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ABSTRACT

The work demonstrated in thesis entitled “DESIGN AND
CONSTRUCTION OF FLUORESCENT BIOACTIVE PROBES FOR
BIOIMAGING OF TARGETED CELLULAR ORGANELLES” was
initiated in December 2014 in the Discipline of Biosciences and Biomedical

Engineering (BSBE), Indian Institute of Technology Indore.

The fluorescence imaging technique has emerged as a powerful way
to monitor the amount, localization and movement of biomolecules at the
cellular level. The objectives of this thesis are to design and synthesis of
various organelles targeting fluorescent probes. The focal points of thesis are
as follows:-

1. Design and synthesis and characterization of fluorescent organelles
targeting probes.

2. Synthesis of two photon probes for their advance application in bio-
imaging and deeper tissue penetration capability.

3. Live cell/tumor spheroid bio-imaging using synthesized probe and
compared with standard reference trackers for validating cellular
organelles targeting ability of probes.

4. Solid state properties of single crystal explored in terms of unique
non-bonding interaction and elastic bending, followed by organelles
bio-imaging ability in solution state.

5. Synthesis of biologically active Aroyl-hydrazone based ligands and
determines their effectiveness by molecular docking, density function
calculation (DFT), DNA and proteins binding.

This thesis contains seven chapters and it begins with a general introduction

(Chapter 1). Fluorescent probes synthesized for bio-imaging of the target

organelles in subsequent chapters (Chapter 2-5), Followed by synthesis of

X1



aroyl-hydrazones derivatives for their anti-influenza activities (Chapter 6).

The thesis outlines the future perspective in the Chapter 7.

The introductory chapter (Chapter 1) of this thesis illustrates the
brief background literature of basic criteria of organelle-targeting fluorescent
probes (OTFp). General approaches of organelles targeting fluorescent probe
delivery to the organelles. The structure and function of various organelles
including lysosomes, endoplasmic reticulum, Golgi apparatus, mitochondria,
nucleus etc. have been discussed in detail. The general deign of probes for
particular organelles and challenges for organelles targeting probes have also
discussed. Moreover, we have described the types and mechanism of
reaction such as Schiff base, click reaction which used for probe synthesis.
Then the fundamental concepts of molecular electronic transition,
fluorescence, and single-photon as well as two-photon microscopy
deliberated. The computation study includes molecular docking and density
function calculation (DFT). Furthermore, introduction of bending crystal
phenomenon has been discussed as well. In solid-state, crystalline materials
have wide applications in mechanical actuators, light-emitting diodes

(LEDs), phototransistors, photonics, solar cells, and flexible electronics etc.

Chapter 2, describes the morphological alteration of lysosomes is a
powerful indicator of various pathological disorders. In this regard, a new
water soluble fluorescent Schiff-base ligand (L-lyso) containing two
hydroxyl groups was designed and synthesized. L-lyso characterized by
NMR, ESI-MS, FTIR, and single crystal diffraction. L-lyso exhibits
excellent two-photon properties with tracking of lysosomes in live cells as
well as in 3D tumor spheroids. Thus, L-lyso has an edge over the
commercially available expensive LysoTracker probes and also over other
reported probes in terms of its long-term imaging, water solubility and facile

synthesis.

In Chapter 3, a new two-photon, non-cytotoxic, fluorescent probe

(ERLp) was designed and synthesized in a facile manner and characterized

XV



by various spectroscopic techniques such as NMR, ESI-MS, FTIR, and
single crystal diffraction. ERLp can selectively track the endoplasmic
reticulum with a high Pearson co-localization coefficient (0.91) in live cells
and tumor spheroids. Further, ER stress during cell apoptosis and vesicular
transport from the ER to the lysosomal compartment were also explored by
employing ERLp. Therefore, ERLp can be used as a potent tool for

examining vesicle transport or ER stress associated diseases in real time.

In Chapter 4, A novel mesoionic carbene based highly fluorescent
Pd(Il) complex was synthesized and characterized (NMR, ESI-MS, single
crystal diffraction). A recent study advocates that endoplasmic reticulum
(ER) dysfunction may be linked to critical neurotrauma and advanced
tauopathy. In this regard, targeting the ER warrants urgent attention towards
the therapeutic treatment of neurotrauma-related neuro-degeneration. Herein,
we describe the synthesis of a new N-heterocyclic mesoionic carbene based
highly fluorescent square-planar Pd(ll) complex 1, with a high quantum
yield (0.737). Further the probe 1 is a non-toxic probe for selectively

labeling the endoplasmic reticulum in live cells.

In Chapter 5, we report the unique properties of a new Schiff base
ligand (HzL), synthesized and characterized by FTIR, *H and *3C NMR and
LCMS spectroscopy. Further, it has been authenticated by single crystal X-
ray diffraction study. In a solid-state, H2L can bend upon externally applied
stress which rapidly reverts to its original shape upon relaxation revealing
highly flexible and elastic bending properties. The powder XRD and Raman
studies indicate high retention of crystallinity and chemical bonds even
under stress (bend) conditions which imply that the bending in HzL is purely
due to the intermolecular hydrogen bonding C—H---zt interactions. Moreover,
in the solution state, HzL is fluorescent, non-cytotoxic, two-photon
excitation ability and selectively labels mitochondria of live cells and tumour

spheroids.
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In Chapter 6, we describe the synthesis and characterization of four
new bioactive aroyl-hydrazone derivatives, Li1—L4and their structural as well
as biological activities have been explored. The biological activities of Li1—
L4 have been examined through molecular docking with twelve different
proteins which are involved in the propagation of viral/bacterial diseases or
proliferation of cancer disease. L1 and L2 are having a high antiviral activity
while L3 and L4 shows best anticancer activity in terms of their binding
energy which was determined by molecular docking studies. L1 Shows best
binding affinity with Influenza A virus polymerase PB2 subunit with binding
energy -11.42 Kcal/Mol and inhibition constant 4.23nM whereas L strongly
bind with the Hepatitis C virus NS5B polymerase with binding energy -
10.47 Kcal/Mol and inhibition constant 21.06nM. Ligand Ls binds strongly
with TGF-beta receptor 1 (Transforming growth factor B-R1)
and L4 with cancer related EphA2 protein kinases with binding energy -
10.61 Kcal/Mol, -10.02 Kcal/Mol and inhibition constant 16.67nM and
45.41nM respectively. In addition to docking with Bovine serum albumin
(BSA) and duplex DNA, the experimental results demonstrate the effective
binding of Li—L4 with BSA protein and calf thymus DNA (ct-DNA) which
is in agreement with the docking results. Furthermore, the geometry
optimizations of Li—L4 were performed via density functional theory (DFT).
Moreover, all four ligands (Li1—L4) were characterized by NMR, FTIR, ESI-
MS, elemental analysis and their molecular structures were validated by

single crystal X-ray diffraction studies.

The Chapter 7 outlines the future perspective of this work.
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CHAPTER 1

Introduction

1.1. Cellular organelle bio-imaging:

Cells are the structural and functional unit of all life on the
biosphere. Various cellular organelles are found in eukaryotes such as
lysosomes, endoplasmic reticulum and Golgi apparatus, mitochondria,
nucleus play an essential role in performing normal functions of cells [1]
(Figure 1.1). Organelle dysfunction causes the number of diseases such as
Parkinson’s diseases, Cancer, diabetes, Alzheimer’s diseases etc [2-5].
Therefore organelles are of greater interest; not only for bio-imaging them
and tracking their morphological alteration in real time which can enhance
our understanding of how organelles function, but also considered as a
potential therapeutic target for the treatment of many diseases.

~ 1: Lysosome
2: Endoplasmic reticulum

3: Golgi apparatus
4: Mitochondria

5: Nucleus

Figure 1.1. Schematic representation of cellular organelles (lysosome, endoplasmic

reticulum, golgi apparatus, mitochondrion and nucleus) in a cell.

Recently, fluorescence imaging technique has emerged as a
powerful way to monitor the amount, localization and movement of

biomolecules at the cellular level [6-7]. Small molecule fluorescent probes



have found extensive applications in diverse fields, including drug
discovery, clinical diagnosis, and chemical biology [8-10]. Keeping this in
mind, organelles targeting ligands or metal complexes have attracted
worldwide attention in recent years [11].

1.1.1. The basic criteria of organelle-targeting probes:

Few criteria should be considered during the design and synthesis of
organelles targeting fluorescent probe (OTFp) for their practical
applications. (i) The probes should be chemically stable and synthetically
accessible; (ii) easily and rapidly pass through the plasma membrane and
organelle’s membranes; (iii) show negligibly toxic to cells; (iv) not alter
the endogenous metabolism of live cells; (v) remain inside the target
organelle, react efficiently and selectively with the analytes of interest;

(vi) exhibit measurable changes in the signal.

1.1.2. Organelle-targeting synthetic probes:

The organelle-targeting moieties can be peptides or small
molecules. But in the case of peptides, its effectiveness as targeting
moieties affected since it can be degraded by enzymes. However, small
molecules remain unaffected by enzymes. Synthetic probes pose
numerous advantages over other probes. Due to their synthetic nature, they
are often available in large quantities and more cost-effective than
antibodies. Unlike the fluorescent proteins, their application in cells does
not require any transformation or genetic manipulation, which further
allows their use where tedious transfection techniques are not practical or
impossible [1, 12]. Synthetic probes are prepared with a wide range of
targeting features inserted into them. Therefore synthetic organic probes
are extensively used for visualizing various organelles and some of the

probes have been commercialized (Table 1.1).



Table 1.1. Some commercially available organic dyes for organelle targeted imaging.

