycobacterial Activity Assay (Mtb, Pathogenic

Strain H37Rv):

The compounds (2.4, 3.4, 4.7, 55 and 6.7) were dissolved in 2% DMSO. The
compounds were screened for the antimycobacterial activity using Mycobacterium
tuberculosis. Mycobacterium tuberculosis is grown in Middlebrook 7H9 media and
seeded at 5x10° to 1x10° O.D600 along with the varying amounts (16.5 pg/mL, 33
ug/mL, 66 pg/mL and 132 pg/mL) of the compounds (2.4, 3.4, 4.7, 5.5 and 6.7) and
incubated at 37 °C for 7 days in triplicates. After incubation 20 pL of MTT (3-(4, 5
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) was added and incubate at
37 °C for overnight. The formazan crystals were dissolved in DMSO and the
absorbance was read at 350 nm.

4.14.5. Cytotoxicity Assay:

The compounds (2.4, 3.4, 4.7, 5.5 and 6.7) were dissolved in DM SO. The compounds
were screened for the cytotoxicity using (human monocytic cell line ThP1). ThP1
were grown in DMEM and RPMI supplemented with 10% FBS respectiviely and
seeded at 10000 cells and 20000 cells per well along with the varying amounts (16.5
ug/mL, 33 pg/mL, 66 ug/mL and 132 ug/mL) of the compounds (2.4, 3.4, 4.7, 5.5 and
6.7) and incubated at 37°C for 24 h in triplicates. After incubation, 20 uL of MTT
(5mg/mL) (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) was
added and incubated at 37°C for 4 h. The formazan crystals were dissolved in DMSO
and the absorbance was read at 350 nm.

4.14.6. Bacterial M1 C Assay:

Minimum inhibitory concentration (MICs) for bacterial strains Escherichia coli and
Bacillus licheniformis was studied. Experiment was performed in a standard 96 well
plate, compound 2.4 in 2% of DM SO was added to 200 puL of LB media at different
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concentrations (in uM) 250, 125, 62.5, 31.25, 15.625, 7.8125 and 4. DMSO/LB media
(2:98) was used as the control. 5% of the secondary culture of OD goonm= 1.0 was
added to the LB media containing compound 2.4. Another set with identical
concentrations of compound 2.4 and LB was maintained as blank without the addition
of bacterial culture. Plate was incubated at 37 °C, 180 rpm shaking overnight. After
overnight incubation absorbance was measured a 600 nm_ Experiment was

performed in triplicates.

4.14.7. Bacterial Growth Assay:

Overnight bacterial cultures were inoculated (5% inoculums) in 5mL fresh LB
containing either 2% DM SO (control) or varied concentrations of compound 2.4 in
2% DMSO. Cultures were grown at 37°C, with shaking at 180 rpm for 4-6 h. OD at
600 nm was measured every 30 minutes and plotted to obtain growth curves.

4.14.8. Bacterial Staining Protocol:

5% inoculated secondary culture in 2 mL of LB media was incubated at 37 °C, 180
rpm shaking, harvested at log phase (0.8 — 1.0 OD) and used for the experiment.
Cells washed twice with 1X PBS and compound 2.4 was added in 2% DM SO at 250
uM concentration and 2% DM SO was used as control. Cells were incubated at 37 °C,
180 rpm shaking for 1 h. After incubation cells were washed twice with 1X PBS and
resuspended in 20 pL of 1X PBS. Bacteria were fixed on the dide with mounting
media and covered with cover dlip. Cells observed using a confocal microscope and

images were captured.

4.14.9. Effect of 2.4 on Polymerase Chain Reaction (PCR):
A standard 50 pL PCR reaction was setup using a standard template and

corresponding primers. Compound 2.4 in 4% DMSO of varying concentrations was
added to the PCR reaction. 4% DM SO was used as the control. Reaction was setup in
an Eppendorf thermocycler for 30 cycles (95° for 1', 60° for 30", 72° for 2'). Upon
completion, PCR samples were loaded on a 0.7% agarose gel prepared with 1X TAE
and prestained with EtBr. After electrophoresis at 100 V for 1h, the DNA was
visualized in ultraviolet light and image was captured on a gel-doc.
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4.14.10. Docking Study:

Molecular docking studies of compound 2.4 was performed using Maestro (version
9.8), implemented from Schrodinger molecular modeling suite-2014. Molecule was
sketched in 3D format using build panel of maestro and energy minimized using
OPLS-2005 force field to produce low-energy conformers. The 3D-structura
coordinates of Thermus aquaticus DNA polymerase-l form complex with
deoxyribonucleoside triphosphate were taken from protein data bank (PDB) with PDB
id 5K TQ.” The above Raw PBD protein structure was prepared by giving preliminary
treatment like adding hydrogen, refining the loop, and, finally minimized by using
OPL S-2005 force field. The grid for docking analysis was generated using structural
coordinates of deoxyribonucleoside triphosphate. Mol ecules were docked using Glide
module in Extra-precision (XP) mode, with up to three poses saved per molecule. The
ligands were kept flexible, whereas, the receptor was kept rigid throughout the
docking studies. The lowest energy conformations were selected and, the ligand-
protein interactions (H-Bond and Hydrophobic interactions) with target protein were
determined.

4.14.11. Synthesis of Fluorescent Inter mediates:

1-(4-bromobutyl)pyrene (1.3a):

To a stirred solution of 1-bromopyrene 1.2 (2g, 7.11 mmol) in anhydrous THF (15
mL) under nitrogen gas, n-BuLi (5.33 mL, 8.53 mmol) was slowly added at 0 °C
followed by the addition of 1,4-dibromo butane (15.3 g, 71.1 mmol). The reaction
mixture was then refluxed for 2 h. The resulting mixture was washed with water, and
extracted with EtOAc and was dried over anhydrous Na,SO,. The crude product was
purified by column chromatography using hexane as eluent to give compound 1.3a as
awhite solid (0.42 g, 18% yield). Mp: 79-81°C. TLC (hexane): Rs = 0.23. IR (KBr):
3035, 2936, 2865, 1599, 1467, 1440, 1298, 1248, 1188, 843, 749, 711 cm™. *H NMR
(CDCl3, 400 MHz) ¢: 2.03 (4H, m), 3.37 (2H, t), 3.47 (2H, t), 7.86 (1H, d), 7.99 (2H,
t), 8.03 (1H, d), 8.11 (2H, d), 8.16 (1H, d), 8.18 (1H, d), 8.26 (1H, d). *°C NMR
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(CDCl3, 100 MHz) ¢: 30.2, 32.5, 32.6, 33.6, 123.2, 124.7, 124.8, 124.9, 125.0, 125.1,
125.8, 126.9, 127.2, 127.3, 127.5, 128.6, 129.9, 130.8, 131.4, 136.0; MS (El, 70ev):
m/z [M]" calcd for CxoH17Br : 337, found 337.5 [M]*. Anal. Calcd for CooH17Br: C,
71.23; H, 5.08; Br, 23.69; found: C, 71.25; H, 5.02.

1-(6-bromohexyl)pyrene (1.3b):

To astirred solution of 1-bromopyrene 1.2 (5g, 17.79 mmol) in anhydrous THF under
nitrogen gas, n-BuLi (13.33 mL, 21.34 mmol) was sowly added at 0 °C followed by
the addition of 1,6-dibromo hexane (27.35 mL, 177.9 mmol). The reaction mixture
was then refluxed for 2 hours. The resulting mixture was washed with water, and was
dried over Na;SO,4. The crude product was purified by column chromatography
(hexane) to give compound 1.3b as a white solid (1.35 g, 21% yield). Mp: 76-78 °C.
TLC (hexane): R = 0.30. IR (KBr): 3057, 2926, 2882, 2860, 1463, 1435, 1276, 1194,
843, 761, 706 cm™. *H NMR (CDCl3, 400 MHz) 6: 1.53 (4H, m), 1.89 (4H, m), 3.3
(2H, 1), 3.43 (2H, t), 7.87 (1H, d), 8.0 (2H, t), 8.04 (1H, d), 8.12 (3H, m), 8.17 (1H, d),
8.18 (1H, d), 8.29 (1H, d). *C NMR (CDCl3, 100 MHz) ¢: 136.9, 131.4, 130.9,
129.7, 128.5, 127.5, 127.2, 127.1, 126.5, 125.8, 125.0, 124.8, 124.7, 124.6, 123.4,
34.0, 33.4,32.7, 31.6, 28.8, 28.1. MS (El, 70ev): m/z [M]" calcd for CxH,1Br: 365.3,
found 366.1 [M+1]". Anal. Calcd for CxHxBr: C, 72.33; H, 5.79; Br, 21.87; found:
C, 72.37; H,5.75; N, 23.12.

1-(4-azidobutyl)pyrene (1.4a):
Compound 1.3a (0.42 g, 1.25 mmol) and sodium azide (0.24 g, 3.75 mmol) were
dissolved in dry DMF (5 mL) and were stirred at room temperature for 12 h. DMF
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was removed under reduced pressure, and the crude residue was then purified by
column chromatography on silica gel with hexane as eluent to yield compound 1.4a as
awhite solid (0.32 g, 90%). Mp: 86-88 °C. TLC (hexane): R; = 0.23. IR (KBr): 3046,
2969, 2931, 2854, 2082, 1594, 1468, 1304, 1282, 1249, 1183, 893, 849, 761 cm™. *H
NMR (CDCl3, 400 MHz) §: 1.77 (2 H, m), 1.95 (2H, m), 3.33 (2H, t), 3.37 (2H, 1),
7.85 (1H, d), 7.99 (2H, t), 8.03 (1H, d), 8.11 (2H, d), 8.15 (1H, d), 8.17 (1H, d), 8.25
(1H, d). ®*C NMR (CDCl3, 100 MHz) §: 28.80, 28.89, 32.9, 31.3, 123.2, 124.7, 124.8,
124.9, 125.0, 125.1, 125.8, 126.6, 127.1, 127.3, 127.5, 128.5, 129.9, 130.8, 131.4,
136.0. MS (El, 70ev): m/z [M]" calcd for CxH17N3: 299.0, found 300.0 [M+1]".
Anal. Calcd for CxoH17N3: C, 71.04; H, 4.08; N, 24.88; found: C, 71.03; H, 4.09; N,
24.90.

1-(6-azidohexyl)pyrene (1.4b):

Compound 1.3b (0.7 g, 1.91 mmol) and sodium azide (0.49 g, 7.67 mmol) were
dissolved in dry DMF (5 mL) and were stirred at room temperature for 12 h. DMF
was removed under reduced pressure, and the crude residue was then purified by
column chromatography on silica gel with hexane as eluent to yield compound 1.4b
as a white solid (0.56 g, 91%). Mp: 88-90 °C. TLC (hexane): R; = 0.30; IR (KBr):
3046, 2931, 2859, 2087, 1599, 1478, 1287, 1254, 1182, 892, 843, 749, 711 cm™. 'H
NMR (CDCl3, 400 MH2z) ¢: 1.49 (4H, m), 1.62 (2H, m), 1.88 (2H, m), 3.26 (2H, 1),
3.3 (2H, t), 7.86 (1H, d), 7.99 (2H, t), 8.02 (1H, d), 8.10 (2H, m), 8.15 (1H,d), 8.17
(1H, d), 8.27 (1H, d). **C NMR (CDCls, 100 MHz) &: 136.7, 131.2, 130.7, 129.5,
128.4, 127.3, 127.0, 126.3, 125.6, 124.93, 124.90, 124.6, 124.5, 123.2, 51.2, 33.2,
315, 29.0, 28.6, 26.4. MS (El, 70ev): m/z [M]" calcd for CooH21N3: 327.17, found
328.1 [M+1]". Anal. Calcd for CxH2:N3: C, 80.70; H, 6.46; N, 12.83; found: C,
80.73; H, 6.45; N, 12.85.
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6-(pyren-1-yl)hexan-1-amine (1.5b):

To asolution of 1-(6-azido hexyl) pyrene 1.4b (0.5 g, 1.52 mmol) in ethyl acetate (15
mL), 10% palladium on charcoal (50 mg, 10 wt %) was added and vigorously stirred
under H, at 1atm for 12 h or until reaction completion as determined by TLC. After
filtration over celite the filtrate was evaporated and the crude residue was then
purified by column chromatography using 5% MeOH in DCM vyielding of 1.5b as a
yellowish solid (0.31 g, 65% yield). Mp: 118-120 °C. TLC (5% MeOH in DCM): R;
= 0.25. IR (KBr) 3035, 2920, 2854, 1468, 1183, 838, 745, 712 cm™. 'H NMR
(CDCl3, 400 MHz) ¢: 1.42 (4H, m), 1.50 (2H, m), 1.87 (2H, m), 2.68 (2H, t), 3.34
(2H, 1), 7.86 (1H, d), 8.0 (3H, m), 8.12 (4H, m), 8.27 (1H, d). *C NMR (DM SO-ds,
100 MH2z) ¢: 26.7, 29.3, 31.9, 33.03, 33.08, 41.7, 123.8, 124.63, 124.67, 125.1, 125.2,
126.4, 126.8, 127.5, 127.7, 127.8, 128.4, 129.5, 130.8, 131.3, 137.4. MS (El, 70ev):
m/z [M]* calcd for CoHasN: 301.4, found 302.1 [M]*. Anal. Calcd for CxHxsN: C,
87.66; H, 7.69; N, 4.65; found: C, 87.53; H, 7.62; N, 4.71.

4.14.12. Synthesis of 3-Substituted Uridine Analogue:

2,3 -O-isopropylideneuridine (2.2): '

To asuspension of uridine 2.1 (0.5 g, 2.04 mmol) in acetone para-toluenesulfonic acid
monohydrate (0.015 g, 0.08 mmol) was added and cooled to 0°C then 2,2-
dimethoxypropane (2 mL, 16.44 mmol) and leave it for 4 h at room temperature. The
solvent was evaporated under reduced pressure and the residue was diluted with water
and extracted with DCM, evaporated and the crude residue was then purified by
column chromatography using 70% ethyl acetate in hexane as eluent to yield 2.2 as a
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white solid (0.52 g, 90%). Spectroscopic data matches with the one from reported
procedure. *H NMR (DMSO-dg, 400 MHz) &: 1.26 (3H, s), 1.46 (3H, s), 3.54 (2H,
m), 4.03 (1H, m), 4.72 (1H, m), 4.86 (1H, m), 5.08 (1H, t), 5.61 (1H, d), 5.80 (1H, d),
7.77 (1H, d), 11.37 (1H, brs).