Organelles Organic dyes

LysoTracker® Blue DND-22 , LysoTracker®
Lysosome Blue-White DPX, LysoTracker® Green DND-26,
LysoTracker® Red DND-99,

MitoTracker® Green FM, MitoTracker® Orange,
Mitochondrion
MitoTracker® Red FM, MitoTracker® Deep Red

Endoplasmic ER-Tracker™ BlueWhite DPX, ER-Tracker™
Reticulum (ER) Green, ER-Tracker™ Red
Nuclear Hoechst 33342, DAPI

1.1.3. General approaches of OTFp delivery to the organelles:

Generally, for the delivery of fluorescent probes into organelles, there are
two main strategies have been employed: (i) The direct one-step strategy
and (i) the indirect two-step strategy.

In the direct one-step strategy, organelles targeting fluorescent
probe (OTFp) either bear organelle-anchoring moiety within the probe or
it can covalently be attached to extra organelle-anchoring motifs (Figure
1.2a). In this case, fluorophores equipped with an anchoring moiety that
has the capacity to drives the whole molecule into the desired target
organelle. For example, molecules containing unprotonated amino bases
are accumulated in lysosomes while triphenylphosphonium (TPP)
accumulate inside the mitochondria [13-14]. Moreover, the probes can
also consist of analyte-responding moiety. When the analyte-responding
moiety meets the analytes of interest within particular organelle, thereby

leading to fluorescence turn On/Off or changes in fluorescence signal.



In the indirect two-step strategy, a high-affinity receptor or an
enzyme is first expressed on the organelles; the fluorescent probe
consisting of receptor binding unit or substrate for enzyme; which can
react with the receptor/enzyme and form a covalent bond with the protein
of interest, thus being selectively retained within the desired organelle.
Additionally, the fluorescent probe also carries an analyte-responding
motif. The probe will exhibit changes in the fluorescence signal upon
integration with the analyte of interest (Figure 1.2b). The protein-bound
nature limits the free movement of the probes. This strategy may lack
effectiveness in the case of signaling molecules that float within the

cellular environment.

(.v) Organelle anchoring moiety Q Cell analyte

* Analyte responding moiety Y Receptor on organelle

Figure 1.2. (a) Organelle targeting fluorescent probe (OTFp) delivery based on the direct
one-step strategy. (b) OTFp based on the indirect two-step strategy.



1.2. Structure and function of Lysosomes:

Foreign materials, malfunctioning organelles, and obsolete
biomolecules hamper cell growth and proper functioning of lysosomes.
The acid hydrolases (present in lysosomes) play a significant role in
degrading these molecules. The acid hydrolases are genetically encoded
by nuclear DNA, produced in the ribosomes on the rough endoplasmic
reticulum and tagged by mannose-6-phosphate (M6P) in the cis-Golgi. To
prevent cellular damages by acid hydrolases release, they are protected by
the M6P receptor (M6PR) protein in the Trans-Golgi. From the trans-
Golgi network, the vesicles containing acid hydrolases transferred to the
late endosomes [15]. Within the medium acidic environment of late
endosomes (pH 5.5), M6PR release hydrolase enzymes in the lysosomes
(pH 4.5), packed in the vesicles back to Golgi for recycling (Figure 1.3)
[16].

The lysosomes are single layer compartment; ubiquitously present
in almost all eukaryotic cells, often described as the stomach of the cells.
The lysosomes, as well as endosomes, maintained low pH value 4.5,
which is facilitated by a number of proton pumps, including vacuolar-type
H*-ATPase. Adenosine Triphosphate (ATP) used as the energy source to
supply the protons into the lysosome or endosome membrane. When the
acid hydrolases enter in the lysosomes, they are activated by the low pH
value and play a pivotal role in degrading bio-macromolecules delivered
by different pathways (endocytosis, phagocytosis, and autophagy)
into smaller fragments, which are then exported out of the lysosomes [17-

18] as depicted in Figure 1.3.
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Figure 1.3. Structure and function of lysosome of cell.

More than 60 types of acid hydrolases present in lysosomes which
includes specific peptidases lipases, membrane proteinase, sulfatases,
proteases, phosphatases, nucleases, glycosidase, etc. to degrade bio-
macromolecules which includes obsolete biomolecules, malfunctioning
organelles, and foreign species [19-21]. Besides their role in terminal
garbage disposal compartment of cells, lysosomes also perform a critical
role in a number of key life activities including metabolism, cell
migration, cell antigen processing, apoptosis, intracellular transportation,
plasma membrane repair, and cholesterol homeostasis [21] as shown in
Figure 1.4. Lysosomes also govern cell division, growth, and
differentiation. It emerged as a sophisticated signaling hub in controlling
nutrient response and growth/hormone signaling [22-23]. The master
mechanistic regulating target of rapamycin complex 1 kinase is
stimulated on lysosomes in response to growth and nutrient factor [24].
Lysosomes enable autophagy (self-eating) process which is necessary
for stress adaptation. Lysosomal dysfunction causes several diseases
including neurodegenerative disorders, silicosis, lysosomal storage
disease, cardiovascular disorders, cancer and inflammation and age-

related diseases [25].
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Figure 1.4. Representation of functional aspects of lysosome.

1.2.1. Possible pathways for probe to accumulate into lysosomes:

There are mainly four possible ways by which amine-containing
molecules can gather into lysosomes. Three of the pathways involve direct
transfer from of probe from the cell cytosol to lysosomes. (i) Passive
diffusion (most common), (ii) autophagocytosis (with subsequent fusion
with lysosomes) and (iii) by drug transporter protein which is associated
with lysosomal membranes and orientated in such a way as to facilitate the
transport of probe into the lumen space. (iv)The fourth possible pathway is
endocytosis; large and/or membrane impermeable compounds

sequestration occurs from the extracellular fluid by this mechanism [26].

1.2.2. General deign of lysosome targeting probe (basic amines):

Small molecules below 1 kDa were able to diffuse easily through
the cell bilayer membrane [27]. Probes which can anchors to the
lysosomes or any other acidic organelles are prepared with lipophilic
weakly basic amines moieties. The pH value of the cytosol of
cells is typically around neutrality [28]. The weekly basic amines

having pKa values around 8 thus in cytosol they exist predominantly in



their free base form (b). Once the basic probes cross lipid bilayers of
lysosomes, they become positively charged due to protonation of amines
(BH") in an acidic environment. The protonated species is relatively
membrane impermeable and unable to diffuse out of the organelle so
remain trapped inside the organelles. A simplified model of this
mechanism is shown in (Figure 1.5). As long as low pH maintained in the
lysosomes, the base will continuously accumulate and attain very high
concentration at steady state relative to concentrations in the cytosol.

The concentrations of probes were at least 1000 times higher in
lysosomes than its concentration in the cell culture media. The lysosomes
could not have such a reserve of protons or extensive buffer capacity to
allow for such extensive accumulations. Lysosomes maintain a lower pH
value (acidic conditions) than the cytoplasm using proton-importing
machinery (Figure 1.5) i.e VV-type ATPases proton pump import proton
using ATP as an energy source [29]. Most of the reported lysosomes
targeted fluorescent probes (LyTFps) and endosome targeted (EndTFps)
that function only under acidic conditions takes advantage of the low pH

value of these digestive organelles.

Lysosome
(pH~4.5)

Figure 1.5. Illustration of the mechanistic basis for pH partitioning is driven by

accumulation of weakly basic amines into lysosomes. Where free base form (b), ionized
state (BH").



There is an additional mechanism for accumulation of probes in
the lysosome. A relatively significant residual binding of cationic probes
to lysosomal membranes through interactions with acidic glycolipids and
acidic polysaccharides, which are quite an abundant component of
lysosomal lipid bilayers [26a].

Lysosomotropic agents refer to any molecule that sequestered into
lysosomes, regardless of the pathway. There are numerous uses of
lysosomotropic agents such as in pH meters, pharmaceuticals, and the
fluorescent probes for lysosome imaging [26a]. The Probes designed for
targeting other acidic organelles such as autophagosomes or endosomes
share similar features as those for lysosomes, but because of their distinct
pH environments, special tuning is required in that case. On the basis of
this mechanism, various commercial fluorescent probes for lysosome have
been developed, such as LysoTracker blue (Aex'hem = 373/422),
LysoTracker yellow (Aex/Aem = 465535), LysoTracker green (Aex/Aem =
504/511) and LysoTracker red (Aex/Aem = 577/590), which share the same
lipophilic basic amino moiety but have different excitation and emission

wavelengths [26b] as depicted in Scheme 1.1.
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Scheme 1.1. Structures of commercial available LysoTrackers. Lysosome targeting motif

is red.



1.2.3. The general methods to design probes for lysosome and sense

lysosomal signaling molecule:

There are many small signaling molecules involved in the
functions of lysosomes, such as NO, HCIO, etc. Typically, lysosomal
sensor probes were designed by using lysosome anchoring agents (a
masked fluorophore is linked to a weak base) as the targeting unit and
activation sensor moiety for sensing the analyte of interest. Preferably,
before reaching the target organelles, the probes stay in the fluorescence
“off” state in order to minimize the background interference and improve
the signal-to-noise ratio. Once the activation sensor moiety comes in
contact with analytes, their interaction quickly unmasks the fluorophore
and the fluorescence “On” signals appears. Most of the lysosomal sensor
probes are AND logical gates, which can only illuminate when they are
activated by both protons (H") and the analytes of interest [30]. There are
also some reports that utilize the autophagic or endocytic pathway for the
selective delivery of OTFps. Recently, Fan et al. [31] reported a
lysosome-targeting and polarity-specific fluorescent probe CPM (2a,
Scheme 1.2) for cancer diagnosis and imaging. The confocal imaging co-
localization experiment with commercially available Lysotracker green

dyes was performed to indicate its localized in the lysosomes (Figure 1.6)

b)

Figure 1.6. (a) Confocal images of 5 uM CPM. (b) LysoTracker Green DND-26 (1 uM)
co-stained in SMMC-7721 cells. (c) Merged image. (d) The correlation of CPM and
LysoTracker Green DND-26 intensities (A = 0.93). CPM J¢ = 458 nm and Ay, = 560 -
650 nm; LysoTracker Green DND-26 J¢ = 488 nm, Aem =. 500 — 550 nm. Scale bar: 5
um [31].
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1.2.4. Lysosome targeting probe for Metal lons sensing:

Lysosomes play a major role in the intracellular regulation
and homeostasis of iron [32-33]. Lysosomal iron controls the sensitivity
of the cells to oxidants [34]. Fakih et al. [35] synthesized a fluorescent
turn “Off” probes by incorporating a basic 1-dimethylethylamine moiety
(2b, Scheme 1.2) and another more iron sensitive [36] SF34 (2c, Scheme
1.2) to monitor the endosomal/lysosomal iron. These probes are highly
sensitive to the lysosomal iron status in response to clinically used
chelators, such as desferrioxamine, deferiprone and deferasirox as
demonstrated by Confocal imaging experiments.