1-((3aR,4R,6R,6aR)-6-(hydr oxymethyl)-2,2-dimethyltetr ahydr ofur o[ 3,4-
d][1,3]dioxol-4-yl)-3-(6-(pyren-1-yl)hexyl)pyrimidine-2,4(1H,3H)-dione (2.3):
Anhydrous K,CO3 (0.246 g, 1.8 mmol) was added to a stirred solution of compound
2.2 (0.177 g, 0.60 mmol) in dry DMF (3 mL) under nitrogen at room temperature.
After 30 min, a solution of compound 1.3b (0.219 g, 0.60 mmol) in DMF (1 mL) was
added, and the reaction mixture was stirred further 2h at room temperature. DMF was
removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with hexane/ethylacetate (1:1) as eluent to yield
2.3 asawhite solid (0.315 g, 92%). Mp: 110-114 °C. TLC (50%EtOAc in hexane): Ry
= 0.25. *H NMR (DM SO-ds, 400 MHz) 6: 1.21 (2H, m), 1.25 (3H, s), 1.36 (2H, m),
1.46 (3H, s), 1.52 (2H, m), 1.77 (2H, m), 3.28 (2H, t), 3.55 (2H, m), 3.76 (2H, t), 4.09
(1H, m), 4.74 (1H, m), 4.87 (1H, m), 5.08 (1H, bs), 5.73 (1H, d), 5.8 (1H, d), 7.81
(1H, d), 7.93 (1H, d), 8.04 (1H, t), 8.10 (2H, m), 8.20 (2H, m), 8.25 (2H, m), 8.33
(1H, d). *°C NMR (DMSO-ds, 100 MHz) &: 162.3, 150.9, 140.5, 137.0, 131.3, 130.8,
129.6, 128.5, 127.4, 127.1, 127.0, 126.3, 125.6, 125.0, 124.7, 124.6, 124.5, 123.4,
114.2, 102.1, 97.2, 86.8, 83.6, 80.2, 62.7, 41.1, 33.4, 31.7, 29.6, 29.4, 27.4, 27.2, 26.8,
25.2. MS (El, 70ev): m/z [M]" caled for Cs4H3sN20g: 568.6, found 569.2 [M+1]".
Anal. Calcd for Ca4H3sN206: C, 71.8; H, 6.38; N, 4.93; O, 16.88, found: C, 71.93; H,
6.48; N, 4.86.
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1-((2R,3R,4S,5R)-3,4-dihydr oxy-5-(hydr oxymethyl)tetr ahydr ofur an-2-yl)-3-(6-
(pyren-1-yDhexyl)pyrimidine-2,4(1H,3H)-dione (2.4):

To asolution of compound 2.3 (0.15 g, 0.264 mmol) in methanol (5 mL), PTSA (0.15
g, 0.792 mmol) was added. The solution was stirred at room temperature for 12 h.
After the completion of the reaction, MeOH was evaporated, and then the residue was
placed in EtOAc (200 mL), washed with satd. NaHCO3; and brine, dried with
anhydrous Na, SO, and concentrated. The crude residue was then purified by column
chromatography using 5-10% MeOH in DCM yielding white solid 2.4 (0.118 g, 85%
yield). Mp: 160-163 °C. TLC (10% MeOH in DCM): Ry = 0.32. *H NMR (DM SO-ds,
400 MHz) §: 1.35 (2H, m), 1.47 (4H, m), 1.76 (2H, m), 3.30 (2H, t), 3.53 (1H, m),
3.60 (1H, m), 3.77 (2H, 1), 3.83 (1H, m), 3.94 (1H, m), 4.01 (1H, m), 5.08 (2H, m),
5.36 (1H, d), 5.73 (1H, d), 5.79 (1H, d), 7.91 (2H, dd), 8.03 (1H, t), 8.10 (2H, m),
8.19 (2H, m), 8.24 (2H, m), 8.32 (1H, d). *C NMR (DM SO-dg, 100 MHz) ¢: 162.3,
151.1, 139.5, 137.4, 131.3, 130.8, 129.5, 128.4, 127.8, 127.7, 127.5, 126.8, 126.5,
125.3, 125.2, 125.1, 124.64, 124.60, 123.8, 101.3, 89.2, 85.2, 74.1, 70.1, 61.1, 32.9,
317, 29.1, 27.4, 26.6. MS (EIl, 70ev): m/z [M]" calcd for C3H32N,Og: 528.6, found
528.7 [M+1]". Anal. Caled for Cs;H32N2Qs: C, 72.27; H, 6.06; N, 5.62; O, 16.05,
found: C, 70.32; H, 6.05; N, 5.38.

4.14.13. Synthesis of 3-Substituted Thymidine Analogue:

1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((ter t-butyldimethylsilyl)oxy)
methyl)tetr ahydr ofur an-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione (3.2):'
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To asolution of Thymidine 3.1 (0.2 g, 0.82 mmol) in dry DMF, imadazole (0.166 g,
2.46 mmol) was added and cooled to 0 °C, then add TBDMS-CI (0.372 g, 2.46 mmol)
portion wise and leave at room temperature for 3h. The reaction mixture was diluted
with water and extracted with EtOAc (20 mL), dried with anhydrous sodium sul phate
and concentrated. The crude residue was then purified by column chromatography
using 10% EtOAc in hexane to give white solid 3.2 (0.35 g, 0.74 mmol, 91% yield).
Spectroscopic data matches one from reported procedure. *H NMR (DM SO-dg, 400
MHz) ¢: 11.3 (1H, s), 7.4 (1H, s), 6.13 (1H, t), 4.34 (1H, m), 3.72 (3H, m), 2.17 (1H,
m), 2.05 (1H, m), 1.75 (3H, s), 0.86 (9H, s), 0.85 (9H, ), 0.06 (6H, ), 0.05 (6H, 9).

1-((2R,4S,5R)-4-((tert-butyldimethylsilyl)oxy)-5-(((ter t-butyldimethylsilyl)oxy)
methyl)tetrahydr ofur an-2-yl)-5-methyl-3-(4-(pyr en-1-yl)butyl)pyrimidine-
2,4(1H,3H)-dione (3.3):

Anhydrous K,CO3 (0.088 g, 0.63 mmol) was added to a stirred solution of compound
3.2(0.1 g, 0.21 mmol) in dry DMF (3 mL) under nitrogen at room temperature. After
30 min, a solution of compound 1.3a (0.071 g, 0.21 mmol) in DMF (1 mL) was
added, and the reaction mixture was stirred further 2h at room temperature. DMF was
removed under reduced pressure, and the crude residue was then purified using
column chromatography on silica gel with 10% EtOAc in hexane as eluent to yield
3.3 as awhite solid (0.14 g, 92%). Mp 153-156 °C: TLC 10% EtOAc in hexane: Ry =
0.31. *H NMR (DMSO-ds, 400 MHz) §: 8.36 (1H, d), 8.27 (2H, d), 8.21 (2H, dd),
8.13 (2H, m), 8.06 (1H, t), 7.96 (1H, d), 7.46 (1H, s), 6.19 (1H, t), 4.35 (1H, m), 3.89
(2H, 1), 3.74 (3H, m), 3.36 (2H, ), 2.15 (2H, m), 1.81 (3H, s), 1.73 (4H, m), 0.87 (9H,
s), 0.86 (9H, s), 0.07 (6H, ), 0.05 (6H, 5); *C NMR (CDCl3, 100 MHz) §: 163.4,
150.8, 136.6, 133.3, 131.3, 130.9, 129.7, 1285, 127.4, 127.2, 127.1, 126.4, 125.6,
125.0, 124.7, 124.6, 124.5, 123.4, 110.0, 87.7, 85.4, 72.2, 62.9, 41.3, 41.1, 33.1, 29.1,
27.7,25.9, 25.7, 18.3, 17.9, 13.2, -4.6, -4.8, -5.3, -5.4. MS (El, 70ev): m/z [M]" calcd
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for C42HsgN2OsSio: 726.3, found 727.3 [M+1]". Anal. Calcd for C4HsgN2OsSi: C,
69.38; H, 8.04; N, 3.85; O, 11.0, found: C, 69.45; H, 8.12; N, 3.81.

1-((2R,4S,5R)-4-hydr oxy-5-(hydr oxymethyl)tetr ahydr ofur an-2-yl)-5-methyl-3-(4-
(pyren-1-yh)butyl)pyrimidine-2,4(1H,3H)-dione (3.4):

To a solution of compound 3.3 (0.14 g, 0.192 mmol) in methanol (5 mL), camphor
sulphonic acid (0.044 g, 0.192 m mol) was added. The solution was maintained at
room temperature for 12 h. After the completion of the reaction, MeOH was
evaporated, and then the residue was placed in EtOAc (200 mL), washed with satd.
ag.NaHCOg3 and brine, dried with anhydrous Na,SO, and concentrated. The crude
residue was then purified by column chromatography using 5-10% MeOH in DCM
yielding of white yellowish solid 3.4 (0.087 g, 91%). Mp: 165-167 °C. TLC (10%
MeOH in DCM): R; = 0.34. '"H NMR (DMSO-dg, 400 MHz) &: 8.34 (1H, d), 8.24
(2H, m), 8.18 (2H, m), 8.10 (2H, m), 8.03 (1H, t), 7.94 (1H, d), 7.72 (1H, s), 6.19
(1H, t), 5.2 (1H, d), 5.0 (1H, t), 4.18 (1H, m), 3.87 (2H, t), 3.75 (1H, m), 3.55 (2H,
m), 3.3 (2H, t), 2.06 (2H, m), 1.78 (3H, s), 1.70 (4H, m). *C NMR (DM SO-dg, 100
MHz) ¢: 163.0, 150.8, 137.1, 135.1, 131.2, 130.8, 129.6, 128.4, 127.9, 127.8, 127.5,
126.8, 126.4, 125.3, 125.2, 125.1, 124.6, 124.5, 123.8, 108.8, 87.7, 85.1, 70.6, 61.6,
32.6, 29.2, 27.5, 13.3. MS (EIl, 70ev): m/z [M]" calcd for C3H3oN2Os: 498.5, found
499.1 [M]". Anal. Calcd for C3H3zN20s: C, 72.27; H, 6.06; N, 5.62; O, 16.05,
found: C, 72.15; H, 6.12; N, 5.71.
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4.14.14. Synthesis of 5-Substituted Cytidine Analogues:

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-2-oxopyr imidin-1(2H)-yl)
tetrahydrofuran-3,4-diyl diacetate (4.2):*®

To astirred solution of cytidine (10 g, 41.1 mmol) in acetic acid (70 mL) was added
acetyl chloride (17.6 mL, 246.7 mmol) dropwise a O °C, then leave to room
temperature for 12 h. After 12 h, the solution was evaporated under reduced pressure
and the crude residue was purified by column chromatography using 3% MeOH in
DCM vyielding of compound 4.2 as a white solid (12.99, 78%). Spectroscopic data
matches one from reported procedure. *H NMR (DM SO-ds, 400 MHz) §: 10.19 (1H,
brs), 9.01 (1H, s), 8.04 (1H, d), 6.3 (1H, d), 5.92 (1H, d), 5.5 (1H, dd), 5.34 (1H, m),
4.29 (3H, m), 2.07 (9H, 9).

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-5-iodo-2-oxopyrimidin-1(2H)-
yl)tetrahydrofuran-3,4-diyl diacetate (4.3):*®

To asolution of compound 4.2 (13.0 g, 35.2 mmol) in aceticacid-CCl 4-H,O (100 mL,
1:1:0.5), iodine (5.32 g, 21.2 mmol) and iodic acid (5.32 g, 30.2 mmol) were added
and stirred at 40 °C for 4h. Solvents were removed under reduced pressure, the crude
residue was dissolved in DCM and washed with ag. sodium thiosulfate. DCM was
evaporated and the crude residue was then purified by column chromatography using
3-5% MeOH in DCM vyielding of compound 4.3 as a yellowish solid (13.9 g, 80%).
Spectroscopic data matches one from reported procedure. *H NMR (CDCls, 400
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MHz) 6: 8.39 (1H, brs), 7.87 (1H, ), 6.07 (1H, d), 5.68 (1H, brs), 5.36 (2H, m), 4.36
(3H, m), 2.23 (3H, 9), 2.11 (3H, ), 2.09 (3H, 9).

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-2-oxo-5-((trimethylsilyl)ethynyl)
pyrimidin-1(2H)-yl)tetr ahydr ofuran-3,4-diyl diacetate (4.4):*®

To a solution of compound 4.3 (0.5 g, 1.01 mmol) in dry DCM-Et3N (15 mL, 1:1),
Cul (0.0038 g, 0.02 mmol), PdCI,(PPh3), (0.021 g, 0.03 mmol) and TMS-acetylene
(0.28 mL, 2.20 mmol) were added under nitrogen atmosphere. The reaction mixture
stirred at room temperature for 24 h, solvents were removed under reduced presuure
and the crude residue was dissolved in DCM and passed through celite plug. DCM
was evaporated and crude residue was purified by column chromatography using 5%
MeOH in DCM vyielding of compound 4.4 as a yellow solid (0.32 g, 70%).
Spectroscopic data matches one from reported procedure. *H NMR (CDCls, 400
MHz) J: 9.6 (1H, brs), 7.92 (1H, s), 7.20 (1H, brs), 6.12 (1H, d), 5.32 (2H, m), 4.4
(3H, m), 2.20 (3H, s), 2.11 (3H, s), 2.10 (3H, 5), 0.26 (9H, 9).

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-5-ethynyl-2-oxopyrimidin-1(2H)-
yl)tetrahydrofuran-3,4-diyl diacetate (4.5):*®

To a solution of compound 4.4 (2.0 g, 4.30 mmol) in dry THF (25 mL), 1M TBAF
(8.61 mL, 8.60 mmol) was added dropwise and stirred at room temperature for 4 h.

THF removed under reduced pressure and the crude yellow oil was purified by
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column chromatography using 5% MeOH in DCM vyielding of compound 4.5 as a
white solid (1.33 g, 95%). Spectroscopic data matches one from reported procedure.
'H NMR (CDCl3, 400 MHz) §: 8.6 (1H, brs), 7.94 (1H, s), 6.04 (1H, brs), 6.03 (1H,
d), 5.38 (1H, m), 5.29 (1H, m), 4.38 (3H, m), 3.38 (1H, s), 2.17 (3H, s), 2.10 (3H, 9),
2.06 (3H, 9).

(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-2-oxo-5-(1-(4-(pyr en-1-yl)butyl)-
1H-1,2,3-triazol-4-yl)pyrimidin-1(2H)-yl)tetrahydr ofur an-3,4-diyl diacetate
(4.6a):

To astirred solution of compound 4.5a (0.432 g, 1.1 mmol) in dry DMF, 1-(4-azido
butyl) pyrene 1.4a (0.36 g, 1.1 mmol), CuSO,4.5H,0 (0.038g, 0.154 mmol) and
sodium ascorbate (0.060 g, 0.308 mmol). Stirring was continued for 8h at 80 °C.
Solvent was then removed and the crude product was purified by flash column
chromatography with DCM/MeOH (2-8%) as an eluent to give compound 4.6a as a
yellowish solid (0.54 g, 72%). Mp: 110-115 °C. TLC (10% MeOH in DCM): R¢ =
0.43. IR (KBr): 3347, 3128, 3035, 2936, 2865, 1747, 1670, 1511, 1369, 1232, 1095,
1045, 843, 782 cm™. 'H NMR (CDCl3, 400 MHz) 6: 1.87 (4H, m), 2.03 (3H, s), 2.08
(6H, s), 3.37 (2H, 1), 4.20 (1H, d), 4.32 (1H, m), 4.39 (2H, 1), 4.47 (1H, m), 5.23 (1H,
m), 5.34 (1H, m), 6.18 (1H, s), 6.86 (1H, brs), 7.86 (1H, d), 7.91 (1H, brs), 7.99 (4H,
m), 8.07 (2H, d), 8.15 (3H, m), 8.26 (1H, brs). *C NMR (CDCl3, 100 MHZ) 6: 171.1,
170.6, 169.8, 162.6, 154.1, 142.1, 138.1, 135.4, 131.2, 130.7, 129.8, 128.4, 127.3,
127.1, 126.7, 125.8, 124.9, 124.78, 124.74, 123.0, 119.5, 98.6, 79.7, 73.5, 70.0, 63.0,
60.3, 50.4, 32.6, 29.8, 28.2, 21.0, 20.7, 14.1. MS (EIl, 70ev): m/z [M]* calcd for
Ca7H3sN6Og: 692.7, found 693.0 [M]*. Anal. Calcd for Cs;H3asNgOs: C, 64.15; H,
5.24; N, 12.13; found: C, 64.13; H, 5.29; N, 12.15.
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(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(4-amino-2-oxo-5-(1-(6-(pyr en-1-yl)hexyl)-
1H-1,2,3-triazol-4-yl)pyrimidin-1(2H)-yl)tetrahydr ofur an-3,4-diyl diacetate
(4.6b):

To a stirred solution of compound 4.5 (0.432 g, 1.1 mmol) in dry DMF, 1-(6-azido
hexyl) pyrene 1.4b (0.36 g, 1.1 mmol), CuSO4.5H,0 (0.038g, 0.154 mmol) and
sodium ascorbate (0.060 g, 0.308 mmol). Stirring was continued for 8h at 80 °C.
Solvent was then removed and the crude product was purified by flash column
chromatography with DCM: MeOH (9:1), to yield compound 4.6b as a yellow solid
(0.625 g, 79%). Mp: 142-145 °C. TLC (10% MeOH in DCM): Rs = 0.47. IR (KBr):
3320, 2931, 2860, 1747, 1665, 1501, 1369, 1232, 1090, 1052, 843, 778, 712 cm'*. *H
NMR (CDCl3, 400 MHZ) 6: 1.44 (2H, m), 1.54 (2H, m), 1.87 (2H, m), 1.96 (2H, m),
1.99 (3H, s), 2.09 (3H, s), 2.11(3H, 9), 3.3 (2H, 1), 4.23 (1H, d), 4.34 (1H, m), 4.39
(2H, t), 4.55 (1H, m), 5.23 (1H, m), 5.27 (1H, m), 6.24 (1H, m), 6.44 (1H, brs), 7.82
(1H, d), 7.85 (1H, s), 7.99 (4H, m), 8.09 (1H, d), 8.10 (1H, m), 8.16 (2H, d), 8.24 (1H,
d), 8.62 (1H, brs). *C NMR (CDCls, 100 MHz) §: 170.7, 169.6, 162.6, 155.3, 142.1,
136.6, 131.3, 130.7, 129.6, 128.4, 127.4, 127.14, 127.13, 126.5, 125.7, 124.9, 124.89,
124.81, 124.69, 124.62, 123.36, 98.4, 79.7, 73.6, 70.0, 63.0, 50.5, 33.2, 31.4, 30.2,
28.9, 26.3, 20.8, 20.5. MS (EI, 70ev): m/z [M]" calcd for CsgH4oNgOsg: 720.7, found
721.1[M]*.