Lysosome imaging
O

| @
CPM K/
@22

Fluorescence turn “Off” Lysosomal iron sensor

OH

SF34
(2b) o)

Scheme 1.2. Structures of lysosome-targeting fluorescent probe as well as turn “Off”
probes for iron ions. Lysosome targeting motif highlighted red and metal binding motif
highlighted blue.
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Fluorescence quenching by Fe®*/Fe*" due to its paramagnetic
nature, but fluorescent turn “On” probes by Fe*/Fe** for lysosome-
targeting were lacking. Recently, ring opening of rhodamine was used as
the basis to design iron turn “On” probes. The probe 3a (Scheme 1.3)
displayed insignificant fluorescence when its ring in closed form.
However in the presence of Fe**, ring-open complex form as iron species
coordinated with the diacetohydrazide moiety [37]. The phenylamines
attached to the xanthene scaffold to facilitate this probe localization in
acid organelles (endosomes or lysosomes) of live HelLa cells. The
intracellular fluorescence turn “On” response might arise from either
endogenous labile Fe** or excessive H* in the lysosomes. The low pH

value can also trigger the turning “On” the response of a probe by just

opening their rings. Another report on the fluorescent turn “On” RPE
probe (3b, Scheme 1.3) for labile lysosomal Fe** [38].

Scheme 1.3. Structures of lysosome-targeting fluorescent turn “On” probes for
iron ions. Lysosome targeting motif highlighted red and metal ion binding motif
highlighted blue.
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Zinc ions generally, mediate the autophagy pathway, but excess
zinc ions interrupt the normal enzymatic functions of the lysosome,
resulting in the accumulation of a large number of malfunctioning proteins
[39]. Jiang research group in 2012 [40], construct a lysosome-targeting
fluorescent probe DQZn4 for detecting Zn?* (4a, Scheme 1.4). DQZn4
consist of both lysosomal anchoring group (dimethylethylamino) as well
as the fluorescence reporter (quinoline scaffold) responded to Zn?*.
DQZn4 exhibited fluorescence signal enhancements due to photoinduced
electron transfer (PeT) mechanism and a ratiometric signal with a blue-
shift due to intramolecular excited states variation.

Another research group reported probe LysoZn-1 (4b, Scheme 1.4)
for Zn** [41]. This probe was designed by attaching lysosome-targeting
moiety (2-morpholinoethylamine ) to a known Zn** probe (styryl-
BODIPY-DPA scaffold). Fluorescence signals enhancement upon binding
with Zn2+. Successively, the FRET-based probe 4c [42] shown in
Scheme 1.4 and the two-photon probe (Aex 900 Nnm) 4d [43] depicted in
Scheme 1.4 were also reported for sensing and imaging of endogenous

zinc ions in lysosomes (Figure 1.7).

Probe only Probe + Zn-Pyrithion = Probe +TPEN

3

Fl. Intensity (au)

@ ® (o
Figure 1.7. TPM imaging of Zn(Il) ions in live NIH 3T3 cells: (a) the cells were treated
with 4d only (30 uM, 30 min); (b) the cells were treated with 4d (30 uM, 30 min)
followed by incubation with Zn(ClO,), and pyrithione (1 : 1) mixture (60 uM 10min);
(c) the cells were incubated with 4d (30 uM, 30 min); then incubation with (150 uM, 10
min) TPEN chelator. Scale bar: 10 um. (d) Relative intensity plot of the respective TPM
images are depicted in (a—c). [43]
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Scheme 1.4. Structures of lysosome-targeting fluorescent turn “On” probes for
Zinc ions. Lysosome targeting motif highlighted red and zinc ion binding motif
highlighted blue.

The Pearson’s co-localization coefficient of the probe [43] 4d
(Scheme 1.4) describes the correlation of the intensity distributions to
characterize the degree of overlap (0.87) of 4d with commercially
available lysotracker deep red (Figure 1.8), was calculated to be by using
the LAS AF software.
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(b) Lysotrackderdeep (C) Merge image
re

(b} (um)

Figure 1.8. Co-localization of fluorescence of 4d (as Zn*" sensor) with LysoTracker
Deep Red in NIH 3T3 cells: (a) TPM images of cells co-incubated with probe 4d (30
uM) followed by Zn(ClO,), and pyrithione (1 : 1) solution (60 uM), Aex = 900 nm, Ay =
500-630 nm. (b) OPM images of cells treated with LysoTracker Deep Red (1 uM) for 10
min at 37 °C, A = 633 nm, Aep = 670750 nm. (¢) Merged images. Scale bar: 10 um. (d
and e) Intensity profiles measured across the NIH 3T3 cells: (d) ROl 1 and (e) ROI 2.
[43]

In spite of lysosomes involve in iron and zinc metabolism, they
also contribute in copper homeostasis [44-45]. Excessive accumulation of
copper in lysosomes will leads to leakage of acid hydrolases and
lysosomal lipid peroxidation which further cause hepatocyte necrosis [46-
47]. Therefore for the sensing and imaging of Cu?" in lysosomes,
cyanine7 based scaffold was used for the design and synthesis of NIR
(Near Infrared) fluorescent turn “On” probe by Tang et.al. (5a, Scheme
1.5) [48]. Another rhodamine-based fluorescent turn “On” lysosomal Cu?*
sensing probe RHAT (5b, Scheme 1.5) was synthesized by same the
group [49]. 134 The probe can target specifically to lysosomes (Figure
1.9).
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Scheme 1.5. Structures of lysosome-targeting fluorescent turn “On” probes for

cupper ions. Lysosome targeting motif highlighted red and cupper ion binding motif
highlighted blue.

RHAT (5b) Lyso-Tracker DND-26 Merge image

C

10 pm 10 pm 10 um

Figure 1.9. (a) HL-7720 cells treated with Cu** (30 uM, 30 min at 37°C), then 15 uM
RHAT (5b) for 15 min. (b) Addition of 50 nM Lyso-Tracker DND-26 for 10 min. (c)
merge image of (a) and (b). [49]

The thiophene-substituted hydrazide moiety of the probe RHAT
(5b, Scheme 1.5) leads to selective response to Cu®*. The high sensitivity
of the rhodamine ring-opening process allowed them in imaging of drug-

induced fluctuations of Cu®* level in live cells (Figure 1.10).
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Figure 1.10. Confocal fluorescence images of RHAT (5d) showing Cu®* ions sensing in
live HL-7720 cells. (a) Cells incubated with 15 uM RHAT (5d) for 15 min at 37 °C. (b)
The cells were pretreated with Cu?* (30 uM ,30 min at 37 °C), then were incubated with
15 uM RHAT (5d) for 15 min. (¢) RHAT-supplemented cells pretreated with 30 uM
Cu?*, then treated with 50 uM chelator TPEN. [49]

1.2.5. Lysosome targeting probe for detecting H,O:

Another critical reactive species is lysosomal H;O,, which is
associated with apoptosis and autophagy in normal and pathological
processes [50-51]. To further explore its cellular functions, Song et al.
designed the lysosome-targeting fluorescent turn “On” probe ZP1Fe2 (6a,
Scheme 1.6) for H,O, . The bioredox reaction was introduced to remove
the iron complex from the xanthene ring [52]. The amino chelator and the
slightly basic phenolic acid moieties are likely to be lysosome targeting
group, but further required clarification. In 2013, Jing and Zhang group is
developed a new two-photon probe J-S (6b, Scheme 1.6) for lysosomal
H,0, imaging in live cells [53]. J-S selective exhibited turn “On”
fluorescence signal in response to H,O,, in the presence of enzyme
myeloperoxidase (MPO). In the absence of the enzyme, the probe was
distributed in the cytosol. The thiomorpholine moiety reaction with H,O,
allowed the probe to detect and imaging of exogenous or endogenous
(lysosomal) H,O, [53].

In 2015, Yoon group [54] reported naphthalimide based
fluorescent probe 6¢ for H,O, detection. The probe consists of lysosome
anchor moiety (aminoethylmorpholine) and an H,O,-responding motif

(boronate moiety) (6¢, Scheme 1.6). This probe detects both endogenously
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generated and exogenously added reactive species, although the addition
of an H,0, scavenger quenched the fluorescence response.