4-amino-1-((2R,3R,4S,5R)-3,4-dihydr oxy-5-(hydr oxymethyl)tetr ahydr ofur an-2-
yl)-5-(1-(4-(pyren-1-yl)butyl)-1H-1,2,3-triazol-4-yl)pyrimidin-2(1H)-one (4.7a):

160



Novel Fluorescent 3, 5 and 5 -Substituted Nucleosides Derivatives with Selective Antibacterial Activity

To adlurry of K,CO3 in MeOH (0.21 g, 1.55 mmol) in 10 mL was added compound
4.6a (0.18 g, 0.258 mmol) and the mixture was stirred for 2h. After filtration over
celite the filtrate was evaporated and the crude residue was then purified by column
chromatography using 20% MeOH in DCM to give compound 4.7a as a yellowish
solid (0.079 g, 52%). Mp: 178-181 °C. TLC (20% MeOH in DCM/MeOH): Ry = 0.27.
IR (KBr): 3424, 2926, 2860, 1649, 1567, 1419, 1106, 854 cm™. *H NMR (DM SO-ds,
400 MHz) 6: 1.77 (2H, m), 2.03 (2H, m), 3.29 (2H, t), 3.65 (1H, dd), 3.81 (1H, dd),
4.01 (2H, m), 4.49 (2H, t), 5.77 (1H, m), 7.8 (1H, brs), 7.94 (1H, d), 7.97 (1H, brs),
8.04 (1H, t), 8.12 (2H, m), 8.24 (5H, m), 8.34 (1H, d), 8.66 (1H, s). *C NMR
(DMSO-dg, 100 MHz) ¢: 28.6, 30.0, 32.3, 50.0, 59.9, 60.2, 68.6, 74.8, 84.0, 90.2,
96.8, 120.7, 123.8, 124.5, 124.6, 125.2, 125.3, 126.5, 126.9, 127.6, 127.8, 128.4,
129.7, 130.7, 131.2, 136.8, 140.4, 142.6, 154.3, 162.7. MS (El, 70ev): m/z [M]" calcd
for Ca1H3oNgOs: 566.0, found 567.0 [M+1]". Anal. Calcd for Ca;H3oNgOs: C, 65.71;
H, 5.34; N, 14.83, O, 14.12; found: C, 65.59; H, 5.42; N, 14.72.

4-amino-1-((2R,3R,4S,5R)-3,4-dihydr oxy-5-(hydr oxymethyl)tetr ahydr ofur an-2-
yl)-5-(1-(6-(pyr en-1-yl)hexyl)-1H-1,2,3-triazol-4-yl)pyrimidin-2(1H)-one (4.7b):
To adurry of KoCO3 in MeOH (0.18 g, 0.258 mmol) in 15 mL was added compound
4.6b and the mixture was stirred for 2h. After filtration over celite the filtrate was
evaporated and the crude residue was then purified by column chromatography using
(DCM: MeOH, 8:2) as eluent to yield compound 4.7b as a pale yellow solid (0.22 g,
60%). Mp: 120-122 °C. TLC (20% MeOH in DCM): R¢ = 0.28. IR (KBr) 3358, 2920,
2843, 1654, 1600, 1512, 1112, 1057, 843, 789 cm™. *H NMR (DM SO-dg, 400 MHZ)
0: 1.33 (2H, m), 1.45 (2H, m), 1.82 (2H, m), 1.84 (2H, m), 3.29 (2H, t), 3.60 (1H, d),
3.78 (1H, d), 3.87 (1H, m), 3.98 (2H, m), 4.37 (2H, t), 5.01 (1H, m), 5.46 (2H, m),
5.76 (1H, m), 7.79 (1H,brs), 7.90 (1H, d), 7.97 (1H, brs), 8.03 (1H, t), 8.10 (2H, m),
8.24 (5H, m), 8.31 (1H, d), 8.62 (1H, s). **C NMR (DMSO-dg, 100 MHZ) 6: 164.1,
155.8, 144.0, 141.7, 138.7, 132.7, 132.2, 131.0, 129.8, 129.2, 129.0, 128.2, 127.9,
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126.7, 126.5, 126.0, 125.9, 125.2, 122.1, 96.7, 91.7, 85.5, 76.2, 70.1, 61.4, 51.6, 34.3,
33.1, 31.4, 30.2, 27.5. MS (EIl, 70ev): m/z [M]" calcd for Cs3sH34NgOs: 594.6, found
565.1 [M]*. Anal. Caled for CssHasNgOs: C, 66.75; H, 5.76; N, 14.13, O, 13.45;
found: C, 66.48; H, 5.71; N, 14.25.

4.14.15. Synthesis of 5-Substituted Adenosine Analogue:

((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetr ahydr ofur o[ 3,4-
d][1,3]dioxol-4-yl)methanol (5.2):%°

To asolution of compound 5.1 (0.5 g, 1.87 mmoal) in acetone (60 mL) was added 70%
perchloric acid (0.21 mL, 2.50 mmol). After completion of reaction, the reaction
mixture was cooled to 0 °C and neutralized with ag. ammonium hydroxide. The solid
was filtered out and dried under reduced pressure to give 5.2 as a white solid.
Spectroscopic data matches one from reported procedure. *H NMR (DM SO-dg, 400
MHz) d: 8.35 (1H, s), 8.17 (1H, s), 7.36 (2H, 9), 6.13 (1H, d), 5.35 (1H, dd), 4.97 (1H,
dd), 4.22 (1H, d), 3.56 (2H, m), 1.56 (3H, s), 1.34 (3H, ).

(3aS,4S,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetr ahydr ofur o[ 3,4-
d][1,3]dioxole-4-carboxylic acid (5.3):%°

BAIB (1.150 g, 3.58 mmol), TEMPO (50 mg, 0.324 mmol), and a 2,3-
isopropylidene-protected nucleoside 5.2 (0.5 g, 1.62 mmol) were combined in a
reaction vessel, and to this mixture was added 2 mL of a 1:1 acetonitrile-water

solution. The reaction mixtures were stirred for 4 h. The resulting precipitate was
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filtered, triturated sequentialy with diethyl ether and acetone, and dried in vacuo to
yield compound 5.3 as awhite solid. Yield: 90%. Mp: 246-249 °C. Spectroscopic data
matches the one from reported procedure. *H NMR (DMSO-dg, 400 MHz) &: 1.53
(3H, 9), 1.63 (3H, 9), 4.67 (1H, d), 5.48 (1H, d), 5.52 (1H, dd), 6.32 (1H, s), 7.15 (2H,
brs), 8.10 (1H, s), 8.23 (1H, 9).

(3aS,4S,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyl-N-(6-(pyr en-1-
yhhexyl)tetr ahydr ofur o[ 3,4-d][ 1,3]dioxole-4-car boxamide (5.4):

Compounds 5.3 (0.24 g, 0.747 mmol) and compound 1.5b (0.22 g, 0.747 mmol) were
dissolved in dry DMF (3 mL) and cooled to 0 °C, followed by addition of EDCI and
stirred at room temperature for 4h. The reaction mixture was diluted with water and
extracted with DCM, solvent was evaporated and the crude residue was purified by
column chromatography using 5% MeOH in DCM vyielding of compound 5.4 as a
yellowish solid (0.35 g, 77%). Mp: 123-126 °C. *H NMR (DM SO-ds, 400 MHz) ¢:
1.19 (4H, m), 1.37 (3H, s), 1.61 (3H, s), 1.78 (4H, m), 3.01 (1H, m), 3.06 (1H, m),
3.29 (2H, 1), 4.69 (1H, d), 5.37 (2H, m), 5.50 (2H, bs), 6.02 (1H, d), 6.89 (1H, t), 7.83
(2H, m), 7.9 (1H, m), 8.01 (2H, d), 8.08 (1H, d), 8.11 (1H, s), 8.16 (2H, m), 8.24 (1H,
d), 8.28 (1H, 5). ®C NMR (DMSO-ds, 100 MHz) §: 25.4, 27.1, 28.9, 29.1, 31.9, 33.0,
36.2, 38.7, 83.53, 83.56, 86.2, 89.9, 113.3, 119.36, 123.93, 124.58, 124.63, 125.16,
125.31, 125.35, 126.5, 126.8, 127.6, 127.9, 128.4, 129.5, 130.8, 131.3, 137.5, 140.6,
149.2, 152.9, 156.5, 168.7. MS (EIl, 70ev): m/z [M]" calcd for CssHzsNgO4: 604.7,
found 605.1 [M]". Anal. Calcd for CasH3sNgO4: C, 69.52; H, 6.0; N, 13.90; O, 10.58,
found: C, 69.53; H, 6.05; N, 13.92.
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(2S,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydr oxy-N-(6-(pyr en-1-
yl)hexyDtetrahydr ofuran-2-car boxamide (5.5):

To a solution of compound 5.4 (0.35 g, 0.579 mmol) in methanol (8 mL) PTSA (0.22
0, 1.15 mmol) added. The solution was stirred for 12 h at RT. After the completion of
the reaction, MeOH was evaporated, and the residue was placed in EtOAc (200 mL),
washed with satd. agNaHCO3; and brine, dried with anhydrous Na,SO, and
concentrated. The crude residue was then purified by column chromatography using
20% MeOH in DCM yielding compound 5.5 as a creamy solid (0.28 g, 85% yield).
Mp: 180-183 °C. TLC (20% MeOH in DCM): R = 0.25. *"H NMR (DM SO-dg, 400
MH2z) ¢: 9.04 (1H, t), 8.36 (1H, ), 8.27 (1H, d), 8.23 (2H, d), 8.20 (1H, s), 8.16 (2H,
m), 8.09 (2H, m), 8.02 (1H, m), 7.88 (1H, d), 7.47 (1H, bs), 5.94 (1H, d), 5.77 (1H,
d), 5.56 (1H, d), 4.60 (1H, m), 4.30 (1H, d), 4.11(1H, m), 3.25 (2H, t), 3.20 (2H, 1),
1.72 (2H, m), 1.40 (6H, m). *C NMR (DMSO-ds, 100 MHz) §: 168.7, 156.5, 149.2,
140.6, 137.5, 131.3, 130.8, 129.5, 128.4, 127.9, 127.6, 126.8, 126.5, 125.35, 125.31,
125.1, 124.6, 124.5, 123.9, 119.3, 113.3, 89.9, 86.2, 83.56, 83.53, 38.7, 36.2, 33.0,
31.9, 29.1, 28.9, 27.1, 25.4. MS (EIl, 70ev): m/z [M]" calcd for CaH3NgO4: 564.6,
found 565.2 [M]*. Anal. Calcd for C5H3NeO4: C, 68.07; H, 5.71; N, 14.88; O,
11.33, found: C, 68.21; H, 5.63; N, 14.78.

4.14.16. Synthesis of Fluorescent N9-Substituted Guanine Analogue:

2-(pyren-1-yl)thiophene (6.3):*
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To a solution of compound 6.2 (2.0 g, 7.1 mmol) in dry THF (50 mL) were added
bromo pyrene (3.2 g, 8.5 mmol) and PdCl,(PPhs), (0.099 g, 0.014 mmol) under
nitrogen atmosphere. After 3 h at reflux, the solvent was removed under reduced
pressure, and the residue was purified by column chromatography using hexane as
eluent to yield compound 6.3 as a yellowish solid (1.65 g, 82%). Spectroscopic data
matches with the one from reported procedure. *H NMR (CDCl3, 400 MHz) §: 8.49
(1H, d), 8.20 (3H, m), 8.09 (5H, m), 7.52 (1H, m), 7.38 (1H, m), 7.27 (1H, d).

2-bromo-5-(pyren-1-yl)thiophene (6.4):*

A solution of compound 6.3 (1.1 g, 3.85 mmol) in acetic acid (25 mL) and CH,Cl,
(25 mL) was cooled to 0 °C temperature, and then NBS (0.547 g, 3.08 mmol) was
added in small portions over 30 min. The solution was stirred at 0 °C for 2h. The
mixture was poured into water (100 mL) and the separated organic layer was dried
over anhydrous sodium sulphate, and the solvent was evaporated. The crude residue
was purified by column chromatography using hexane as an eluent to yield compound
6.4 as a yellowish solid (1.0 g, 72%). Spectroscopic data matches with the one from
reported procedure. '*H NMR (CDCl3, 400 MHz) §: 8.45 (1H, d), 8.19 (3H, m), 8.06
(5H, m), 7.21 (1H, d), 7.12 (1H, d).

2-ethynyl-5-(pyren-1-yl)thiophene (6.5):
Under nitrogen atmosphere, compound 6.4 (1.0 g, 2.75 mmol), TMS-Acetylene
(0.540 g, 5.5 mmal), PdCI,(PPh3), (0.058 g, 0.082 mmol), and Cul (0.032 mg, 0.165
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mmol) were dissolved in EtsN (30 mL). The flask was bubbled with nitrogen several
times and mixture was heated to 90 °C for 12 h. The reaction mixture was filtered
through celite and Et3N was evaporated. The crude residue was dissolved in methanol
(25 mL) add K,CO3 (0.87 g, 6.31 mmol) and stirred at room temperature for 2 h. The
mixture was poured into water (100 mL) and the separated organic layer was dried
over anhydrous sodium sulphate, and the solvent was evaporated. The crude residue
was purified by column chromatography using hexane to give yellow solid 6.5 (0.64
g, overall 75%). Mp: 115-116 °C. TLC (hexane): R; = 0.22. 'H NMR (CDCl3, 400
MHz) §: 8.43 (1H, d), 8.35 (3H, m), 8.25 (3H, m), 8.15 (2H, m), 7.58 (1H, d), 7.45
(1H, d), 4.74 (1H, s). *C NMR (CDCls, 100 MHzZ) §: 143.6, 134.3, 131.2, 130.6,
128.89, 128.82, 128.5, 128.46, 128.43, 128.0, 127.5, 127.0, 126.1, 125.7, 125.2,
124.4, 124.2, 124.0, 122.5, 86.5, 77.0. MS (El, 70ev): m/z [M]" calcd for CxH1,S:
308.4, found 308.6 [M]". Anal. Calcd for C»,H1,S: C, 85.68; H, 3.92; S, 10.40; found:
C, 85.73; H, 3.95.