S=0 o0o=s N—

v
J-SO

(6b°)

*"" (6¢)

Scheme 1.6. Structures of lysosome targeting fluorescent probes for sensing
H,O, in live cells. Lysosome targeting motif highlighted red and H,O, sensing motif
highlighted blue.
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1.2.6. Lysosome targeting probe for sensing HOCI molecules:

Hypochlorous acid (HOCI) is one of the end products of
H,0, metabolism. It plays an important role as signaling molecule
as well as a scavenger for cell debris. HOCI also plays important roles in
regulating inflammation and cellular apoptosis. In 2015, Yuan et al. [55]
designed a ruthenium (I1) complex based probe Ru-Fc (7a, Scheme 1.7)
that precisely detects lysosomal HOCI. the probe was weakly fluorescent
in the absence of interaction with HOCI, due to photoinduced electron
transfer (PET) from the ferrocene quencher to the ruthenium complex. The
fluorescence emission is restored from the complex when HOCI cleaves
the linker between the ferrocene and ruthenium complex. Notably, Ru-Fc
probe localized in the lysosome by the caveolae-mediated endocytic
pathway, as confirmed by performing endocytosis inhibitor assays. Due to
its relatively large size, it not enters in lysosome by free diffusion. In
addition, Ru-Fc probe was visualizing endogenous HOCI species in live
cells, as well as in live Daphnia magna and zebrafish. In the same year, Li
and co-workers reported a fluorescent probe (7b, Scheme 1.7) for
lysosomal HOCI response, based on a selenide switch.[56] [147] Yuan et
al. [57] reported LYSO-TP (7c, Scheme 1.7), for detecting endogenous

lysosomal HOCI (nanomolar range) in stimulated macrophage cells [57]

1.2.7. Lysosome targeting probe for detecting reactive species and
thiols:

Nitric oxide (NO) is a cellular signaling molecule [58], 60 affects the
lysosome’s autophagy processes [59]. [141] The Xiao and its coworker
[60]142 constructed a two-photon fluorescent probe Lyso-NINO (8,
Scheme 1.8) for detecting and imaging of lysosomal NO activities in real
time. This probe consists of a lysosome-targeting moiety (aminoethyl
morpholine), NO-capturing moiety (o-phenylenediamine), and the two-

photon fluorophore (naphthalimide). Lyso-NINO displayed selective turn
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“On” fluorescence response to NO over other reactive oxygen species in
the nanomolar range. It could capture endogenous NO in lysosomes in live

cells.

HN O ,U HOCI HN O 0
e e

N
Lyso-NI-Se L9
(7b) (7b°)
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HO( | 0
QO™ = O O
H
Lyso-TP
(7c) (7¢’)

Scheme 1.7. Structures of lysosome-targeting fluorescent turn probes for
HOCI sensing in live cells. Lysosome targeting motif highlighted red and H,0O, sensing
motif highlighted blue.
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Scheme 1.8. Structures of lysosome-targeting fluorescent turn “On” probes for

Nitric oxide (NO) sensing in live cells. Lysosome targeting motif highlighted red and NO
sensing motif highlighted blue.

Hydrogen sulfide (H,S) is endogenously produced by the
enzymes such as cystathionine y-lyase and cystathionine B-synthase. It is
an important gas transmitter for various physiological processes. It may
act as an antioxidant and signaling agent in the brain, lung, blood, kidney,
spleen, liver, etc. However abnormal regulation leads to diseases [61]. The
cellular functions of H,S remain under debate and attracts researcher
attention [62]. To elucidate the role of H,S in lysosomes, in 2013 Xu et al.
reported naphthalimide-based probe Lyso-NHS (9a, Scheme 1.9), which
can determine H,S species inside the lysosomes of living cells.
Morpholine moiety of Lyso-NHS allows its localization in lysosomes
whereas rapid thiolysis of the dinitrophenyl ether (fluorescence quencher
under physiological conditions) by H,S turn “On” fluorescence response
[63] Successively, they developed another lysosome localizing probe
Lyso-AFP (9b, Scheme 1.9) based on the reduction of an azide moiety by

H,S leads to turn “On” fluorescence response [64]. Another group
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reported 9¢ (Scheme 1.9) as lysosome-targeting H,S probes [65]. Two-
photon lysosome-targeting H,S probes TP-PMVC was designed by Lin et
al. [66] Pyridine moiety (pKa =~ 5.0) was used for lysosomal localization,
and the indolenium unit was selected as the site for H,S owing to its

electrophilic character (9d, Scheme 1.9).

(0} ()

Q C ] SIS
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Lyso-NHS
(92) 92’) (9b) (9b”)

TP-PMVC « TP-PMVC-H* SH k
(9d) (9d”)

Scheme 1.9. Structures of lysosome-targeting fluorescent turn “On” probes for targeting
lysosomal H,S in live cells. Lysosome targeting motif highlighted red and H,S sensing
motif highlighted blue.
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1.2.8. Challenges for lysosome targeting probes:

Although some progress has been done for the development of
lysosome targeting probes on the basis of unique acidic matrix of

lysosome, some challenges are still remains:

(1) Lysosome targeting probe for sensing of some reactive biomolecules
such as Ca**, Mg?*, and various hydrolases are not reported till date. These
biomolecules are paly an important role for functions of lysosome and cell
survival.

(i) Some lysosomes targeting probes are prone to degradation by the
considerable amounts of hydrolase enzymes in lysosomes, which cause
diminished fluorescence signal and consequently the detection became
unsatisfactory for their application in live cells imaging [17].

(iif) Most reported lysosome targeting probe consist of basic moieties
However, their long-term incubation within lysosomes could induce an

increase in the pH value (alkalization), resulting to cell death [26b].
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1.3. Structure and function of ER and Golgi apparatus:

The endoplasmic reticulum (ER) and Golgi apparatus are types of
organelles found in most eukaryotic cells. Proteins are crucial for cellular
architecture and functions. Structurally, both the endoplasmic reticulum
(ER) and Golgi apparatus are a network of sac-like structures known as
cisternae found throughout the cell and some ER connected to the nucleus
through the nuclear pore. The rough ER (ribosomes attached to its surface)
functions as a synthesis and packaging of proteins with the help of
ribosomes, mRNA, and tRNA. After the synthesis of nascent protein, they
are then folded within the rough ER to produce functional 3D protein
structures [67]. Further proteins are transported to their respective
locations via the Golgi apparatus (Figure 1.11). On the other hand,
smooth ER acts as a storage organelle. It plays an essential role in the
synthesis and storage of lipids and steroids. It mainly considers as
signaling station; for example, calcium signaling, as it contains the largest
calcium pools within the cell [68]. Calcium signaling is crucial for the
movement of muscle cells. Smooth ER receives and monitors other
signaling molecules including sterols, nucleotides, reactive oxygen species
(ROS) and various enzymes. Correspondingly, they activate transcription
factors cascades [69-70]. In addition to the synthesis of a large number of
proteins (enzyme precursors, digestive enzymes, etc.), lipids and
carbohydrates, the ER plays an important metabolic role in cells [71].

Once protein properly folded in rough ER, they are wrapped into
vesicles (lipid bilayer membrane) and transported to the cis face of Golgi
apparatus (cis face toward ER while trans face away) [72]. Here proteins
processing take place including various modification procedures such as
sulfation, methylation, glycosylation, phosphorylation, etc. [73]. The
proteins modification including its tagging, that allows them to target their
respective destinations. For example, the proteins are tagged with

mannose-6-phosphate (M6P) in the case of lysosomal acid hydrolases for
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their transportation to the lysosomes [74]. Therefore, the rough ER and

the Golgi apparatus together secure the synthesis, processing and

\

Lysosome engulfing
damaged organelles

transportation of bio-macromolecules (Figure 1.11).
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Figure 1.11. Structure and function of ER and Golgi apparatus, vesicles transport from

ER to lysosome via Golgi apparatus.

1.3.1. General feature of ER-Targeting fluorescent probes:

For the large lipophilic membrane of the ER, selective ER reagents share
some common features with the ER trackers: they are amphipathic,
lipophilic cationic dyes with the moderate-sized conjugated ligand. Some
commercially available dye for ER such as ER-Tracker ™ Bluewhite DPX
[75], ER-Tracker™ Green (BODIPY™ FL Glibenclamide), ER-
Tracker™ Red (BODIPY™ TR Glibenclamide) (Scheme 1.10).
Glibenclamide (glyburide) binds to the sulphonylurea receptors of ATP
sensitive K channels which are prominent on ER; the pharmacological

activity of glibenclamide could potentially affect ER function. Variable

25



expression of sulphonylurea receptors in some specialized cell types may

result in non-ER labeling.
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Scheme 1.10. Structure of commercially available ER-tracking dyes. Red color denoted

ER targeting lipophilic moiety.

In 2010, the Che et al. [76] reported the new ER reagent 1la,

which consists of a cytotoxic artemisinin derivative conjugated with a
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fluorescent dansyl moiety (1la, Scheme 1.11). The co-localization
experiment with commercially available organelle-specific dyes indicated
that this probe located at the ER. However, whether artemisinin and its
derivatives could specifically target the ER or not, is still controversial. In
2015, Peterson research group developed fluorinated hydrophobic rhodols
derivative fluorophores that allow the delivery of small molecules for
targeting ER-associated proteins and pathways [77]. Compound 11b
(scheme 1.11) was designed by incorporate fluorine atoms at the 2’- and
7’-positions of rhodol and the polar carboxylate of rhodol was substituted
with a hydrophobic methyl group to favor association with cellular
membranes of ER. Another compound rhodol nitrofuran (11c, scheme
1.11) was also designed by introducing 5-nitrofuran-2-acrylaldehyde
hydrazine to target the p97 protein of the ER [77]. Kim et al. [78] in 2016
reported ERp probe (11d, scheme 1.11) preference for ER accumulation
may be due to its lipophilic in nature considering that the lipophilic

molecules can be commonly metabolized in ER.
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Scheme 1.11. Various newly developed ER-tracking probes. Red color represent

lipophilic moiety for ER targeting.
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The confocal 1imaging co-localization experiment  with
commercially available organelle-specific dyes indicated that these probes
are localized in the ER (Figure 1.12). The ERp probe (11d, scheme 1.11)
can monitor the dynamic change of the ER structure [78]. Tubulin is the
main cytoskeleton associated with a smooth endoplasmic reticulum
structure for their normal functions. Tunicamycin induces the ER stress
by blocking N-glycosylation of newly synthesized proteins in the ER
(Figure 1.13).

A. ER tracker B. ERp C. Merged (A+B)

3

D. Mito tracker

G. Lyso tracker

e

Figure 1.12. Co-localization experiment of ERp (2.5 uM) with several organelles pecific
trackers in Hela cells. The panels (B, E and H) show the fluorescence imaging of ERp
(Aex=543 nm with an LP 650 nm emission filter). The panels (A, D and G) show the
images of ER-, Mito- and Lyso-Tracker (Ae= 488 nm with a BP 505-550 nm filter for
all), respectively. The panels (C, F and I) show the images of A+ B, D+ E,and G+ H
merging, respectively. [78]
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Figure 1.13. Fluorescence images of HeLa cells using tunicamycin (40 pug ml™) treated
for 3 h before ERp (2.5 uM) for 20 min. GFP-tubulin (C-10613; Thermo) has to be
incubated overnight at 37 °C before the experiment. A = 488 nm, Xy = 500-560 nm
(GFP-tubulin); Aex = 633 Nm and A, = 660-700 nm (ERp). [78]

1.3.2. ER targeting probe for Metal lons sensing:

Metal ions mainly Ca** and Zn®* are required for the proper
functioning of the ER. In 2013, Lippard research group reported a
fluorescent red emitting sensor, ZBR1 (12a, Scheme 1.12) to monitor
labile Zn** ions in the ER, based on a benzoresorufin fluorophores
functionalized with pyridine and pyrazine-containing metal chelators [79].
ZBR1 turns “On” probe upon binding with Zn®* ion in live cells.
Additionally, ZBR1 was also used for the monitoring of peroxynitrite-
induced depletion of labile zinc (fluorescence intensity decrease) within
the ER of neural stem cells.

In 2014, Kim and co-workers reported an ER targeting fluorescent
probe for Cu** ions [80]. The probe was designed by incorporating an
ethylene glycol chain into a naphthalimide fluorophore (12b, Scheme
1.12) due to ER localization capacity of lipophilic or glycosylated

compounds. Co-localization result (using confocal microscopy) indicated
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that this probe selectively localized into the ER, instead of other organelles
in live-cell [80].
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ZBR1
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Scheme 1.12. ER-targeting fluorescent probes for metal ion sensing in ER of live cells

4

Zn?* (12a), Cu®* (12b). Blue color represents metal binding moiety and red color for ER

targeting lipophilic moiety.

1.3.3. ER-Targeting probe monitor vesicle transport from ER to

Lysosome:

In 2014, Kim and Kang research group [81] reported an amidine-based
two-photon fluorescent probe ELP1 (13, Scheme 1.13) for monitoring
vesicle transport from the ER to lysosome in live cells. Amidine
containing small-molecule could be selectively localized to protein-rich
organelles, such as the ER and Golgi.

The amino group at position 2 of naphthalene was introduced in
order to design a two-photon excitable probe. This leads to a push—pull
dipole, as the amidine moiety is cationic in a physiological medium,
causing an efficient intramolecular charge transfer (ICT) character that is a
necessity for strong efficiency in two-photon excitation. Hence, the
amidine group and monomethyl amine might be responsible for ELP1 (13)

to reside in the ER. Further two-photon microscopy imaging studies
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revealed that the probe initially localized in the ER and subsequently
transported to the lysosome through vesicular transport [81] as shown in
Figure 1.14.
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Scheme 1.13. ER-targeting fluorescent probe, monitor vesicle transport ER to lysosome.
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Figure 1.14. Co-localization images of ELP1 with various organelles trackers displaying
vesicle transport from ER to Lysosomes. (a) Time course TPM images of HelLa cells
labeled with 2.0 uM ELPL. (b) Time course merged images of HelLa cells co-labeled
with 2.0 uM ELP1 (green fluorescence, TPM images) and organelle markers (red
fluorescence, OPM images; 1.0 uM ER-Tracker Red for ER, 5.0 uM BODIPY TR
ceramide complexed to BSA for Golgi, 1.0 uM LysoTracker Red DND-99 for lysosome).
(c) Graph of the Pearson’s co-localization coefficient value with different trackers. Scale
bars = (a) 45 um and (b) 20 um, respectively. [81]
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1.3.4. Fluorescent Probes Targeting the Golgi apparatus:

Golgi apparatus plays a crucial role in protein labeling and transportation;
it mediates the intracellular transport and storage of metal ions [82]. Tsien
research group [83] developed fluorescent turn “On” probe Zinpyr-1 (14a,
Scheme 1.14), which mostly localized in the Golgi apparatus or Golgi-
apparatus associated vesicles. In 2015, Kim and co-workers reported a
two-photon fluorescent probe SZnC (14b, Scheme 1.14) for Zn** and
specifically localized in Golgi-apparatus [84]. This probe can be

employed to monitor zinc ions fluctuations in real time.
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Scheme 1.14. Golgi-apparatus targeting fluorescent turn “On” probes for Zn*" ions.
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1.3.5. Challenges of Fluorescent Probes for Targeting the ER/Golgi
Apparatus:

Although a few probes/trackers have been developed that can target the
ER and Golgi apparatus and the certain rules these probes follow have
been summarized but the molecular mechanism of localization remains
unclear. For the design of reliable and reproducible ER/Golgi apparatus-
targeting agents more studies are required.

In general, for the development of any organelle-targeting luminescent
probe, a targeting moiety that is specific to the particular organelle plays a
crucial role in driving the probe to its destination. In the case of the ER
and Golgi apparatus, appending moieties of their respective known target
agent, ER-Tracker Blue/White DPX and Golgi tracker red were not
successful; partially because of these moieties lost their specificity when
attached to other fluorophores.
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1.4. Structure and function of mitochondria:

Mitochondria are the major sources of energy for all living
eukaryotic cells [85]. Energy derived from the breakdown of
carbohydrates and fatty acids which is converted to adenosine triphosphate
(ATP) by process of oxidative phosphorylation. ATP acts as fuels for
numerous cellular activities, including cell division, synthesis of
biomolecules and metabolism [86].

The mitochondrion consists of double-membrane, outer and inner,
which are structurally and functionally distinct. The outer membrane is
porous and permeable and an inner membrane is highly invaginated,
folded into cristae in order to increase the membrane's surface area
(Figure 1.15) [87a]. The chemical environment of inter-membrane space
is similar to the cytoplasmic environment since the outer mitochondrion
membrane is permeable to molecules smaller than 6 kD; which allows
chemical exchange between the mitochondria and cytoplasm [87b] shown
in Figure 1.15.

The inner membrane forms an effective barrier to even small
molecules, ions and matrix is present inside the inner membrane where
most of the mitochondrial activities take place. The inner membrane of
mitochondrion consists of various proteins/enzymes, including
oxidoreductases which carry out redox reactions and electron transfer,
carrier proteins, and synthases for the biomolecules synthesis [88]. The
oxidative phosphorylation process is performed inside the inner membrane
and the proton pumped outward which induces a proton gradient results in
a slightly basic environment inside the matrix. Furthermore, the movement
of positive charges induces a membrane potential that is considerably
larger than that of any other organelle membrane potential [89].

The whole oxidative phosphorylation process along with ATP
production is known as mitochondrial respiration [90] depicted in Figure

1.15. Various signaling molecules are required to coordinate the regular
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functions of mitochondrial respiration including various metal ions (Zn?*,
Ca?*, Cu* and Fe®"®") [91] as well as reactive oxygen/sulfur/ nitrogen
species (ROS/RSS/RNS) [92-93]. Further to suppress the inevitable
oxidative stress arising during respiration, there is a series of reducing
mechanisms coordinated by thioredoxin (Trx) reductases and glutathione
(GSH) reductases.

Inner membrane

Inter
membrane
space

Outer membrane

Cytoplasm

Figure 1.15. General components and biological processes within mitochondria.

1.4.1. The general methods to design mitochondria tracking probe:

During mitochondrial oxidative phosphorylation, proton pumping
happened which results in strong negative membrane potential (108—158
mV) generated within the mitochondrial matrix [94]. Consequently,
cations with strong lipophilicity have the capacity to transport across the
phospholipid bilayer of the inner membrane and sequestered inside the
matrix at a ratio of more than 10:1 as compared to other organelles, driven
by the potential gradient of the membrane [95]. Most of the fluorescent
probes bearing lipophilic cations gathered within the mitochondrial matrix

of live cells, therefore various lipophilic cationic dyes, such as indole,
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cyanine, and rhodamine display strong attraction to the mitochondria [95-
97].

Various MitoTracker series [26b] have been optimized and
commercialized (15a—15d, Scheme 1.15), since they consist of lipophilic
scaffolds and possess overall positive charge so that easily across the
mitochondrial membrane of live cells. Their accumulation is dependent
upon membrane mitochondrial potential.