A mixture of compound 6.5 (0.2 g, 0.64 mmol), compound 6.6 (0.245 g, 0.64 mmol)
and Cul (0.012 g, 0.064 mmol) in DMF (3 mL) was stirred at 80 °C for 12 h. The
reaction mixture was filtered through celite and filterate was washed with water and
extracted with DCM. After evaporation of DCM, the crude residue was purified by
column chromatography using 70% EtOAc in hexane as eluent to yield 6.7 as a
yellowish solid (0.22 g, 50%). Mp: 150-153 °C. TLC (EtOAc): R; =0.47. 'H NMR
(DM SO-ds, 400 MHZ) &: 8.60 (1H, s), 8.53 (1H, d), 8.34 (3H, m), 8.24 (3H, m), 8.13
(3H, m), 7.60 (1H, d), 7.48 (1H, d), 6.91 (2H, ), 4.41 (2H, t), 3.99 (2H, 1), 1.86 (2H,
m), 1.72 (2H, m), 1.18 (16H, m). **C NMR (CDCl3, 100 MHz) : 160.1, 154.4, 149.6,
143.6, 141.8, 140.6, 134.6, 131.3, 131.0, 130.7, 129.6, 129.3, 129.1, 128.7, 128.5,
128.38, 128.33, 127.7, 127.0, 126.1, 125.7, 125.4, 125.1, 124.6, 124.5, 124.2, 123.7,
121.2, 50.1, 43.3, 29.9, 29.2, 28.8, 28.7, 26.3, 26.2. MS (El, 70ev): m/z [M]" calcd for
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ngHggC'NgS: 687.3, found 687.2 [M]+ Anal. Cacd for ngHggC'NgSZ C, 68.15; H,
5.72; Cl, 5.16; N, 16.30; S, 4.67, found: C, 68.26; H, 5.78; N, 16.18.
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4.16. Appendix:
4.16.1. In Vitro Anti-Mycobacterial Stud
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4.16.2. In Vitro Cytotoxicity Assay of Human Monocytic Cell Lines:

Compound 2.4

1 -
as
as A
a7 4
a5
as 4
s A
a3 A
az A
Qi A
a 4

control  S37Sumimi A27Sgniml IFSugiml Fioamiml 150us’mi

Compound 4.7b

cartral

SITIu/ml A5TIggiml ITSugiml Tiugimi

nucleosides analogues

L1

150uzmi
Figure A2: Toxicity studies on human monocytic cell lines (THP 1) using various

Compound 3.4

contral  S37Susimi 12 73usiml 3T 3usiml Thugiml  A%0usimi

Compound 6.7

control  S373umiml 137Suziml S7Suzimil Flugimi

4.16.3. Toxicity Study on Various Bacterial Cell Lines:

Gram-positive bacteria

Gram-negative bacteria

Effect of MR4 on Bacill
400 1 licheniformis *# | Effect of MR4 on Escherichia coli
2300 a0 -
ET ,}"{_‘}_ } 200 1 i’%
o - &8
2000 4 -~ 3000 = I -'{
p— ,,»/ 2300 .g'% —+—Control
ri —+Control 200m e .
s PV TN | = MRA
om0 - .-_.‘"i- <m0 ./i"t
- Pheifag
1 z H 1 H | i
0300 2000
1000 - Incubation time in Hours 0 :  Ineubation timein Hours s 7
so . Lifect of MR 4 on Paenibacillus elgii **| Effect of MR4 on Serratia marcescens
F000
:ﬁ : __i-"i_é s0m /-'_i
3000 3/* =000 i_if
4000 - A j/f {
2000 4 a—E 2000 l__.’ i_ﬁ
2000 ,_’__0-"’*) ~+Coniral || e ¥ —+—Control
1000 l;;"" -&MR4 /I’/_:---r-d!_? -#-MR4
gy r T T T | =i
TE 1 1 z __.'11_4 E B 7 /‘#’-
L 3 1000
-z 11“» TJ
._'i QU0 1 T T T T T 1
e Incubation time in Hours a 1 Ircubation timein Hodrs 7
~2000 -

Figure A3: Toxicity studies on various bacterial cell lines using compound 2.4
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4.17. NMR Spectra of Synthesized Compounds:
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Figure A4: 'H NMR (CDCl3, 400 MHz) of compound 1.3a
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Figure A5: *C NMR (CDCl3, 100 MHZ) of compound 1.3a
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Figure A6: 'H NMR (CDCl3, 400 MHz) of compound 1.3b
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Figure A7: *C NMR (CDCl3, 100 MHz) of compound 1.3b
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Figure A8: *H NMR (CDCl3, 400 MHz) of compound 1.4a
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Figure A9: *C NMR (CDCl3, 100 MHZ) of compound 1.4a
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Figure A10: *H NMR (CDCl3, 400 MHz) of compound 1.4b
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Figure A1l: *C NMR (CDCls, 100 MHZ) of compound 1.4b
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Figure A12: *H NMR (CDCl3, 400 MHz) of compound 1.5b
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Figure A13: *C NMR (CDCl3, 100 MHz) of compound 1.5b
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Figure A15: *C NMR (CDCl3, 100 MHz) of compound 2.3
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Figure A16: *H NMR (DM SO-dg, 400 MHz) of compound 2.4
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Figure A17: *C NMR (DM SO-dg, 100 MHz) of compound 2.4
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Inj Date
Sample Name
A R Number

Acqg. Method

Analysis Method

Method Info

CPRI @ DRILS
HPLC ANALYSIS REPCORT

Fri, 21. Aug. 2015 Acq Operator: RADHA
ILS~-MR~-C36-R-hp-281 Vial 6
CMiSHOZ24 ~->Inj. Vol. H 1.000p

D:\chem32\1\DATA\210815-MC 2015-08-21 12-00-08\MC.M
D:\CHEM32_002\1\METHODS\MC .M

Column: Symmetry C-18 75%4.6mm 3.S5pm

Mobile phase: A) 0.1% TFA in water ,B) ACN
T/%B:0/20,0.5/20,2/95,10/95,10.5/20,12/20
Flow:1.0mL/min Diluent: MEOH:Water (80:20)

*DAD1 B, Sig=230,4 Ref=off (210815-MC 2015-08-21 12-00-08\210815-005.D - 210815-MC 2015-08-21 12-00
mAU 4 3
500 - g;
400 —
300+
200 —
100 -
i o
: g R 5 2
0 AL SN e
—— T S S S S et e S e
0 2.5 5 7.5 10 miry
Signal 1: DADL B, Sig=230,4 Ref=off
| Peak| RT | Area | Area % |
[ # |  [min] | i |
[==== === [ === | === |
| 1] 2.993] 2.572] 0.128]
| 2| 3.107] 2.743] 0.137!
| 3| 3.253| 3.414]| 0.1711
| 4| 3.914| 1955.791| 97.718]
| 5| 4.295] 2.846] 0.142]
| 6 4.750] 25.144) 1.256|
| 71 6.417| 2.477] 0.124]
| 81 7.082] 0

Analysed by :

. 6.487]| L3241
------------------------------------ 4]

Checked by :

Figure A18: HPLC data of compound 2.4
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Figure A19: *H NMR (DM SO-dg, 400 MHz) of compound 3.3
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Figure A20: *C NMR (CDCl3, 100 MHz) of compound 3.3
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Figure A21: "H NMR (DM SO-dg, 400 MHZz) of compound 3.4
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Figure A22: *C NMR (DM SO-dg, 100 MHZ) of compound 3.4
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Inj Date
Sample Na
A R Numbe

Acq. Method
Analysis Method :

Method In

me
r

fo

CPRI € DRILS
HPLC ANALYSIS REPORT

: Mon, 10. Aug. 2015 Acqg Operator: RADHA
ILS-MR-C36-hp-420 vial 29
CM15H011 ->Inj. Vol. : 1.000pL

D:\chem32\1\DATA\100815-MC 2015-08-10 16-53-53\MC.M
D:\CHEM32_ 002\1\METHODS\MC.M

Column: Symmetry C-18 75%4.6mm 3.5pm

Mobile phase: A) 0.1% TFA in water ,B) ACN
T/%B:0/20,0.5/20,2/95,10/95,10.5/20,12/20
Flow:1.0mL/min Diluent: ACN:Watex(80:20)

"DAD1 D, Sig=254,4 Ref=0ff (100815-MC 2015-08-10 16-53-531004.0 - 100815-MC 2015-08-10 16-53-531008
mAU ] 3
800 -] o
700 -
600
500
400
300
200
100

: 5 gs 3 8

1 o M @ 2

1 7 < <

0 ] T L) T T T
; ——————————————————————
0 2.5 5 7.5 10 min

Signal 1: DADl D, Sig=254,4 Ref=off

RT

Area | Area % |

1.519]

inalysed by :

Checked by

Figure A23: HPLC data of compound 3.4
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Figure A24: *H NMR (CDCl3, 400 MHz) of compound 4.6a
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Figure A26: 'H NMR (CDCl3, 400 MHz) of compound 4.6b
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Figure A27: *C NMR (CDCl3, 100 MHZ) of compound 4.6b
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Figure A28: "H NMR (DM SO-dg, 400 MHZz) of compound 4.7a
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Figure A29: *C NMR (DM SO-ds, 100 MHz) of compound 4.7a
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Inj Date

Sample Name

A R Numbe
Acqg. Meth

x
od

Analysis Methed :

Method In

fo

CPRI @ DRILS
HPLC ANALYSIS REPORT

Fri, 21. BAug. 2015 Acqg Operator: RADHA
ILS-MR-C36-hp-267 vial 7
CM15H0Z3 ->Inj. Vol. : 1.000pL

D:\chem32\I\DATA\210815-MC 2015-08-21 12-00-08\MC.M
D:\CHEM32_002\1\METHODS\MC.M

Column: Symmetry C-18 75*4.6mm 3.5pm

Mcbile phase: A) 0.1% TFA in water ,B) ACN
T/%B:0/20,0.5/20,2/95,10/95,10.5/20,12/20
Flow:1.0mL/min Diluent: MEOH:Water (80:20)

*DAD1 B, Sig=230.4 Ref=off (210815-MC 2015-08-21 12-00-08'210815-006.D - 210815-MC 2015-08-21 12-00)
mAU | 74
%
o
1000
800 -
600+
400 -
200+
] S
ek ey
] BREe ¥
0 N _MRBE
0 25 5 75 10 " min
Signal 1: DAD1 B, Sig=230,4 Ref=off
| Peak| RT | Area | Area % |
| # | [min] | | |
=== === | ——— |
| 1] 2.742| 110.5481 2.772]
| 2| 2.858| 11.882]| 0.298]
| 3 2,968 3791.107]1 55.074|
! 4| 3.147] 22.337) 0.560]
| 5] 3.213] 2.7381 0.069]
| 6l 3.407] 16.957¢ 0.425]
| 71 3.480] 7.342] 0.184]
| 8l 3.732] 15.159] 0.380]
| 9| 4.222| 2.464| 0.062]
| 10| 4,347 7.017] Q

Analysed by

Fi

L A el /é/w\\&(

Chetcked by :

gure A30: HPLC data of compound 4.7a
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Figure A31: *C NMR (DM SO-dg, 400 MHZ) of compound 4.7b
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Figure A32: *C NMR (DM SO-dg, 100 MHz) of compound 4.7b
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Inj Date

Sample Name
A R Number
Acqg. Method

Analysis Method :

Method Info

CPRI @ DRILS
HPLC ANALYSIS REPORT

: Mon, 10. Aug. 2015 Acq Operator: RADHA

ILS-MR-C36-HP-296 Vial 28
: CM15HOL10 ->Inj. Vol. : 1.000uL

D:\chem32\1\DATA\100815-MC 2015-08-10 16-53-53\MC.M
D:\CHEM32_002\1\METHODS\MC.M

: Column: Symmetry C-18 75*4.6mm 3.5pm

Mobile phase: A) 0.1% TFA in water ,B} ACN
T/%B:0/20,0.5/20,2/95,10/95,10.5/20,12/20
Flow:1.0mL/min Diluent: ACN:Water (80:20)

*DAD1 D, Sig=254,4 Ref=off (100815-MC 2015-08-10 16-53-53\003.D - 100815-MC 2015-08-10 16-53-53\008
mAU —
™
™
2000
1500 -
1000
500 =
8
w
S o d ~
0 T - T
T T T T T T T T T T T T T T T T T T T
0 2.5 5 7.5 10 min

Signal 1: DAD1 D,

| Peak| RT |
I # | [min] |
s mm |=
| 1] 0.685]|
| 2| 2.986|
[ 3 3.0701
i 4| 3.209|
] 5] 3.311|
| 6| 3.446|
| 71 3.586|
j 81 3.687|
} 9] 3.776|
| 10| 3.967|
[ 11| 4.115|
[ 12] 4.833|

e
W\% N

Figure A32: HPLC data of compound 4.7b

Analysed by :

8ig=254,4 Ref=off

Area | Area % |
| |
————————— | == |
435.327] 5.286|
31.2361 0.379]
6.035] 0.073]
41.214| 0.500|
7334.035| 89.048|
81.174] 0.986]
64.279| 0.780]
107.708] 1.308]
17.059] 0.207]
66.040]| 0.802]
12.146] 0.147¢
0.

Checked by :
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Figure A33: 'H NMR (CDCl3, 400 MHz) of compound 5.4
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Figure A34: *C NMR (DMSO-dg, 100 MHZ) of compound 5.4
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Figure A35: "H NMR (DM SO-dg, 400 MHZz) of compound 5.5
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Figure A36: *C NMR (DM SO-dg, 100 MHz) of compound 5.5
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CPRI @ DRILS
HPLC ANALYSIS REPORT

In.j Date Fri, 21. Aug. 2015 Acq Operator: RADHA
Sample Name ILS-MR-C36-R-HP-349 vial 3
A R Number CM15H025 =->Inj. Vol. 1.000pL

Acq. Method

Analysis Methed :

Method Info

D:\chem32\1\DATA\210815-MC 2015-08-21 12-00-08\MC.M
D:\CHEM32_ 002\1\METHODS\MC.M
Column: Symmetry C-18 75*4.6mm 3.5um

Mobile phase: A} 0.1% TFA in water ,B) ACN
T/%B:0/20,0.5/20,2/95,10/95,10.5/20,12/20
Flow:1l.0mL/min Diluent: MEOH:Water (80:20)

DAD1 B, Sig=230,4 Ref=off (210815-MC 2015-08-21 12-00-08\210815-001.D)
mAU | 3
1000 - b
800
600
400—
200
] 2
I~
§ St 2
o-—jﬂ‘—l——«‘iJ bk
- s : _"__4————_‘—'
e —————— —_— —
0 25 5 7.5 10 mirg
Signal 1: DADI B, Sig=230,4 Ref=off
| Peak| RT i Area | Area % |
I # | [min] | { |
| == [==—— [m—————c |
| 1! 1.227] 22.123| 0.5983]
| 2] 2.880]| 29.840| 0.800]
3] 3.083] 164.152] 4.401]
! 4] 3.163| 3352.597| 89.876]|
| 5] 3.407] 7.563] 0.203]
| 6| 3.543]| 70.128]| 1.880]
| 71 3.647] 18.527| 0.497]
| 8| 4,060] 3.762| 0.101]
| 9] 4,247 28.809] 0.772]
| 10| 4.353] 32.730] 0.877]

———————————————————————————————————— ‘%/ ks

Analysed by Checked by :

Figure A36: HPLC data of compound 5.5
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Figure A38: *C NMR (DM SO-dg, 100 MHz) of compound 6.5
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Figure A39: *H NMR (DM SO-dg, 400 MHz) of compound 6.7
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Figure A40: *C NMR (DM SO-dg, 100 MHz) of compound 6.7
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1,8-Naphthyridine-Based Boronic Acid as
Fluorescent Chemosensor for Hg™ and D-

Fructose
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5.1. Abstract:

A novel fluorescent chemosensor naphthyridine-boronic acid derivative (1.1)
was synthesized and its ability to act as a selective chemosensor was examined for
various metal ions. Compound 1.1 displayed highly selective fluorescence quenching
upon interaction with Hg*", possibly by means of photo induced electron transfer
(PET) mechanism. The binding stoichiometry of the naphthyridine-boronic acid-Hg?*
complex and the association constant was determined. It was found that in the
presence of D-fructose at physiological concentration, the sensitivity of chemosensor
1.1 towards Hg?* improved by at least 7 folds, perhaps as result of the cooperative
binding of both D-fructose and mercury ion to the sensor. Till date, presented in this
chapter dual D-fructose-mercury chemosensor is the first example of utilizing boronic
acid—diol complexation for enhancement of the sensor’'s sensitivity towards toxic
metal ion. The utility of compound 1.1 lays in applications in food industry, e.g. for
detection of mercury contamination of high fructose corn syrup, or in estimation of
mercury in polluted biological samples and underground water.

5.2. Introduction:

Mercury and mercuric salts are extensively circulated in atmospheric air,
water and soil and considered to be highly toxic and hazardous to humans and
environment.! For humans, mercury contamination may cause a wide variety of
symptoms, including neuro-disorders, neuromuscular changes, memory loss and
carcinogenic diseases.” Despite of danger mercury posses, especialy to unborn
children, it is still used in industry. Its contaminants are often detected in various
products, including food industry products, for example in high fructose corn syrup,
which is cheaper and sweeter than regular sugar. Traces of mercury were found in
high fructose corn syrup containing beverages/ confectioneries, and the alarming
amounts upto 0.570 micrograms mercury per gram of high fructose corn syrup were
found.® Various methods have been employed for the detection of Hg*, including
cold vapor atomic absorption spectroscopy, high performance liquid
chromatography® and inductively coupled plasma atomic emission spectrometry.® The
above methods are extremely sensitive and able to detect Hg*" in nanomolar range.
However, their drawbacks are costly equipment, time-consuming and laborious

procedures, and need for the trained professionals in order to perform the analysis. At
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the same time, mercury detection based on fluorescence changes allow rapid,
convenient and inexpensive detection. Fluorescence chemosensors offer definite
advantages, such as high selectivity, high sensitivity, accuracy and possibility to
investigate molecule-molecule recognition in both environmental and biological
samples.’ Till date, numerous fluorescent chemosensors for Hg?* are devel oped based
on Rhodamine,® BODIPY,® and modified naphthalimide derivatives, which are low
aqueous solubility and interference with some other metal ions. However, they often
suffer from such drawbacks, as laborious, complex or expensive synthesis, low

agueous solubility or limited selectivity asresult of interference with other metal ions.

1,8-Naphthyridine and its derivatives are extensively studied for molecular
recognitions events, including nucleosides sensing (e.g. for guanine, cytosine and
thymidine),’® monosaccharide sensing™* and heavy transition metal ions sensing'
(e.g. for Zn*, Hg*, Cd*). In order to improve fluorescent properties, affinity,
aqueous solubility and stability of 1,8-naphthyridine based chemosensors, this chapter
reports design and synthesis of novel fluorescent chemosensor 1.1 [(2-((((5-(7-
acetamido-1,8-naphthyridin-2-yl)thiophen-2-yl)methyl) (methyl)amino)methyl)
phenyl)boronic acid]. In order to strengthen an interaction of mercury ion with the
chemosensor, 1, 8-naphthyridine was conjugated to thiophene moiety, keeping in
mind high affinity of mercury to sulfur. At the same time, boronic acid group, which
is known to easily form cyclic ester with monosaccharides, was additionally
introduced in the same scaffold aiming cooperative action of boronic acid and metal
chelate, which could possibly enhance sensitivity and selectivity either to metal ion or
sugar. There are very few examples are known for using boronic acid containing

compounds for direct detection of metal ions.*®

This chapter reports for the first time the synthesis of naphthyridine-boronic
acid based fluorescent chemosensor 1.1, its fluorescence properties and investigation
of interaction with various metal ions and monosaccharides (D-glucose, D-fructose,
D-mannose and D-galactose). Compound 1.1 showed much higher selectivity and
affinity towards Hg®* compared to various metal ions tested. At the same it had high
selectivity to D-fructose among various monosaccharides. In this work the ability of
chemosensor 1.1 to form reversible covalent bonds with D-fructose was employed for

the first time to significantly enhance selectivity towards metal ion, namely Hg?".
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5.3. Reaults and Discussion:

5.3.1. Synthesis of Naphthyridine-Boronic Acid (1.1):
This chapter provides a detailed account of the preparation of naphthyridine-

boronic acid (1.1), evaluation of its photophysical properties and sensitivity towards
heavy metals and sugars. The key intermediate in synthesis of the chemosensor 1.1 is
compound 1.2, which in its turn could be synthesized through four different routes
(Scheme1).

Scheme 1: Plausible retrosynthesis of key intermediate 1.2 and target molecule 1.1

The route | allowed to successfully synthesize key intermediate 1.2 and target
compound 1.1 as described in Scheme 2. Thiophene methyl amine, which was
protected with Boc-anhydride to give compound 2.1 served as the starting material for
this synthetic route® Compound 2.1 was subjected to lithiation using n-BulLi
followed by treatment with tributyl tin chloride resulting in compound 2.2 in excellent
yield.** Further, compound 2.2 was methylated using methyl iodide and potassium
hexamethyldisilazane as a base, to give compound 1.3 in 96% yield. In order to build
naphthyridine moiety, 2,6-diamino pyridine 2.3, was cyclised using DL-malic acid in
the presence of conc. H.SO., according to standard procedure,™ to give 7-amino-1,8-
naphthyridin-2-ol (2.4) in 86% yield. Amino group of 7-amino-1,8-naphthyridin-2-ol

was protected using acetic anhydride to obtain acetamide protected compound 2.5 in
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89% yield." This step allowed subsequent selective conversion of hydroxyl group to
the halogen via chlorination with phosphorus oxychloride to obtained 1.4 in 60%
yield.®® In the next step, coupling of compound 1.3 with 1.4 in Stille coupling
conditions in 1,4-dioxane using palladium (I1) catalyst resulted in compound 2.6 in
67% yield. In order to introduce phenyl-boronic acid moiety in this scaffold, Boc-
protection of the compound 2.6 was removed using trifluoroacetic acid to give key
intermediate 1.2 in 82% yield, followed by N-alkylation with commercially available
2-bromomethylphenylboronic acid, using potassium carbonate as a base. Fina
compound 1.1 was obtained in 70% yield and its structure was confirmed by different
methods, including NMR spectroscopy and mass-spectrometry. Particularly, *H NMR
spectrum showed an appearance of characteristic N-CH, peak at 3.72 ppm and B-
(OH), peak at 9.03 ppm, additionaly EI-MS spectrum showed predominant peak
with m/z value of 447.1 corresponding to target molecule 1.1.

Scheme 2: Route | towards key intermediate 1.2 and target compound 1.1

Apart from the successful route described above, other attempts to synthesize target
compound 1.1 were made as sketched in Scheme 1, including:
a) imine formation followed by reduction using intermediate 1.5, as presented in

routell;
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b) conversion of bromine to amine, via azide formation followed by N-alkylation
using intermediate 1.6, as presented in route 111

¢) N-alkylation using intermediate 1.7, as presented in route | V.

Our attempt to synthesize key intermediate 1.2 following route 11 isoutlined in
Scheme 3a. Commercially available starting material thiophene-2-carbaldehyde 3.1
was protected with ethylene glycol to give compound 3.2 in 88% yield.'’ Later,
compound 3.2 was subjected to lithiation using n-BuLi followed by treatment with
tributyl tin chloride to afford compound 3.3 in good yield.*” In the next step,
compound 3.3 was coupled to compound 1.4 in Stille coupling conditions in THF
using paladium (1) catalyst to give compound 3.4 in decent yields. Deprotection of
compound 3.4 with 1M HCI led to compound 1.5 in 73% yield.

Scheme 3: Route || towards key intermediate 1.2

We expected to obtain key intermediate 1.2 after treatment of compound 1.5
with methyl amine to obtain corresponding imine, followed by reduction using
sodium borohydride. Unfortunately, reaction didn’t initiate under these conditions and

starting materials were recovered as it is. Therefore, we desired to change the

199



Chapter 5

synthetic plan as outlined in Scheme 3b. In this case, the same starting material
thiophene-2-carbaxaldehyde 3.1 first was subjected to imine formation using methyl
amine followed by reduction with sodium borohydride to afford compound 3.5 in
60% yield. In the next step, Boc protection of compound 3.5 gave compound 3.6 in
97% vyield, and finally compound 3.6 was subjected to lithiation using n-BuLi
followed by treatment with tributyl tin chloride. Unfortunately, instead of 3.7 we
obtained unexpected compound 3.8 as a major product. *H NMR spectroscopy shows

three protonsin aromatic region and one proton at 3.96 ppm corresponding to 3.8.'2

Another attempt towards key intermediate 1.2 was made as described in route
Il and outlined in Scheme 4. The synthesis started from lithiation of methyl
thiophene 4.1 with n-BuLi, which was further treated with tributyl tin chloride to give
compound 4.2 in 64% yield.® Subsequently, compound 4.2 was coupled with
compound 1.4 in Stille coupling conditions in 1,4-dioxane using palladium (I1)
catalyst to give compound 4.3 in 83% yield. Next, we were planning partia
bromination of compound 4.3 with N-bromosuccinimide using free radical initiator
azobisisobutyronitrile (AIBN). However, this reaction did not lead to compound 1.6,
instead we observe a complex mixture of side products and had to abandon this
scheme (Scheme 4).

Scheme 4. Route |11 towards key intermediate 1.2

Yet another attempt towards key intermediate 1.4 is outlined in Scheme 5,
route 1V. We used compounds 2.2 and 1.4 as our starting materials and subjected
them to Stille coupling in 1,4-dioxane using palladium (I1) catalyst to obtain
compound 5.1 in 84% yield. Boc-deprotection of the later using trifluoroacetic acid

resulted in compound 1.7 in 82% yield. Further, in order to attain key starting material
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1.2, compound 1.7 was treated with methyl iodide as a methylating agent and
potassium carbonate as a base. Although this step was successful, the yield of
compound 1.2 was very poor, only 21%. Such low yield is the result of exclusive
formation of over-alkylated product (Scheme 5). Therefore, this synthetic pathway

was hot efficient enough and was abandoned as well.

Scheme 5: Route IV towards key intermediate 1.2

5.3.2 Photophysical Properties of Compound 1.1:

To explore utility of the final fluorophore 1.1, we investigated the
photophysical properties of 1.1 in MeOH and MeOH/H,O solutions. In both
solutions, MeOH and MeOH/H,O fluorophore 1.1 displayed identical absorption
maxima at 356 nm and a shoulder at 371 nm (Figure 1). Fluorescent emission spectra
(Aex=356 nm) in both solvents exhibited similar fluorescence bands, with a maximum
at 401 nmfor 1.1 in MeOH and 403 nm in MeOH/H,O (Figure 2). The solution state
quantum yield of 1.1 in MeOH/H,0O (®; = 0.26) was dlightly higher than that in
MeOH (®; = 0.20), Stokes shift of the new fluorophore 1.1 was 31 nm.

Table 1: Numerical photophysical dataof 1.1 in MeOH and MeOH/H,0 at 10°M

Solvent A abs, NM Lem, M | Relative @ with respect
to quinine sulphate

MeOH 356,371 | 401 0.20

MeOH/H,0 (50:50) 356,371 | 403 0.26

MeOH/H,0 (2:98) 356,371 | 403 0.25
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0.30+ ——1.1in MeOH/H,0 (100:0)
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Figure 1: UV-Vis absorption spectra of 1.1in MeOH and MeOH/H,0 at 10°M
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Figure 2: Emission spectra of 1.1 in MeOH and MeOH/H,0 (Lex = 356 nm) at 10°M

5.3.3 Examination of Binding Ability of 1.1 to Metal lons:

Fluorescence response of compound 1.1 in presence of various metal ions was
investigated in this chapter. The study was carried out in agueous methanolic buffer at
pH 7.5, and metal ions such as Ag™, Zn*?, Cu*, Mg*, Pb*?, Cd*?, Hg*™, Li** and Fe'®
were tested. Among them, addition of Hg*™ to 1.1 showed a significant decrease of
fluorescence intensity by 75% (Figure 3). This can be explained by the fact that after
coordination to metal ion fluorophore becomes electron deficient, and as a result the
PET from proximal tertiary nitrogen to adjacent chromophore increases and the

fluorescence intensity of the fluorophore decreases. Fluorescence properties of
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compound 1.1 (10°M) were also studied upon increasing the concentration of Hg*
(1-10 eq), and it was observed that as the concentrations of Hg*? increases fluorescent
intensity of 1.1 gradually decreases as shown in Figure 4. In order to estimate the
binding stoichiometry of naphthridine-boronic acid-Hg®* complex, Job plot
experiments were employed.” In Job method, equal concentrations of Hg?* and 1.1
were prepared, and mixed in different proportions maintaining a total concentration of
10 uM. Using the obtained data a graph was plotted between the emission intensity
(fixed at 408 nm) and a mole fraction of compound 1.1 (Figure 5). The minimum
emission intensity was reached when the mole fraction was 0.5. These results indicate
that the formation of naphthridine-boronic acid-Hg?* complex in a 1:1 ratio. The
association constant (K ) of naphthridine-boronic acid-Hg?" was calculated from the
variation of fluorescence intensity as a function of the concentration of Hg?* by using
Benesi-Hildebrand equation?* (equation 1) and fitting the emission wavelength at 408
nm. The calculated K, for 1.1 with Hg”* was 2.842x10° M ™.

1 1 1
= + e oo e e (1)
F-F0 Ka(Fmax—F0)[Hg2+] Fmax—F0

Where F is the fluorescence intensity at 408 nm at any given concentration of
Hg®*, Fo is the fluorescence intensity at 408 nm in the absence of Hg*", Frax iS the
fluorescence intensity at 408 nm in the presence of Hg®* in solution and Ka is

association constant.

120 —1.1

——HgCl,
—CdCl,
CuBry
Fe(ClOg4)3
——AgNO4
—— Mg(OAc),
——Pb(0Ac),
——LiF
——2ZnCly

80

40 -
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T T T
400 500 €00
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Figure 3: Fluorescence spectra of compound 1.1 (leg, 10°M) in MeOH/H,O
(viv=1:1, 5.0 mM PBS, pH 7.50) in presence of various metal ions (1 eg, 10°M)
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Figure 4: Fluorescence spectra of compound 1.1 (leg, 10°M) in MeOH/H,0O
(viv=1:1, 5.0 mM PBS, pH 7.50) in presence of Hg®* at various concentrations (0-10

eq) and inset shows Benesi-Hildebrand plot of the naphthyridine-boronic acid-Hg?*
complex in MeOH/H,0 (v/v=1:1, 5 mM PBS, pH 8.20) solutions. The monitored
emission wavelength was 408 nm
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Figure 5: Job plot of naphthridine-boronic acid-Hg** complex (total concentration
was 10 uM) in MeOH/H,0O (v/v=1:1, 5.0 mM PBS, pH 7.50). The monitored

emission wavel ength was 408 nm
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In order to understand the structure of naphthridine-boronic acid-Hg®* complex,
proton NMR spectroscopy was employed.? Addition of Hg?* to the DM SO solution
of 1.1 resulted in a downfield chemical shift of the H, proton from 7.10 ppm to 7.55
ppm, additionally a moderate down field chemical shifts observed for He and Hy,
(Figure 6). These changes indicate that Hg*" interacts mainly with the sulphur atom,
which was expected as high affinity of mercury for sulphur atomsis well known, and
partly binds to the N; and Ng of the naphthyridine moiety; at the same time there are
no interaction with N-methyl nitrogen (no shift observed in NMR spectrum, not
shown in Figure 6). The decrease of fluorescence intensity (Figure 5) or down field
chemical shifts of H,, He and Hpij upon addition of Hg®* (Figure 6) are due to
decrease of electron density after coordination of Hg?* to the respective binding site as
shown in Figure 6. Therefore, these both observations support the theory of PET
mechanism for presented here chemosensor.

NH Peak

1.0 10.0 9.0 8.0 7.0
ppm (1)

Figure 6: *H NMR spectra of compound 1.1 (1 eq) in the presence of Hg** (3 eg) in
DM SO-dg
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5.3.4. Examination of Binding Ability of 1.1 to Monosaccharides:

Fluorescence titration studies of compound 1.1 (10°M) in presence of various
monosaccharides was carried out in agueous methanolic phosphate buffer at pH 8.20.
As expected, the fluorescence intensity of compound 1.1 increased upon increasing of
saccharides concentration (D-glucose, D-mannose, D-fructose and D-galactose). As

1.2 such fluorescence response explained by the fact that

reported by Shinkai et a
boronic acids (such as compound 1.1) form cyclic esters with cis 1,2-diol or 1,3-diol
of mono saccharides, which leads to increase of the Lewis acidity of the central boron
atom. As result B-N (proximal tertiary nitrogen) interactions are strengthening® and
PET from proximal tertiary nitrogen to adjacent fluorophore is suppressed and the
fluorescence of the fluorophore is enhancing.?®?* The fluorescence enhancement I/l
obtained for D-glucose, D-galactose, D-mannose and D-fructose is in the order D-
fructose > D-galactose > D-mannose > D-glucose as shown in Figure 7.

4.2 -

—s=— D-Glucose
—e— D-Galactose
3.6 —&— D-Mannose
—v— D-Fructose

3.0 -

Moy

2.4 -

1.8 -

1.2 1

[Saccharide]/mM

Figure 7: Fluorescence intensity of compound 1.1 (1x10°M) in MeOH/H,O
(viv=1:1, 5 mM PBS, pH 8.20) in the presence of D-glucose, D-mannose, D-fructose

and D-galactose

The binding selectivity of 1.1 towards D-fructose is around two and half fold higher
compared to other monosaccharides (D-galactose, D-mannose, D-glucose) at lower
concentrations (< 10 mM) as shown in Figures 8, 9, 10 and 11. The association
constant (K ,) of naphthridine-boronic acid based fluorescence chemo sensor 1.1 with
D-fructose, D-glucose, D-gaactose and D-mannose were calculated from the

variation of fluorescence intensity as a function of the concentration of D-
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monosaccharides, using Benesi-Hildebrand equation” (equation 2) and fitting the
emission wavelength at 403, 409, 410 and 408 respectively. The observed association
constants (K,) for 1.1 is D-fructose>D-galactose>D-mannose>D-glucose and the
calculated association constant are listed in Table 2-5.