There are many other fluorescent scaffolds such as fluorescein,
BODIPY, coumarin, etc. are neutral in their original states. Even though
these fluorophores reveal outstanding photo-physical properties but they
didn’t show a preference for mitochondria than other organelles. To
address this issue, the neutral fluorescent probe can be modified by

extension with a universal lipophilic cationic moiety.
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Scheme 1.15. Structures of commercially available MitoTrackers.
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The Extension moiety can drive the probe selectively into the
mitochondria (16a—16c, Scheme 1.16). Some potent mitochondria-
targeting agents have been reported which includes triphenylphosphonium
(TPP) [89], MKT-077derivatives [98] and Flupirtine derivatives [99].
TPP is an organic cationic salt (positive charge on the phosphonium ion
surrounded by three lipophilic phenyl groups) which was initially used to
deliver drugs to mitochondria. Later large a number of mitochondria
staining probes have been developed by the incorporation of TPP into
fluorophores; TPP rapidly crosses mitochondrial membranes and enriches
several folds within the mitochondrial matrix [89]. However,
mitochondrial membrane potential affected by the positive charge on TPP
which subsequently causes membrane rupture and disruption of the
microenvironment [100]. Therefore, the mitochondrial-targeting strategy

needs to further optimization.
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Scheme 1.16. Design of the mitochondria-targeting fluorescent probes based on

anchoring groups.
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In addition to the lipophilic cationic vectors, there are some natural
and synthetic peptides have been developed to display mitochondria-
targeting ability. For example, by exploiting the mitochondrial import
machinery, positively charged signal peptides (amphipathic a-helix at the
N-terminus) will be able to recognize the translocase present in
mitochondrial inner membrane, thus allowing the easy delivery of cargo
molecules, most commonly fluorescent proteins into the mitochondrial
matrix [101]. From the natural system, researchers get encouraged and
have refined the long-chain polypeptides; to obtain the functioning
moieties, most of which are cationic amino acids incorporated either (e.g.
lysine, arginine) or hydrophobic moiety (e.g. cyclohexylalanine,
phenylalanine). In Arginine based functional peptides (17, Scheme 1.17)
there are several positive charges are balanced by the long amphiphilic
chain of amino acids; hence, warrants both to cross the phospholipid

bilayer (lipophilicity) as well as biocompatibility [30, 102-103].
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Scheme 1.17. Representative structure of a synthetic mitochondria-penetrating peptide.
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1.4.2. Challenges for mitochondria tracking probes

(1) Even though lipophilic cationic dyes can stain mitochondria; however,
once the mitochondrial membrane potential lost during cell apoptosis, or
due to drug treatment cationic probes washed out of the organelle [104,
26b].

(if) There are numerous analytes present within the mitochondria; most of
analytes exist in nanomolar concentration. Hence the sensitivity of

mitochondria targeting probes needs to be significantly improved [105].

1.5. Structure and function of nucleus

The nucleus is considered as the heart of cell and found in all
eukaryotic cells. It contains hereditary material (DNA); controls
transcription (RNA synthesis), protein expression, reproduction and cell
growth [106]shown in Figure 1.16. It is enclosed by double-layer
phospholipid bilayers membranes which separate the nuclear contents
from the cytoplasm. The outer nucleus membrane is continuous with
rough endoplasmic reticulum. The ribosomes synthesized in the nucleus
are transported to the ER, where they carried out protein synthesis. Both
outer and inner membranes of nucleus are joined at nuclear pores which
consist of several proteins/enzymes known as nucleoporins. Nuclear pores
regulate the passage of materials between the nucleus and cytoplasm. It
allows free passage of water-soluble small molecules, such as H,0O,
calcium and other signaling molecules. However, large biomolecules, such
as proteins, nucleic acids, and ribosomes require energy dependent
transporters to cross the nuclear membrane [106]. The importins
transporters facilitate the import of biomolecules from cytoplasm, while
exportins allow export of biomolecules out of nucleus (Figure 1.16).

The nuclear membrane also surrounds the nucleolus including
genetic information. The nucleolus is composed of proteins and RNA and

produces ribosomes to be transferred to the ER for the synthesis of

39



proteins. In contrast, during cell division, various DNA chains became
compact and form chromosomes which mixed and recombine in order to

ensure genetic diversity (Figure 1.16).
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Molecules
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Figure 1.16. General components and biological processes within the nucleus.

1.5.1. The general methods to design nucleus tracking probe:

Interruption of the genetic materials leads to cell death or even the
progression of cancer. There is greater demand to visualize and understand
the functions of the nucleus. This has triggered immense curiosity in the
development of nucleus targeting fluorescent probes. Phosphate groups
present in the DNA backbone carry negatively-charged oxygen molecules

which giving overall negative charge to the phosphate-sugar backbone
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of DNA (Figure 1.17). Therefore, the cationic dyes can bind to negatively
charged DNA driven by electrostatic forces; several nucleus imaging

probes have been designed and developed accordingly [107].
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Figure 1.17. Structure of double stranded DNA and negatively charged sugar phosphate
of DNA.

Commercially available nucleus staining dye such as DAPI and
Hoechst 33342 (18a and 18b, Scheme 1.18), are presumed to bind in the
minor groove of the double-stranded DNA. Common features of nucleus
targeting probes include short hydrophobic chains, cationic characters, and
a planar aromatic system. This results in their weak interaction with lipids
and proteins, hence allowing their uninterrupted movement into nuclei of
cells [107-108]. Further short peptide chains are known as nuclear
localization signals (NLS) which have strong interaction with importins
transporter, developed as potent nucleus-anchoring motifs. The vehicles
bearing NLS bind with importins and actively transported into the nucleus
[109].
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Several fluorescent probes for dSDNA have been reported till date.
However, very few probes with negligible toxicity and many of them do

not permeate into the nucleus of live cells [110-111].
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Scheme 1.18. Structures of commercial available nucleus staining dyes DAPI and
Hoechst 33342

In 2009, Chang et al. [112] reported a green fluorescent probe C61
(19a, Scheme 1.19) to detect nuclear dsDNA in both live and fixed cells.
Fluorescence intensity enhancement occurs upon binding of C61with
dsDNA. Although the excitation and emission maxima wavelengths are
still relatively short (Aex/Aem = 425/540 nm). In 2011, Peng research group
[113] reported the thiazole orange (TO-3) analog DEAB-TO-3 as a red
fluorescent probe (19b, Scheme 1.19, Aex/Aem = 626/649 nm) with a
(diethylamino)butyl substituent group for DNA staining of live cells. This
probe revealed fluorescence enhancement (97.3-fold) upon binding in the
groove of native DNA but in case of RNA, it shows 6 fold difference and

with BSA negligible response.

c6l1 \—/ DEAB-TO-3

\_ (19a) ( (19%)

Scheme 1.19. Structures of nucleus targeting probe for ds-DNA.
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1.5.2. Nucleolus targeting probes:

Wong research group in 2015, developed two-photon probe MPI
(20a, Scheme 1.20), by employing an indole-based positively charged
cyanine which is highly selective for the ribosomal RNA (rRNA) imaging
in the nucleolus of live cells [114]. Due to its small size and relative
hydrophilicity allows it to penetrate deeply into the nucleus and the
positive charge enables its interaction with the RNA chain. In the same
year, Chow et al. [115] designed and developed a new RNA-selective
fluorescent probe Styryl-TO (20b, Schemel.20) by integrating thiazole
orange and a p-(methylthio)styryl moiety for nucleolus RNA staining in

live cells.
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Scheme 1.20. Structure of a fluorescent probes for staining nucleolus rRNA in live cells.

1.5.3. Challenges for nucleus targeting probe:

The selectivity of nucleus targeting probes is controlled by their
competitive sequestration within the nucleus as compared to any other
cellular organelles. There are several reports indicated that even minute
changes in the structures of nucleus targeting dye could completely
eliminate their selectivity, consequently further complicating the situation
[116-117].
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1.6. Photo-induced electron transfer (PET) mechanism of

Sensor:

Electron transfer reactions play a significant role both in chemistry
and biology. An electron transfer reaction involves the transfer of an
electron from a 'donor' to an ‘acceptor’. Electron transfer reaction can
occur photochemically known as photoinduced electron transfer (PET)
reactions. PET-based sensors are usually consisting of a fluorophore
which connected via a spacer to a receptor group which carries at least one
non-bonding electron pair [118] depicted in Figure 1.18.

In the excitation state of the fluorophore, an electron goes from to
highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) followed by charge recombination and get
back to the ground state with the release of a large amount of energy as
fluorescence emission. However, if the HOMO orbital of another part of
fluorophores i.e receptor lies between the HOMO and LUMO levels of the
excited fluorophore, then there is electron from the HOMO orbital of
receptor transfer to the half occupied HOMO of the excited fluorophore,
consequently non-radiative decay process occurs which leads to
fluorescence quenching (Scheme 1.21a). On the other hand, in the bound
state with an analyte, the PET process is arrested by the arrival of the
analyte at the receptor site. The arrest can be easily seen by considering H*
as the analyte. In this case, the energy of HOMO of the receptor is less
than the HOMO and LUMO levels of the excited fluorophore, due to an
increase in the redox potentials (Scheme 1.21b). This process restricts the

electron transfer and enables the fluorescence from the fluorophore [118].
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Figure 1.18. (a) An electron transfer from the analyte-free receptor to the photo-excited
fluorophore resulting fluorescence ‘off” state of sensor. (b) The electron transfer from the

analyte-bound receptor is blocked causing the fluorescence ‘on’ state of the sensor.
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Scheme 1.21. Molecular orbital energy diagrams of PET process (a) the analyte-free

situation and (b) the analyte-bound situation.

1.7. Type of reactions and mechanisms:

There are various types of reaction used for the synthesized of biologically
active compounds, some of them described below.

1.7.1. Schiff base reaction:

Schiff base named after Hugo Schiff. It is a subclass of imines and its
general structure R2C=NR' (R'#£H). Schiff base ligand can be synthesized
by the condensation reaction of an aldehyde or ketone with a primary

amine [119] shown in scheme 1.22.
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Scheme 1.22. Schiff base synthesized by the condensation reaction.

R denotes an alkyl or an aryl group (scheme 1.22). Aryl substituents
Schiff bases are comparatively more stable and readily synthesized than
alkyl substituents Schiff bases due to effective conjugation.

The Schiff base formation mechanism is based on the theme of
nucleophilic addition to the carbonyl group. Here amine acts as a
nucleophile. Amine reacts with the aldehyde or ketone, form an unstable
intermediate compound known as hemiaminal (or carbinolamine)
followed by dehydration to generate an imine. The reaction catalyzed by
acid or base (scheme 1.23). Since the hemiaminal is an alcohol, it

undergoes acid catalyzed dehydration [119].
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Scheme 1.23. Schiff base formation general mechanism.