1 1 1
= +
F—Fo Ka(Fmax — F0)[sugar] Fmax — F0

(2)

Where F is the fluorescence intensity at 403/409/410/408 nm at any given
concentration of D-fructose/D-gal actose/D-mannose/D-glucose respectively, Fo is the
fluorescence intensity at 403/408/409/410 nm in the absence of D-saccharides, Frax iS
the fluorescence intensity at 403/409/410/408 nm in the presence of D-fructose/D-
galactose/D-mannose/D-glucose respectively in solution and Ka is association

constant.
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Figure 8: Fluorescence spectra of compound 1.1 (10 M) in presence of D-fructose at
various concentrations (0-10 mM) and inset shows Benesi-Hildebrand plot of the
naphthyridine-boronic acid-fructose complex in MeOH/H,O (v/iv=1:1, 5 mM PBS,

pH 8.20) solutions. The monitored emission wavelength was 403 nm
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Table-11: Benesi-Hildebrand association constant for 1.1 with D-fructose.

D- 1/D-
| F-1F,
IF Fructo- Fruct- | 1JAF
(AF)
se(mM) | ose
185.489 |53.750 | 0.001 1000 0.0186 Ka Slope
231.690 |99.951 | 0.002 500 0010 |10491M?t | 1.6873E-5
262.329 | 130.590 | 0.003 333.33 | 0.0076
289.623 | 157.884 | 0.004 250 0.0063
311.109 | 179.670 | 0.005 200 0.0055
348.621 | 216.882 | 0.006 166.66 | 0.0046 IFo I ntercept
371.462 | 239.723 | 0.007 142.85 |0.0041 | 131.739 0.00177
393.968 | 262.229 | 0.008 125 0.0038
418.180 | 286.441 | 0.009 111.11 | 0.0034
433.771 |302.032 |0.10 100 0.0033
0.21 -
y = 1.68776E-4x+0.00666
0.18 - 2
R® =0.99399 .
0.154
0.12 4
=< 0.09 .
200 - 0.06 .
oo — omm 003"
m —_— 1mM
—2mm 200 400 600 800 1000
5 : i:: 1/D-galactose
% 100 - 0mM _ 2::
8 — 7mM
£ — 8mM
— 9mM

—10mM

T
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Figure 9: Fluorescence spectra of compound 1.1 (10 M) in presence of D-galactose

at various concentrations (0-10 mM) and inset shows Benesi-Hildebrand plot of the

naphthyridine-boronic acid-galactose complex in MeOH/H,0O (v/iv=1:1, 5 mM PBS,

pH 8.20) solutions. The monitored emission wavelength was 410 nm
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Tablelll: Benesi-Hildebrand association constant for 1.1 with D-galactose.

D_
IF-1Fg 1/D-
IF galactose 1/AF
(AF) galactose
(mM)
143.188 | 5.808 0.001 1000 0.172 Ka Siope
148.000 | 10.620 0.002 500 0.0941 | 39.46 M 11 1.68776E-4
151.999 | 14.619 0.003 333.33 0.0684
156.438 | 19.058 0.004 250 0.0524
160.275 | 22.895 0.005 200 0.0436
166.896 | 29.516 0.006 166.66 | 0.0338 IFo Intercept
137.38 0.00666
172.338 | 34.958 0.007 142.85 | 0.0286
178.320 | 40.94 0.008 125 0.0244
182.142 | 44.762 0.009 111.11 0.0223
184.326 | 46.946 0.10 100 0.0213
0.40 -
y=3.61736E-4x+0.00595 [
0-35 1 R? = 0.99784
0.30 4
0.25 4
% 0.20 .
= 0.15 4
200 - 0.10 4 . -
— omm 09 P
—1mM g0 : . . ’ r
5 10 mM —2mM 200 400 600 800 1000
tu_ —3mM 1/D-mannose
2 —4mM
- ——5mM
£ 1004 —6mM
5 0 mM e
8 —omM
E — 10 mM

T
400
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500
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1
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Figure 10: Fluorescence spectra of compound 1.1 (10°M) in presence of D-mannose

at various concentrations (0-10 mM) and inset shows Benesi-Hildebrand plot of the

naphthyridine-boronic acid-mannose complex in MeOH/PBS (v/iv=1:1, 5 Mm PBS,

pH 8.20) solutions. The monitored emission wavelength was 408 nm
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Table1V: Benesi-Hildebrand association constant for 1.1 with D-mannose.

IF-1Fy | D-mannose 1/D-
IF 1/AF
(AF) (mM) mannose
139.565 | 5.808 0.001 1000 0.371
Ka Slope
142.364 | 10.620 0.002 500 0.182 -
16.44M™ | 361736E-4
145.134 | 14.619 0.003 333.33 0.121
147.620 | 19.058 0.004 250 0.093
149.528 | 22.895 0.005 200 0.079
150.954 | 29.516 0.006 166.66 0.071 IFo Intercept
152.254 | 34.958 0.007 14285 | 0.065 | 136.87 0.00595
155.730 | 40.94 0.008 125 0.053
158.609 | 44.762 0.009 111.11 0.046
163.180 | 46.946 0.10 100 0.038
0.40 -
y = 3.4T202E-4x+0.00501
0.35 1 R? = 0.99817 .
0.30 -
0.25 -
I.é 0.20
T 0.15 -
200 - 0.10 4 -
—— 0mM 0,05 " )
10 mMm — 1mM 0.00
— 2mM 200 400 500 800 1000
s — 3mM [1/Glucose]
& — 4mM
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Figure 11: Fluorescence spectra of compound 1.1 (10 M) in presence of D-glucose

at various concentrations (0-10 mM) and inset shows Benesi-Hildebrand plot of the

naphthridine-boronic acid-glucose complex in MeOH/H,0 (v/v=1:1, 5 mM, pH 8.20)

solutions. The monitored emission wavelength was 409 nm
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Table V: Benesi-Hildebrand association constant for 1.1 with D-glucose.

D-
IF-1Fo 1/D-
IF glucose 1/AF
(AF) glucose
(mM)
139.444 | 2.804 | 0.001 1000 0.356 Ka Slope
142.382 | 5.742 0.002 500 0174 |14.42M™ | 3.47202E-4
145.251 | 8.611 0.003 333.33 0.116
148.367 | 11.720 | 0.004 250 0.085
IFo | ntercept
149.730 | 13.090 | 0.005 200 0.076 136.64 | 0.00501

151.371 | 14.731 | 0.006 166.66 0.067
154.270 | 17.630 | 0.007 142.85 0.056

156.456 | 19.810 | 0.008 125 0.050
158.096 | 21.450 | 0.009 111.11 0.046
160.651 | 24.010 | 0.10 100 0.041

Fluorescence response of the boronic acid based fluorescent chemosensors is
usually pH dependent. Therefore, fluorescence response of naphthyridine-boronic
acid fluorescent chemosensor 1.1 was measured at different pH, both in the presence
and absence of D-fructose. As Figure 12 displays, in both cases the fluorescent

800 -

] = Without D-fructose
700 - :__:_ -~ 7:_7 : ®— With D-fructose
5 600
m B
2 500
(7]
g 4
£ 400
p= ]
2 300 e
0 ] e
E 2001 \ * o
4 [ . -
100 -

pH
Figure 12: pH vs fluorescent intensity of 1.1 (10 M) in presence and absence of D-
fructose in MeOH/H,0O (v/iv=1:1, 5 mM, at various pH) solutions. The monitored

emission wavel ength was 403 nm
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response was similar. Fluorescent intensity was increasing upon pH change from 2 to
5.5 due to protonation of tertiary amine, and was decreasing as pH raised from 5.5 to
12 (Figure 12) due to deprotonation of tertiary amine and OH" adduct formation with

boronic acid group.?®

5.3.5. Competitive Sensing of Hg?* and D-monosaccharide:

As compound 1.1 has incorporated phenyl boronic acid moiety which is
expected to bind to mono-saccharides, its fluorescence response was examined in
presence of Hg?* and various D-monosaccharides. It was expected, that cooperative
binding of both sugar and metal ion will result in increased sengtivity of the
chemosensor to either of analytes, decreasing/eliminating at the same time
interference by various factors, which is common for chemosensors acting through
“turn-off” mechanism.?®® The study was carried out in aqueous methanolic buffer at
pH 7.5. Addition of Hg*™ to a solution containing both chemosensor 1.1 and D-
fructose complex resulted in dramatic decrease of fluorescence intensity by seven
folds. This fluorescent response was ~2.5 times more in comparison with the one,
when compound 1.1 was interacting with mercury without addition of fructose. Till
date, there are no reports, where the sensitivity of the chemosensor for metal ions was
enhances as result of interaction with fructose, athough there are few investigations
utilizing metal-sensor coordination in order to improve sensitivity towards sugar.

360 -
—1.1
1.1+HgCl2
- 1.1+D-Mannose
——1.1+D-Galactose
——1.1+D-Glucose

——1.1+D-Fructose
—_1 +HgCI2+D-M annose

270

180+ —— 1.14HgCl,+D-Galactose

1.1 +HgCI2+D-GIucose
—_11 +HgCI2+D-Fructose

Emission intensity, a.u.

90 -

400 | 500 | 600
Wavelength, nm

Figure 11: Fluorescence spectra of 1.1 aone (10° M), 1.1 with Hg?" and 1.1 with

Hg®* and D-monosaccharides in MeOH/H,O (v/iv=1:1, 5 mM, at various pH)

solutions
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For example, Seiji Shinkai et al. reported®®® new saccharide receptor for uronic acids,
based on two-point interactions of boronic acid and a coordination with zinc (I1). Yet
another work, employing cooperative binding of fructose and metal ion was
performed by group of Tony D. James. In this case, however, the fluorescence
response after addition of fructose to chemosensor-Cu (I1) complex was negligible.*®
Thus, presented in this chapter work is the first example of employing boronic acid—
diol complexation to achieve significant enhancement of the sensor’s sensitivity

towards toxic metal ion.

5.4. Conclusions:

In conclusion, this chapter discloses the design and synthesis of novel
fluorescent chemosensor 1.1 [(2-((((5-(7-acetamido-1,8-naphthyridin-2-yl)thiophen-2-
yl)methyl)(methyl)amino) methyl)phenyl)boronic acid], its fluorescence properties
and interaction with various metal ions and monosaccharides. Chemosensor 1.1 was
designed to combine naphthyridine as a fluorescent metal chelating site and phenyl
boronic acid as a saccharide recognition unit in one scaffold. The combination of
these properties alowed investigation of the sensing abilities of 1.1 over various
metal ions and D-monosaccharides. Fluorescence change, mediated by PET
mechanism, was utilized as a reporting property of the chemosensor. Compound 1.1
found to have dramatic decrease of fluorescence intensity selectively upon binding to
Hg?*, probably due to decrease of electron density after coordination of Hg”" to the
respective binding site as shown in F.6.1. As a result, PET from proximal tertiary
nitrogen to adjacent fluorophore enhanced and the fluorescence intensity changed by
3 folds. The binding stoichiometry of the naphthyridine-boronic acid-Hg?* complex
was found to be 1:1, according to Job plot experiments. The association constant for
1.1 with Hg** was found to be 2.842x10° M. Interestingly, the sensitivity of
chemosensor 1.1 greatly improved in the presence of D-fructose at physiological
concentration, perhaps as result of the cooperative binding of both D-fructose and
mercury ion to the sensor. Presented in this chapter work is the first example of
employing boronic acid—diol complexation to achieve significant enhancement of the
sensor’s sensitivity towards toxic metal ion. This finding is especially important for
applications in food industry, e.g. for detection of mercury contamination of high
fructose corn syrup, or for estimation of mercury in polluted biological samples and

underground water.
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5.5. Experimental Section:

5.5.1. Materialsand M ethods:

The materials 2-thiophene carboxaldehyde, 2,6-diaminopyridine, n-butyl [lithium,
tributyltin chloride, bis(triphenylphosphine)palladium(l1) dichloride, acetic anhydride,
methyl amine (40% aqueous solution), 2-thiophenemethylamine, potassium
bis(trimethylsilyl)amide, 2-(bromomethyl)phenylboronic acid and paraformaldehyde
were purchased from Sigma Aldrich. N-bromosuccinimide, phosphorus trichloride
oxide, azobisisobutyronitrile, di-tert-butyl dicarbonate, trifluoroacetic acid, methyl
iodide were purchased from Spectro Chem. Commercial reagents (DL-malic acid,
ethane-1,2-diol, sodium borohydride, ammonium bicarbonate, and HCI) were
purchased from Merck and Rankem and were used as received. The solvents THF,
DMF, toluene, 1,4-dioxane and DCM were distilled and dried before reactions and for
extracting purposes. All reactions were carried out under an inert atmosphere with dry
solvents, unless otherwise stated. Syringes and needles for the transfer of reagents
were dried at 100 °C and allowed to cool in a desiccator over P,Os before use.
Reactions were monitored by thin layer chromatography (TLC) on silica gel plates
(60 F254), using UV light detection. Merck silica gel (particle size 100-200 mesh)
was used for column chromatography. For UV-Vis and fluorescence measurements

spectroscopic grade solvents were used.

5.5.2. Buffer Preparation for Fluorescence Studies:

Fluorescence studies were performed using agueous methanolic buffer (pH 8.20),
which was prepared according to Perrin and Dempsey protocol:* 8 g of NaCl, 0.2 g
of KCl, 1.44 g of Na;HPO,, 0.24 g of KH,PO, were dissolved in 800 mL of distilled
water and adjust pH by adding a solution of 5 M NaOH and finally make a total
volume of 1 L with additional distilled water.

5.5.3. Sample Preparation for Fluorescence Binding Studies with
Metal lons:

A known amount of various metal ions (Hg?*, Cu**, Ag™, Mg*, Pb*, Cd*™ Hg™,
Li** and Fe™) was added from 4.86x10™ M stock solution to a solution of compound
1.1 (30 pL of 10°M). The volume of the prepared solution was adjusted to 3mL with
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buffer to achieve final concentration 10 uM in respect to compound 1.1. The

fluorescence measurements were made for each solution.

5.5.4. Stoichiometry Deter mination Using Jobs Plot:

In Job method, solutions of Hg?* and 1.1 with equal concentrations were prepared in
MeOH/H,O (v/iv=1:1, 5 mM, pH 7.50), and mixed in different proportions
maintaining a total volume of 3 mL and total concentration of 10 uM of the mixture.
Then emission of these solutions was recorded, and a graph of the emission intensity
(fixed at 408 nm) versus a mole fraction of compound 1.1 was plotted. The
stoichiometry of the complex was determined by the point of the maximum emission

intensity.

5.5.5. Sample Preparation for Fluorescence Binding Studies with D-

Mono Saccharides:

A known amount of D-monosaccharides (D-glucose, D-galactose, D-mannose and D-
fructose) was added from 0.3 M stock solution to a solution of compound 1.1 (30 uL
of 10 M). The volume of the prepared solution was adjusted to 3mL with buffer to
achieve fina concentration 10 uM in respect to compound 1.1. The fluorescence
measurements were made for each solution and 1/ was plotted at 409, 410, 408 and

403 nm respectively.

5.5.6. Sample Preparation for Fluorescence Binding Studies of D-

Fructose at Various pH Solutions:

A known amount of D-fructose was added from 0.3 M stock solution to a solution of
compound 1.1 (30 pL of 10°M). The volume of the prepared solution was adjusted to
3mL with buffer (pH 2, 3, 4, 5, 7.5, 9, 10, 11, 12 respectively) to achieve find
concentration 10 uM in respect to compound 1.1. The fluorescence measurements

were made for each solution and 1/1o was plotted at 403 nm.

5.5.7. Sample Preparation for Competitive Binding Studies of D-

M onosaccharides and Hg*":
A known amount of D-monosaccharides (from 0.3 M stock solution), Hg*" (from
4.86x10“* M stock solution) and 30 pL of a 10° M of compound 1.1 was placed in
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3mL buffer to give a fina concentration of 10 uM. The fluorescence measurements

were made for each solution.

5.5.8. Synthesisof Target Compound 1.1:
Routel; Scheme 2:

Tert-butyl (thiophen-2-ylmethyl)carbamate (2.1):**

Thiophene-2-methyl amine (0.5 g, 4.42 mmol) was dissolved in dry DCM (20 mL),
and triethyl amine (0.95 mL, 6.84 mmol) was added to the solution. Boc-anhydride
(1.22 mL, 5.31 mmol) was added portion wise to the above reaction mixture. After
complete addition of boc-anhydride the reaction mixture was stirred at room
temperature for 4 h. After 4 h, the reaction mixture was washed with water and
extracted with DCM. The organic phase was dried with anhydrous sodium sulphate,
concentrated under reduced pressure, and the resulting residue 2.1 (0.8 g, 86%) was
used without further purification. Spectroscopic data matches with the one from
reported procedure. *H NMR (CDCl3, 400 MHz) §: 7.21 (1H, m), 6.93 (2H, m), 4.87
(1H, brs), 4.47 (2H, d), 1.46 (9H, s).

Tert-butyl ((5-(tributylstannyl)thiophen-2-yl)methyl)carbamate (2.2): **

To a solution of compound 2.1 (0.4 g, 2.62 mmol) in dry THF (30 mL) was added n-
butyl lithium (1.6 M in hexane, 3.58 mL, 5.73 mmol) at -78 °C. After 1 h at -78 °C,
tributyl tin chloride (1.57 mL, 5.81 mmol) was added drop wise to the above reaction
mixture. After stirring over 6 h at room temperature, the reaction mixture was
guenched with 20 mL of saturated agueous ammonium chloride solution and
extracted with THF. The organic phase was dried with anhydrous sodium sulphate,
concentrated under reduced pressure, and the resulting residue 2.2 (0.87 g, 93%) was
used without further purification. Spectroscopic data matches with the one from
reported procedure. *H NMR (CDCl3, 400 MHz) §: 7.05 (1H, d), 6.99 (1H, d), 4.87
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(1H, brs), 451 (2H, s), 1.54 (6H, m), 1.46 (9H, s), 1.32 (6H, m), 1.07 (6H, m), 0.89
(9H, m).

Tert-butyl methyl((5-(tributylstannyl)thiophen-2-yl)methyl)carbamate (1.3):

To asolution of compound 2.2 (5.54 g, 11.0 mmol) in 30 mL of dry THF was added
1M KHMDS (22 mL, 22 mmol) dropwise at -10 °C. The reaction was maintained at -
10 °C for 1.5 h, and methyl iodide (2.05 mL, 33.0 mmol) was added drop wise. The
ice bath was removed and reaction mixture was stirred at room temperature for 4 h.
The reaction mixture was washed with brine (4 x 100 mL) and extracted with hexane.
The organic layer was collected, dried over anhydrous sodium sulphate, concentrated
under reduced pressure to provide compound 1.3 (5.45 g, 96% yield) as a dark brown
oil, which was used without further purification. TLC (10% EtOAc in Hexane): R; =
0.39; 'H NMR (CDCl3, 400 MHz) §: 7.03 (1H, d), 7.01 (1H, d), 4.56 (2H, s), 2.86
(3H, ), 1.65 (2H, m), 1.55 (4H, m), 1.49 (9H, s), 1.33 (6H, m), 1.08 (6H, m), 0.89
(9H, m). °C NMR (CDCl3, 100 MHz) §: 155.3, 146.1, 136.7, 134.8, 127.1, 79.9,
473, 33.7, 289, 284, 27.2, 13.6, 10.7. MS (El, 70ev): m/z [M]" cacd for
C23H43NO,SSn: 517.2, found 517.2 [M]*. Anal. Calcd for C3H43NO,SSn: C, 53.50;
H, 8.39; N, 2.71; O, 6.20; S, 6.21; Sn, 22.99, found: C, 53.46; H, 8.36; N, 2.75.

7-amino-1,8-naphthyridin-2-ol (2.4):%®

2,6-Diaminopyridine 2.3 (1.1 g, 10.07 mmol) and malic acid (1.48 g, 11.07 mmol)
were placed in a three necked round bottom flask outfitted with an additional funnel,
reflux condenser and mechanical stirrer. The mixture was cooled to 0 °C and con.
H,SO, (5 mL) was added dropwise. After addition of conc. H,SO, was completed,
the reaction mixture was slowly heated to 110 °C and stirred for 3 h. The reaction
mixture was cooled to 0 °C and the solution was made alkaline (pH=8) by careful

addition of aqueous ammonium hydroxide. The crude solid was collected by vaccum
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filtration and washed thoroughly with water and methanol to give compound 2.4 as a
yellowish solid (1.38 g, 86%). Spectroscopic data matches with the one from reported
procedure. *H NMR (DM SO-dg, 400 MHz) §: 11.91 (1H, s), 7.65 (1H, d), 7.65 (1H,
d), 7.03 (2H, s), 6.34 (1H, d), 6.12 (1H, d).

N-(7-hydr oxy-1,8-naphthyridin-2-yl)acetamide (2.5):*°

A suspension of compound 2.4 (5.0 g, 15.5 mmol) in 50 mL of acetic anhydride was
stirred at 110 °C for 3 h. After 3 h, reaction mixture was cooled to room temperature
and the precipitate was collected by vaccum filtration, washed with hexane and dried
at reduced pressure to give compound 2.5 as a yellow solid (5.33 g, 89%).
Spectroscopic data matches with the one from reported procedure. *H NMR (DM SO-
ds, 400 MHZz) 6: 11.90 (1H, s), 10.50 (1H, s), 8.02 (1H, d), 7.90 (1H, d), 7.82 (1H, d),
6.40 (1H, d), 2.12 (3H, ).

N-(7-chlor o-1,8-naphthyridin-2-yl)acetamide (1.4): %

A mixture of compound 2.5 (10.0 g, 49.25 mmol) and POCI 3 (175 mL) was heated at
100 °C for 2 h. The reaction mixture was cooled to room temperature, and excess of
POCI ; was removed by digtillation. The crude residue was dissolved in ice water, and
the solution was made alkaline (pH=8) by careful addition of concentrated ammonium
hydroxide. The crude solid was collected by vacuum filtration, ar-dried, and
continuously extracted (Soxhlet extraction) with chloroform for 12 h. Chloroform was
removed at reduced pressure, and the crude product was purified using column
chromatography on silicagel ussing MeOH/DCM (1:9) as an eluent to yield compound
1.4 in form of a golden needles (6.47 g, 60%). 'H NMR (DMSO-ds, 400 MHZ)
8.70 (1H, s), 8.56 (1H, d), 8.20 (1H, d), 8.18 (1H, d), 7.40 (IH, d), 2.30 (3H, S).
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Tert-butyl ((5-methyl(7-acetamido-1,8-naphthyridin-2-yl)thiophen-2-yl)methyl)
carbamate (2.6):

To a solution of compound 1.3 (6.2 g, 12.0 mmol) in dry 1,4- dioxane (50 mL) were
added compound 1.4 (2.0 g, 9.0 mmol) and PdCl,(PPhs), (0.315 g, 0.45 mmol) under
nitrogen atmosphere. After 12 h at reflux, the solvent was removed under reduced
pressure, and the crude residue was dissolved in EtOAc, passed through celite and
solvent was evaporated. Crude product was purified by column chromatography using
50% EtOAc in hexane to give 2.6 as yellowish solid (2.5 g, 67%). Mp: 115-118 °C;
TLC (50% EtOAc in hexane): R; = 0.26; *H NMR (DMSO-ds, 400 MHz) §: 11.07
(1H, bs), 8.33 (3H, m), 8.01 (1H, d), 7.87 (1H, d), 7.08 (1H, d), 4.53 (2H, s), 2.80
(3H, 9), 2.14 (3H, 9), 1.43 (9H, ). *C NMR (CDCl3, 100 MHz) ¢: 169.5, 155.6,
154.6, 153.9, 145.7, 1435, 139.2, 139.0, 137.0, 126.8, 119.3, 116.9, 114.3, 114.0,
80.2, 48.0, 33.8, 28.4, 24.9. MS (El, 70ev): m/z [M]" calced for C21H24N403S: 412.16,
found 413.2 [M+1]". Anal. Calcd for C21H24N40sS: C, 61.14; H, 5.86; N, 13.58; O,
11.64; S, 7.77, found: C, 61.26; H, 5.89; N, 13.45.

N-(7-(5-((methylamino)methyl)thiophen-2-yl)-1,8-naphthyridin-2-yl)acetamide
(1.2):

Compound 2.6 (0.293 g, 0.71 mmol) was dissolved in TFA: DCM (3 mL: 3 mL) and
stirred at RT for 2 h. After 2h solvents were removed and the reaction mixture was
treated with sodium bicarbonate solution and extracted with DCM. The organic
solvent was removed under reduced pressure and the crude residue was then purified
using column chromatography on silicagel using MeOH/DCM (2:8) as an eluent to
yield compound 1.2 as a yellowish solid (0.189 g, 85%). Mp: 260-262 °C; TLC (20%
MeOH in DCM): R; = 0.21. *H NMR (DM SO-dg, 400 MHz) ¢: 11.08 (1H, bs), 8.32
(3H, m), 8.01 (1H, d), 7.86 (1H, d), 7.08 (1H, d), 3.93 (2H, ), 2.35 (3H, s), 2.14 (3H,
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s). °C NMR (DMSO-dg, 100 MHz) §: 170.5, 155.2, 154.9, 154.8, 143.8, 139.6,
138.0, 127.9, 127.5, 119.2, 116.8, 114.2, 49.7, 35.2, 24.5. MS (El, 70ev): m/z [M]*
calcd for CigH1sN4OS: 312.1, found 313.1 [M+1]"*. Anal. Caled for C1sH16N40OS: C,
61.52; H, 5.16; N, 17.93; O, 5.12; S, 10.26, found: C, 61.42; H, 5.23; N, 17.85.

(2-((((5-(7-acetamido-1,8-naphthyridin-2-yl)thiophen-2yl)methyl)(methyl)amino)
methyl)phenyl)boronic acid (1.1):

Anhydrous K,CO3 (0.176 g, 1.32 mmol) was added to a stirred suspension of
compound 1.2 (0.14 g, 0.44 mmol) in dry DMF (2 mL). After 30 min, a solution of 2-
(bromomethyl) phenylboronic acid (0.096 g, 0.44 mmol) in DMF (2 mL) was added,
and the reaction mixture was stirred at room temperature for 12 h. DMF was removed
under reduced pressure, and the crude residue was washed with water, hexane and
toluene to yield compound 1.1 as a white solid (0.14 g, 70%). Mp: 210-212 °C. 'H
NMR (DM SO-dg, 400 MHz) ¢: 11.12 (1H, s), 9.03 (2H, brs), 8.30 (3H, m), 8.0 (1H,
d), 7.87 (1H, d), 7.70 (1H, m), 7.29 (3H, m), 7.10 (1H, d), 3.75 (2H, s), 3.70 (2H, 9),
2.14 (3H, s), 2.13 (3H, ). *'B NMR (CD30D, 130 MHz) §: 26.5. *C NMR (CDs0D,
100 MHz) ¢: 170.5, 155.2, 154.9, 154.8, 143.8, 139.6, 138.0, 127.9, 127.5, 119.2,
116.8, 114.2, 49.7, 35.2, 24.5. MS (El, 70ev): m/z [M]" calcd for CxsH23BN4OsS:
446.1, found 447.1 [M+1]". Anal. Calcd for C3H23BN4O3S: C, 60.38; H, 4.73; N,
18.78; O, 5.36; S, 10.75, found: C, 61.76; H, 5.12; N, 12.65.

Route-l1; Scheme 3a:

2-(thiophen-2-y1)-1,3-dioxolane (3.2):
Thiophene-2-carbaldehyde 3.1 (1.35 g, 12.05 mmol), ethylene glycol (2.68 mL, 48.2
mmol) and p-toluenesulfonic acid (0.01 g, 0.06 mmol) were dissolved in toluene (60

mL) in one neck round bottom flask. A Dean Stark apparatus was fitted and the
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reaction mixture was heated at 160 °C for 16 h. The reaction mixture cooled to room
temperature and washed with 10% NaOH solution and extracted with DCM. The
organic phase was dried with anhydrous sodium sulphate, filtered and solvent was
evaporated to provide compound 3.2 as brown oil (1.64 g, 88%) which was used
without further purification. Spectroscopic data matches with the one from reported
procedure. *H NMR (CDCl3, 400 MHZ) §: 7.33 (1H, d), 7.17 (1H, d), 7.01 (1H, m),
6.13 (1H, ), 4.11 (2H, m), 4.01 (2H, m).

(5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane (3.3):*°

To a solution of compound 3.2 (0.9, 5.76 mmoal) in dry THF (30 mL) was added n-
butyl lithium (1.6 M in hexane, 7.25 mL, 11.6 mmol) at -78 °C. After 1 h at -78 °C,
tributyl tin chloride (2.81 mL, 8.64 mmol) was added drop wise to the above reaction
mixture. After stirring for 24 h at room temperature, the mixture was quenched with
20 mL of saturated agueous ammonium chloride solution and extracted with hexane.
The organic phase was dried with anhydrous sodium sulphate, concentrated under
reduced pressure, and the resulting residue 3.3 was used without further purification
(1.08 g, 43%). Spectroscopic data matches with the one from reported procedure. *H
NMR (CDCl3, 400 MHz) ¢: 7.27 (1H, d), 7.04 (1H, d), 6.15 (1H, s), 4.16 (2H, m),
4.02 (2H, m), 1.56 (6H, m), 1.32 (6H, m), 1.09 (6H, m), 0.91 (9H, m).

N-(7-(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-1,8-naphthyridin-2-yl)acetamide (3.4):

Compound 3.3 (5.32 g, 12 mmol), compound 1.4 (2.0 g, 9 mmol) and PdCl,(PPhs),
(0.630 g, 0.9 mmol) were taken in a two necked round bottom flask, degassed with
nitrogen and dry 1,4- dioxane (100 mL) under nitrogen atmosphere was added. The
reaction mixture was refluxed for 3 h, after that the solvent was removed under

reduced pressure, and then the crude residue was dissolved in EtOAc, passed through
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celite and the solvent was evaporated. The crude residue was purified by column
chromatography using 1:1 EtOAc:hexane to give pure compound 3.4 as a yellowish
solid (2.0 g, 65%). Mp: 180-190 °C. TLC (50% EtOAc in Hexane): R; = 0.26. H
NMR (DM SO-dg, 400 MHZ) §: 11.11 (1H, s), 8.34 (3H, m), 8.04 (1H, d), 7.91 (1H,
d), 7.27 (1H, m), 6.0 (1H, s), 4.06 (2H, m), 3.96 (2H, m), 2.15 (3H, S). *C NMR
(CDCl3, 100 MHz) ¢: 170.3, 155.1, 154.5, 154.2, 146.1, 144.8, 139.0, 137.0, 132.0,
131.9, 128.4, 128.3, 126.9, 126.4, 119.3, 116.8, 115.0, 24.8. MS (El, 70ev): m/z [M]*
calcd for C17H15N303S: 341.0, found 342.0 [M+1]*. Anal. Calcd for C17H15N303S:
C,59.81; H,4.43; N, 12.31; O, 14.06; S, 9.39, found: C, 59.73; H, 4.41; N, 12.29.

N-(7-(5-formylthiophen-2-yl)-1,8-naphthyridin-2-yl)acetamide (1.5):

IM HCI (2 mL) was added dropwise to a solution of compound 3.4 (0.16 g, 0.46
mmol) in dry acetone (30 mL). After complete addition of HCI the reaction mixture
was stirred at room temperature for 6 h, then the solvent was removed under reduced
pressure and crude residue was extracted with EtOAc. The organic phase was dried
with anhydrous sodium sulphate, concentrated under reduced pressure, and the
resulting residue 1.5 was used without further purification (0.1 g, 73%). Mp: 270-274
°C. TLC (50% EtOAc in hexane): Rt = 0.24; 'H NMR (DM SO-ds, 400 MHz) 6: 11.20
(1H, s), 9.98 (1H, s), 8.44 (3H, m), 8.22 (2H, m), 8.12 (1H, d), 2.18 (3H, 5). *C NMR
(DMSO-dg, 100 MHz) ¢: 185.2, 170.6, 155.4, 154.6, 153.8, 153.3, 145.2, 139.7,
139.2, 138.8, 128.7, 120.3, 117.5, 115.4, 24.5. MS (El, 70ev): m/z [M]" calcd for
C1sH11N303S: 297.0, found 298.1 [M+1]*. Anal. Calcd for C15H11N30,S: C, 60.59;
H, 3.73; N, 14.13; O, 10.76; S, 10.78, found: C, 60.45; H, 3.68; N, 14.06.