Moreover, reaction of carbonyl (aldehyde/ ketone) with hydrazine
gives a hydrazone (RiHC=NNH; or RiR,C=NNH;). Hydrazine is more
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nucleophilic than a regular amine due to a presence of the adjacent
nitrogen (Scheme 1.24).
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Scheme 1.24. Hydrazone formation general mechanism.

Nowadays, there is growing interest in developing new drugs
which is based on the aroyl-hydrazone skeleton, Ar—CH=N-NH-C(=0)-
Ar’ (Ar = aromatic ring) [120-121]. Basically hydrazones are organic
ligands consisting of -NH-N=CH- group. Addition donor site like C=0
increase the flexibility and versatility of compound; enhance their
biological properties for therapeutic application [121].

Schiff bases are used as catalysts, pigments and dyes, and as
polymer stabilizers. They exhibit extensive biological activities,
comprising  antiviral, antibacterial, antifungal, anti-proliferative,
antimalarial, antipyretic and anti-inflammatory properties. The imine
group present in Schiff bases is critical for their various biological
activities [122].

47



1.7.2. Click reaction:

Huisgen discovered Click chemistry. Click reaction is the Huisgen
copper-catalyzed coupling reaction of terminal azide with terminal
alkyne to form a 5-membered 1,2,3-triazole unit [123-124] shown in
Scheme 1.25. Click reaction mostly used in the polymer chemistry. Click
reaction occurs in virtually any solvent, including aqueous solvent systems
and provide high yield end product. This reaction is highly specific and
very efficiently occurs in any solvent, including aqueous solvent. It
generates negligible and harmless by-products, and highly thermodynamic
energy which drives reaction irreversibly to high yield of a single reaction
product [123].
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Scheme 1.25. Copper-catalyzed click reaction (Huisgen cyclization of azide and alkyne

to form a 5-membered triazole ring)

Nowadays, click reactions very efficiently used in joining a

biomolecule and a reporter molecule. Unnatural amino acids containing
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reactive groups incorporated to the proteins by using this novel reaction
and also used in the modification of nucleotides. Click reaction further
used in the various biomimetic applications and pharmacological drug
design [125].

1.7.2.1. Transition metal carbene-complex:

Recently, mesoionic carbene (MIC) ligand moiety is more focus in
metal complexes as alternative of N-heterocyclic carbene (NHC), which is
widely developed and utilized for functional materials and bioactivity.
One of the most fascinating features of MIC is that strong dipole moment
in its five membered rings exists in the resonance as compared with the
NHC [124] depicted in scheme 1.26.

Mesoionic carbene (MIC) \

z— 2/
0
w
4—4/
/ \)
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N-heterocyclic carbene (NHC)

\N—\" N N Ne
QQ/N\ K/h‘\ D QNL\ - Qmj
Carbene form Carbanion form

Scheme 1.26. Resonance structure of mesoionic carbene (MIC) and N-hetrocyclic
carbine (NHC)

The highly polarized carbon atom of nitrogen-rich triazole

allowing the complexation of anions by halogen and hydrogen bonding,
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and in the case of the triazolium salts, via charge-assisted halogen and
hydrogen bonds.

Moreover, the triazole moiety allows numerous N-coordination
and by anionic, neutral, or cationic nitrogen donors. Also, CH-
deprotonation of the triazole and the triazolium generate powerful
carbanionic and mesoionic carbene donors, respectively for C-

coordination [124] shown in Scheme 1.27.
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Scheme 1.27. Selected supramolecular interactions of 1,2,3-triazoles and

their derivatives.
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1.8. Molecular electronic transition and fluorescence

1.8.1. Molecular electronic transition of probe:

Molecular electronic transitions occur when the electrons of
molecule are getting excited from lower energy level to a higher energy
level. Electrons occupying a highest occupied molecular orbital (HOMO)
of a sigma bond can excited and moved to the lowest unoccupied
molecular orbital (LUMO) of sigma bond (¢ — o* transition). Similarly
an electron from a n-bonding orbital promoted to an antibonding * orbital
(mr — =* transition). The loan pair of electron of auxochromes depicted as

‘n’ also transited to higher energy level like aromatic pi bond transitions

[126] shown in Figure 1.19.
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Figure 1.19. Representation of molecular electronic transitions state of electrons.

1.8.2. Principles of fluorescence:

When the fluorescent molecule in their ground state absorbs light
energy (photons), which leads to alterations in the electronic, rotational
and vibrational states of the molecule. The absorbed energy moves an
electron to an excited state (away from the nucleus) within femtoseconds.
Once the molecule gets excited several different pathways were used to

eventually lose the absorbed energy and return back to their ground state
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(Figure 1.20). During internal conversion, there is a transition between
electron orbital states (such as S, to S;) [127]. Internal conversions allow
isoenergetic transitions, so no energy is lost during this transition.
However, the extra energy is eventually shed through vibrational
relaxation. In the vibrational relaxation process, the vibrational energy of
the fluorophore is shifted to neighboring molecules via direct interactions.
In aqueous medium, water is the probable energy recipient. Importantly,
vibrational relaxation does not emit any photons. Both the Internal
conversion as well as vibrational relaxation takes place in picoseconds and
usually bring the molecule back to the lowest energy level of S;. Finally,
the molecule comes back to the ground state (S; to Sp) with the release of
energy (fluorescence emission) [127].

Another pathway of energy loss happens after intersystem crossing
by the forbidden transition to the triplet state (Figure 1.20). In some
fluorophore, triplet state vibrational energy stages overlap with the lowest
energy stage in S;. This overlapping further favors intersystem crossing
followed by internal conversion to the lowest energy level of T;. The
triplet state molecule does not easily come back to the singlet ground state
(So), because this transition requires the triplet outer electron to again
undergo a forbidden transition. Even though some triplet-state molecule
reaches the ground state without the emission of any light, but in many
cases, light emission occurred known as phosphorescence and it takes
place within microseconds. If another photon is absorbed, triplet-triplet
transitions can transfer the electron into higher triplet states, hence further
delaying light emission. The triplet-state molecules can undergo
photochemical reactions that lead to irreversible bleaching and
phototoxicity [127].

Some fluorophores are employed for the specific labeling of
cellular structure and visualized with the help of fluorescence microscopy.

These fluorophores are ideal for fluorescence microscopy since the energy
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differences between excited state and ground state orbitals of fluorophores
are small enough that comparatively low-energy photons of the visible
region can be used to excite electrons from the ground state to excited
states [127].. Generally, the higher number of conjugated bonds in the
molecule, the lower excitation energy and longer wavelength of photon
required (E=hc/A).
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Figure 1.20. Jablonski diagram illustrates the energy states of a molecule and the times

elapsed in various steps (excitation, fluorescence emission and phosphorescence).

1.8.3. One-photon and two-photon fluorescence study:

The time it takes a molecule to transition from the ground state to an
excited state is extremely brief, on the order of femtoseconds. Whereas
one photon of the appropriate energy typically causes this transition, it
is also possible for multiple photons to add their energy to bring a
molecule to the excited state. For example, if two photons with half
the energy (that is, twice the wavelength) of that needed to reach the
excited state imposes on a molecule at the same time (within a time
interval less than 10 s) [128], their energies can be added and excite

molecule that termed as two-photon excitation (Figure 1.21).
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Two-Photon Microscopy (TPM) is a powerful technique and
superior over one-photon microscopy. (i) It retains all of the advantages of
a one-photon (confocal) microscopy and prevents out of focus
photobleaching and photodamage of the sample [128]. (ii) By using the
same fluorophores and the sample, two-photon excitation can image more
efficiently and six-fold deeper penetrated inside tissue sample than
confocal microscopy. The excitation photons are not absorbed as they pass
through the sample until they reach the focal spot [129]. (iii) Two-photon
microscopy used infrared excitation wavelengths which are least absorbed
by the sample and very little affected by the scattering phenomenon. Also,
longer integration times or increased number of scans can be frequently
used in a time-lapse experiment using Two-photon microscopy, without
experiencing photobleaching or photodamage as generally did by UV

excitation wavelength [128].
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Figure 1.21. Jablonski diagram displaying one-photon vs. two-photon excitation of a

molecule, and the subsequent fluorescence emission.
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1.9. Computational studies on organic ligands:

The theoretical study was performed employing efficient computer
programs to calculate the structures and properties of molecule, interaction
of synthetic compound with biomolecules such as protein, DNA etc.

1.9.1. Molecular docking:

Molecular docking is a computational (in silico) technique which
can predict the preferable orientation of one molecule to another when
bound together to form stable complex. The association of biopolymers
(protein, DNA and RNA) with small molecules plays an important role in
signal transduction. Therefore the relative orientation of two interacting
partners may affect strength and type of signal production. Molecular
docking is convenient for predicting both strength as well as type signal
produces. It is very promising platform in structural molecular biology and
computer-based rational drug design. The docking results provide binding
conformation of ligand with appropriate target and provide 3D structure of
biopolymers with the associated target ligand (Scheme 1.28). It enhanced
our understanding in term of binding affinity as well as mode of

interactions of protein or nucleic acid with ligands [130].

— angd
docking
Target molecule Ligand Complex

Scheme 1.28. Molecular docking of ligand with target molecule.

Molecular docking is an attractive platform to understand the drug-
DNA/protein interactions to analysis the exact binding sites in three
dimensional structures. Mostly non-covalent interactions prevalent in

docking study, which include H-bonding, electrostatic, hydrophobic, Van
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der Waals interactions, etc. Docking plays a crucial role in the recognition
of active binding site in nucleic acid/protein novel therapeutic drugs. Arif
et al. [131] performed molecular docking studies of phthalimide
derivative 1 (Figure 1.22) with duplex DNA having sequence
d(CGCGAATTCGCG),. The minimum energy conformation is most
energetically favorable and the docked structures are represented in
Figure 1.23. Docking results revealed compound 1 best binding in the

minor groove of DNA.
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Figure 1.22. structure of compound 1.
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Figure 1.23. Molecular docking of the phthalimide derivative 1 with DNA. [131]
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Studies based on binding of ligands with proteins are nowadays
becoming ever more significant for the interpretation of transport and
metabolism processes. Dandawate et al. [132] performed molecular
docking studies of plumbagin 1 (22a, scheme 1.29) and plumbagin
hydrazides compounds 2-4, (22b-22e, scheme 1.29) into the active site of
p50 subunit of NF-xB protein.