Route-l1; Scheme 3b:

N-methyl-1-(thiophen-2-yl)methanamine (3.5): *
Thiophene-2-carboxaldehyde 3.1 (0.54 g, 4 mmol) and 40% agueous methyl amine
(0.74 g, 20 mmol) were dissolved in MeOH (20 mL). After 1 h, sodium borohydride
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was added portion wise at 0 °C to the reaction mixture. The resulting mixture was
stirred at room temperature for 3-4 days. The crude residue was taken up in 200 mL
water and extracted with DCM. The organic phase was dried with anhydrous sodium
sulphate, concentrated under reduced pressure, and the resulting residue was subjected
to column chromatography using 70% EtOAc in hexane to give compound 3.5 (0.30g,
60%). Spectroscopic data matches with the one from reported procedure. *H NMR
(CDCl3, 400 MHz) 6: 7.17 (1H, m), 6.91 (2H, m), 3.90 (2H, s), 2.43 (3H, 9), 2.18
(1H, 9).

Tert-butyl methyl(thiophen-2-yImethyl)car bamate (3.6): *

Compound 3.5 (0.2 g, 1.57 mmol) and sodium bicarbonate (0.25 g, 3.14 mmol) were
dissolved in dry THF. Boc,O (0.68 g, 3.14 mmol) was added dropwise to the reaction
mixture. The resulting mixture was stirred at room temperature for 3 h. The crude
residue was taken up in 100 mL water and extracted with EtOAc. The organic phase
was dried with anhydrous sodium sulphate, concentrated under reduced pressure, and
the resulting residue was subjected to column chromatography using 10% EtOAc in
hexane to give compound 3.6 which was used without further purification (0.34g,
97%). Spectroscopic data matches with the one from reported procedure. *H NMR
(CDCl3, 400 MHz) 8: 7.22 (1H, m), 6.94 (2H, m), 454 (2H, s), 2.85 (3H, ), 1.52
(9H, 9).

Tert-butyl methyl((5-(tributylstannyl)thiophen-2-yl)methyl)car bamate (3.7):*°

n-Buty!l lithium (1.6 M in hexane, 2.4 mL, 3.85 mmol) was added to a solution of
compound 3.6 (0.4 g, 1.76 mmol) in dry THF (30 mL) at 0 °C. After 1 h at 0 °C,
tributyl tin chloride (1.26 g, 3.88 mmol) was added to the above reaction mixture.

After stirring for 12 h at room temperature, the reaction mixture was quenched with
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20 mL of saturated agueous ammonium chloride solution and extracted with hexane.
The organic phase was dried with anhydrous sodium sulphate, concentrated under
reduced pressure. Spectroscopic data matches to compound 3.8 (0.58 g, 64%) instead
of 3.7. '"H NMR (CDCl3, 400 MHz) &: 6.99 (1H, d), 6.87 (1H, dd), 6.59 (1H, d), 3.96
(1H, s), 2.91 (3H, s), 1.47 (9H, ), 1.34 (12H, m), 0.89 (15H, m).

Route-l11; Scheme 4:

Tributyl(5-methylthiophen-2-yl)stannane (4.2): "

n-Butyl lithium (1.6 M in hexane, 3.81 mL, 6.11 mmol) was added to a solution of
compound 4.1 (0.5 g, 5.09 mmol) in dry THF (30 mL) at 0 °C. After 1 h at 0 °C,
tributyl tin chloride (1.65 mL, 6.11 mmol) was added drop wise to the above reaction
mixture. After stirring over 12 h at room temperature, the reaction mixture was
guenched with 20 mL of saturated agueous ammonium chloride solution and
extracted with hexane. The organic phase was dried with anhydrous sodium sul phate,
concentrated under reduced pressure, and the resulting residue 4.2 was used without
further purification (1.26 g, 64%). Spectroscopic data matches the one from reported
procedure. *H NMR (CDCl3, 400 MHz) §: 6.96 (1H, d), 6.88 (1H, dd), 2.54 (3H, 9),
1.56 (6H, m), 1.33 (6H, m), 1.07 (6H, m), 0.89 (9H, m).

N-(7-(5-methylthiophen-2-yl)-1,8-naphthyridin-2-yl)acetamide (1.6):

Compound 4.2 (2.40 g, 6 mmol), compound 1.4 (1.0 g, 4.5 mmol) and PdCl,(PPhs)»
(0.149 g, 0.22 mmol) were taken in a two necked round bottom flask, degassed with
nitrogen and 1,4- dioxane (50 mL) was added under nitrogen atmosphere. The
reaction mixture was refluxed for 2 h, the solvent was removed under reduced
pressure, and the crude residue was dissolved in EtOAc, passed through celite and the
solvent was evaporated. The crude residue was purified by column chromatography

using 1:1 EtOAc:hexane to give compound 1.6 as a yellowish solid (1.1 g, 65%). Mp:
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150-152 °C. TLC (50% EtOAC in hexane): Ry = 0.28. *H NMR (CDCl3, 400 MHz) &:
8.44 (1H, d), 8.16 (1H, d), 8.08 (1H, d), 7.75 (1H, d), 7.66 (1H, d), 6.84 (1H, m), 2.57
(3H, 9), 2.33 (3H, 9. 3C NMR (CDCls, 100 MHz) §: 170.5, 156.1, 153.7, 145.83,
145.82, 141.5, 139.9, 136.9, 127.8, 126.8, 118.9, 117.3, 114.1, 24.9, 15.8. MS (El,
70ev): m/z [M]" calcd for Ci5sH13N3OS: 283.0, found 284.1 [M+1]". Anal. Calcd for
CisH13N30S: C, 63.58; H, 4.62; N, 14.83; O, 5.65; S, 11.32, found: C, 63.53; H,
4.63; N, 14.85.

Route-1V; Scheme5:

Tert-butyl ((5-(7-acetamido-1,8-naphthyridin-2-yl)thiophen-2-
yl)methyl)carbamate 5.1:

Compound 1.4 (1.0 g, 4.5 mmol), compound 2.2 (3.0 g, 6 mmol) and PdCl,(PPhs).
(0.157 g, 0.22 mmol) were taken in a two necked round bottom flask, degassed with
nitrogen and dry 1,4- dioxane (100 mL) was added under nitrogen atmosphere. The
reaction mixture was refluxed for 1 h, the solvent was removed under reduced
pressure, and the crude residue was dissolved in EtOAcCc, passed through celite and the
solvent was evaporated. The crude compound was purified by column
chromatography using 60% EtOAc in hexane to give compound 5.1 as a yellowish
solid (1.5 g, 84%). Mp: 198-200 °C. TLC (60% EtOAc in hexane): R; = 0.24. H
NMR (DMSO-dg, 400 MHz) J: 11.09 (1H, s), 8.33 (3H, m), 8.01 (1H, d), 7.85 (1H,
m), 7.57 (1H, m), 7.01 (1H, d), 4.31 (2H, d), 2.16 (3H, s). *C NMR (DMSO-ds, 100
MHz) ¢: 170.4, 156.0, 155.2, 155.0, 154.8, 148.8, 143.5, 139.5, 138.0, 127.7, 126.5,
119.2, 116.7, 114.2, 785, 44.0, 28.6, 24.5. MS (El, 70ev): m/z [M]* calcd for
CooH22N403S: 398.14, found 398.2 [M+1]". Anal. Calcd for CooH22N4O3S: C, 60.28;
H, 5.56; N, 14.06; O, 12.05; S, 8.05, found: C, 60.15; H, 5.63; N, 14.12.

N-(7-(5-(aminomethyl)thiophen-2-yl)-1,8-naphthyridin-2-yl)acetamide (1.7):
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To a solution of compound 5.1 (0.14 g, 0.35 mmol) in dry DCM (2 mL)
trifluoroacetic acid (2 mL) was added at 0 °C. The reaction mixture was slowly heated
to room temperature and stirred at room temperature for 4 h. After 4 h, reaction
mixture was quenched with saturated sodium bicarbonate solution followed by
extraction with DCM. The organic phase was dried with anhydrous sodium sulphate,
concentrated under reduced pressure, and the resulting residue 1.7 (0.11 g, 82%) was
used without further purification. Mp: 172-174 °C. TLC (20% MeOH in DCM): Rs =
0.24. '"H NMR (DMSO-ds, 400 MHz) d: 11.10 (1H, s), 8.36 (3H, m), 8.26 (2H, 9),
8.06 (1H, d), 7.97 (1H, d), 7.30 (1H, d), 4.30 (2H, m), 2.16 (3H, ). *C NMR
(DMSO-dg, 100 MHz) ¢: 170.5, 158.8, 158.5, 155.1, 154.7, 146.0, 139.8, 1384,
130.6, 127.9, 119.5, 116.8, 114.6, 37.7, 24.6. MS (El, 70ev): m/z [M]" calcd for
C1sH14N40S: 298.09, found 299.2 [M]*. Anal. Calcd for C1sH14N4OS: C, 60.38; H,
4.73; N, 18.78; O, 5.36, S, 10.75, found: C, 60.26; H, 4.78; N, 18.65.

5.6. References:

D Hardy, S.; Jones, P. J. Chromatogr. A 1997, 791, 333.

2 Morel, F. M. M.; Kraepiel, A. M. L.; Amyot, M. Annu. Rev. Ecol. Syst. 1998,
29, 543.

©)) Dufault, R.; LeBlanc, B.; Schnoll, R.; Cornett, C.; Schweitzer, L.; Wallinga,
D.; Hightower, J.; Patrick, L.; Lukiw, W. J. Environ. Health 2009, 8, 2.

4) Danet, A. F.; Bratu, M.-C.; Radulescu, M.-C.; Bratu, A. Sens. Actuators, B
2009, 137, 12.

(5) Hashemi-M oghaddam, H.; Saber-Tehrani, M. J. AOAC Int. 2008, 91, 1453.

(6) Butler, O. T.; Cook, J. M.; Harrington, C. F.; Hill, S. J.; Rieuwerts, J.; Miles,
D. L. J. Anal. At. Spectrom. 2006, 21, 217.

@) (&) Lin, W.; Long, L.; Tan, W. Chem. Commun. 2010, 46, 1503. (b) Wang, D.-
H.; Zhang, Y.; Gong, Z.; Sun, R.; Zhao, D.-Z.; Sun, C.-L. RSC Adv. 2015, 5,
50540.

€)) Hu, J.; Hu, Z.; Cui, Y.; Zhang, X.; Gao, H.-W.; Uvdal, K. Sens. Actuators, B
2014, 203, 452.

9 Vedamalai, M.; Wu, S.-P. Eur. J. Org. Chem. 2012, 2012, 1158.

(10) (&) Djurdjevic, S.; Leigh, D. A.; McNab, H.; Parsons, S.; Teobadi, G.;
Zerbetto, F. J. Am. Chem. Soc. 2007, 129, 476. (b) Suda, H.; Kobori, A.;

226



1,8-Naphthyridine-Based Boronic Acid as Fluorescent Chemosensor for Hg?*and D-Fructose

(11)

(12)

(13)

(14)

(15

(16)

(17)

(18)

(19)

(20)
(21)

(22)

(23)

(24)

(25)

Zhang, J.; Hayashi, G.; Nakatani, K. Bioorg. Med. Chem. 2005, 13, 4507. (c)
Lu, S-H.; Selvi, S,; Fang, J.-M. J. Org. Chem. 2007, 72, 117.

Fang, J.-M.; Selvi, S,; Liao, J.-H.; Slanina, Z.; Chen, C.-T.; Chou, P.-T. J. Am.
Chem. Soc. 2004, 126, 3559.

(@ Yu, M.-M.; Li, Z.-X.; We, L.-H.; Wei, D.-H.; Tang, M.-S. Org. Lett.
2008, 10, 5115. (b) Chahal, M. K.; Sankar, M. Anal. Methods 2015, 7, 4552.
() Liu, X.; Chen, M.; Liu, Z.; Yu, M.; Wel, L.; Li, Z. Tetrahedron 2014, 70,
658.

Li, M.; Ge, H.; Arrowsmith, R. L.; Mirabello, V.; Botchway, S. W.; Zhu, W.;
Pascu, S. |.; James, T. D. Chem. Commun. 2014, 50, 11806.

Harvey, C. P.; Tovar, J. D. J. Polym. Sci., Part A: Polym. Chem. 2011, 49,
4861.

Anderson, C. A.; Taylor, P. G.; Zdler, M. A.; Zimmerman, S. C. J. Org.
Chem. 2010, 75, 4848.

Corbin, P. S.; Zimmerman, S. C.; Thiessen, P. A.; Hawryluk, N. A.; Murray,
T.J. J. Am. Chem. Soc. 2001, 123, 10475.

Chen, H.; Huang, H.; Huang, X.; Clifford, J. N.; Forndli, A.; Palomares, E;
Zheng, X.; Zheng, L.; Wang, X.; Shen, P.; Zhao, B.; Tan, S. J. Phys. Chem. C
2010, 114, 3280.

Mita, T.; Higuchi, Y.; Sato, Y. Org. Lett. 2011, 13, 2354.

Paama, I.; Di Maria, F.; Viola |.; Fabiano, E.; Gigli, G.; Bettini, C.;
Barbarella, G. J. Am. Chem. Soc. 2011, 133, 17777.

Yeh, J-T.; Chen, W.-C,; Liu, S--R.; Wu, S.-P. New J. Chem. 2014, 38, 4434.
(a) Benesi, H. A.; Hildebrand, J. H. J. Am. Chem. Soc. 1949, 71, 2703(b)
Singh, R. B.; Mahanta, S.; Guchhait, N. J. Mol. Struct. 2010, 963, 92.
Vedamaai, M.; Wu, S.-P. Org. Biomol. Chem. 2012, 10, 5410.

(a) James, T. D.; Sandanayake, K. R. A. S.; Shinkai, S. J. Chem. Soc., Chem.
Commun. 1994, 477. (b) James, T. D.; Sandanayake, K. R. A. S.; Shinkai, S.
Angew. Chem. Int. Ed. 1994, 33, 2207.

(a) Bosch, L. I.; Fyles, T. M.; James, T. D. Tetrahedron 2004, 60, 11175(b)
Zhu, L.; Shabbir, S. H.; Gray, M.; Lynch, V. M.; Sorey, S.; Andlyn, E. V. J.
Am. Chem. Soc. 2006, 128, 1222.

de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, A. J. M.;
McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev. 1997, 97, 1515.

227



Chapter 5

(26)

(27)
(28)

(29)
(30)

(31)

(32)

(@) Takeuchi, M.; Yamamoto, M.; Shinkai, S. Chem. Commun. 1997, 1731.
(b) Yang, W.; Yan, J.; Springsteen, G.; Deeter, S.; Wang, B. Bioorg. Med.
Chem. Lett. 2003, 13, 1019. (c¢) Hosseinzadeh, R.; Mohadjerani, M.;
Pooryousef, M. Luminescence 2015, 30, 549.

Dempsey, B. London: Chapman and Hall Ltd 1974, 25, 13.

Varadi, L.; Gray, M.; Groundwater, P. W.; Hall, A. J.; James, A. L.; Orenga,
S.; Perry, J. D.; Anderson, R. J. Org. Biomol. Chem. 2012, 10, 2578.

Jeon, J.-H.; Tanaka, K.; Chujo, Y. Org. Biomol. Chem. 2014, 12, 6500.

Shen, P.; Tang, Y.; Jang, S.; Chen, H.; Zheng, X.; Wang, X.; Zhao, B.; Tan,
S. Org. Electron. 2011, 12, 125.

Pyun, S. Y.; Lee, D. C.; Seung, Y. J; Cho, B. R. J. Org. Chem. 2005, 70,
5327.

Putey, A.; Joucla, L.; Picot, L.; Besson, T.; Joseph, B. Tetrahedron 2007, 63,
867.

228



1,8-Naphthyridine-Based Boronic Acid as Fluorescent Chemosensor for Hg?*and D-Fructose

5.7. Appendix:
5.7.1. NMR Spectra of Synthesized Compounds:
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Figure A2: *C NMR (CDCl3, 100 MHz) of compound 1.3
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Figure A8: *C NMR (CD30D, 100 MHz) of compound 1.1
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Figure A12: 3C NMR (DMSO-dg, 100 MHZ) of compound 1.5
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Figure A15: *H NMR (CDCl3, 400 MHz) of compound 1.6

2 28 28885 $§ 8¢ 8 3
e  $% 99388 Ng =h¥ s 3
I [ ! "
1 1 | I
|l | | |
i | -
T T I T T T T 1 T T T T | T T T
150 100 50
pom (1)

Figure A16: **C NMR (CDCl3, 100 MHz) of compound 1.6
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Figure A18: *C NMR (DM SO-dg, 100 MHz) of compound 5.1
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Figure A20: *C NMR (DM SO-dg, 100 MHz) of compound 1.7
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