OH O 0) AN

(22a) (22b) (22¢)

(224d) (22e)

Scheme 1.29. Structure of plumbagin (1) and plumbagin hydrazides (2-5)

The molecular docking result confirms that hydrazide substitution
allowing additional hydrogen bonding interactions with NF-kB protein.
The binding energies of 1-5 compounds are in the range of 7.43-7.88
kcal/mol. The hydrazide substitution compounds have higher binding
energy than the parent plumbagin compound. This indicate that the tight
binding in the active site of p50-subunit of NF-kB protein promoted
through H-bonding interaction with Gly66 (1.784 A), Gly66 (1.832 A),
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His64 (2.191 A) residues, respectively (Figure 1.24). These compounds
bind in the active site of NF-kB and inhibit its expression which may be

further responsible for the enhanced anti-proliferative activity [132].

LYSIH4

) 7

HM%‘,

Figure 1.24. Molecular docking of plumbagin (1) and plumbagin hydrazides (2-5) into
the active site of p50 subunit of NF-kB protein. [132]

1.9.2. Density functional theory (DFT):

Electronic structure calculations play an important role in the
deep understanding of chemical structure and reactivity. Density
functional theory (DFT) is a very popular and versatile computational
quantum mechanical modeling technique used in the calculation of the
electronic structure. DFT requires the calculation of the total electron
density and technically does not need a wave function. However, in
practical, DFT commonly uses electron density to calculate some parts of
the energy and the wave function to calculate other parts of the energy.

The normalized wave function and total electron density can be
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interrelated [133]. The electronic properties of a many-electron system
can be determined by using functionals (functions of another function); in
this case, the spatially dependent electron density. Therefore, the name
density functional theory comes from the use of functionals of the electron
density.

According to the frontier molecular orbital theory, the energy of
HOMO (measures the electron donating character of a compound) and
LUMO (measures its electron accepting character) orbital levels are very
significant factors that affected bioactivity and play a vital role in various
pharmacological processes [134]. The frontier orbital energy can also
provide some valuable information for the active mechanism. Nowadays,
DFT calculation is most extensively used due to its accuracy and less time
consumption [135].

In 2019, Ying Cui et al. [136] reported 2-thiazolyl-hydrazone
derivatives showing in vitro neuraminidase inhibitory activity against
influenza virus HIN1. They performed DFT calculation of 2g (23a,
Scheme 1.30) and compared their electronic structure as well as energy
with Oseltamivir (23b, 23c, Scheme 1.30), which is medically approved

drug for controlling influenza diseases.

lélHZ o NH,
2g Oseltamiviracid Oseltamivir
K (23a) (23b) (23¢) /

Scheme 1.30. Structure of 2-thiazolyl-hydrazone derivative (2g) and Oseltamivir (anti-

influenza drug.)

The HOMO orbital of compound 2g is distributed at the carbonyl
group whereas the LUMO orbital is mostly concentrated at the nitrogen

atom of the thiazole ring and the carbon atom between the sulfur atom and
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the nitrogen atom. HOMO orbitals oseltamivir acid or oseltamivir are
distributed at the acetamide bond, particularly at the carbonyl group of the
acetamide bond whereas their LUMO orbitals mostly concentrated at the
carbonyl group of the carboxyl or ester group respectively (figure 1.25).
The energy-level difference (AE) of 2g is much closer to that of
oseltamivir acid and oseltamivir [136].
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Figure 1.25. Frontier molecular orbital energy level and distribution in compound 2g,
Oseltamivir acid, and Oseltamivir. . [136]

The HOMO orbital distribution of compound 2g and oseltamivir
acid is almost identical on the structure of carbonyl. Moreover, the
direction of electron transfer’s pattern in compound 2g and oseltamivir
acid from the HOMO to the LOMO orbit is also agreement. The electron-
withdrawing groups on the benzene ring are more helpful to electron

transfer, which shows a similar effect of the oseltamivir carboxyl group
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(Figure 1.26). Thus, to some extent, the DFT calculation can explain the
reason behind why the target compounds have anti-influenza activities
[136].
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Figure 1.26. Comparison of the frontier orbital distribution and the direction of electron

transfer of compound 2g and oseltamivir acid. [136]

1.10. Flexible organic crystals:

The use of multi-talented materials has been of great interest to the
researchers considering the vast array of potential applications and good
economic viability.

Conversion of energy into motion is a well-known process in
nature. Dynamic molecule crystals which can jump, twist, burst and curl
are efficient macro/micro/nanoenergy-based transducer of light to Kinetic
energy of mechanical motion. Ordered molecular crystals that bend, twist,
or coil like soft materials such as polymers, elastomers are unusual
crystals [137]. Multifunctional materials have wide application and
economic viability. Either plastic or elastic deformation of an organic
crystal can happened [138]. Upon the application of mechanical stress
plastic material undergoes irreversible permanent distortion; while elastic

materials undergo reversible distortion. Recently, Alimi et al. [138]
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reported hand twisted 4-bromobenzonitrile crystals revealed highly
flexible plastic bending characteristic.

The plasticity and elasticity of the crystals based on the following
building blocks: vanillin derivatives, Schiff bases, polyhalogenated N-
benzylideneanilines, pyrimidine, naphthalene diimide derivatives, organic
co-crystals, ester spacer based molecules, and azine based molecules [139-
141]. In 2015, Ghosh et al. [142] reported a series of polyhalogenated N-
Benzylideneanilines based elastic organic crystals. Crystal structure
analysis of compounds EC1-EC7 demostrated that they are closely related
to each other and polymorphism was not observed in any of the crystals
(Scheme 1.31).
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Scheme 1.31. Structure of organic compounds, which give elastic bendable crystals.



Anoop et al. [140] developed azine based (HsL) elastic bending
crystal in solid state and AI** sensing studies (Fluorescence turn “On”) in

solution state (Figure 1.27).

SR

s

Figure 1.27. The different elastic stages in the successive bending in HsL. [140]

Organic flexible materials have various applications in organic light-
emitting diodes, artificial muscles, transistors, mechanical actuators,
explosives, solar cells and optoelectronics [143].
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CHAPTER 2

Two-photon  Fluorescent Organic Probe for
Imaging of Lysosomes in Live Cells and Tumor

Spheroids

2.1. Introduction

Lysosomes are acidic, membrane-bound organelles considered
as ‘‘stomachs’’ of the cells, which degrade macromolecules delivered by
endocytosis and intracellular materials with the help of multiple acid
hydrolases [1-5]. Lysosomes play an important role in many
physiological activities such as cell migration, cell signaling, cholesterol
homeostasis, initiation of apoptosis and tissue remodeling [6-11].
Lysosomal dysfunction causes various diseases including lysosomal
storage diseases such as Tay-Sachs [12-13], progression of cancer [14-
15], neurodegenerative diseases such as Parkinson’s disease, Gaucher
disease and others [16-18]. Thus, the ability to visualize lysosomal
morphology is essential in order to understand the biological functions of
lysosomes. LysoTracker probes such as Neutral Red (NR), DND-189,
and DND-99 are expensive fluorescent dyes that have the tendency to
specifically label lysosomes. However, these dyes have some limitations:
(1) prolonged accumulation of LysoTracker probes in the intracellular
environment increases the cellular pH, causing fluorescent dye quenching
as well as physiological and morphological changes in the lysosomes and
(i) the low photostability limits their use for long term tracking of
lysosomes to observe dynamic changes in lysosomal morphology in a
stipulated time [19-24].

So far reports on long term imaging of lysosomes have been based
on some metal-complexes [25-27], BODIPY moieties [28-29], complex
organic or dextran-conjugated fluorophores [30-34], (Chart 2.1) and
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inorganic nanocomposites [35-36] but all these involve a tedious
multistep synthetic process. Also, these emerging lyso-probes and
nanoparticles may suffer from toxic impacts [37]. For example, the SiO;
particles are well known to cause damage to the lysosomal membranes
[38]. Moreover, the dextran based fluorescence lysotracker cannot be
used for long term imaging due to the inherent toxicity of dextran towards
lysosomal functions [39]. Among these fluorophores, some of them have
short wavelength excitation leading to cellular auto-fluorescence resulting
in photodamage and photobleaching.
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Chart 2.1. Some reported multi-step organic fluorophores for lysosome imaging.

To overcome the above limitations, we need small water soluble
organic probes having two-photon (TP) fluorescence properties. Owing to
the low background interference, minimal photodamage of cells or
tissues, penetration depth (4500 um) and near-infrared light (700-1100
nm) excitation wavelengths [40], two-photon microscopy (TPM) is an
essential tool for bio-imaging within intact tissue and live cells.

In this chapter, a new water soluble fluorescent Schiff-base ligand
(L-lyso) was designed and synthesized, which containing two hydroxyl
groups. The morphological alteration of lysosomes is a powerful indicator

of various pathological disorders. In this regard, L-lyso was synthesized
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which exhibits excellent two-photon properties with tracking of
lysosomes in live cells as well as in 3D tumor spheroids. Furthermore, it
can label lysosomes for more than 3 days. Thus, L-lyso has an edge over
the commercially available expensive LysoTracker probes and also over
other reported probes in terms of its long-term imaging, water solubility
and facile synthesis.

2.2. Results and discussion

2.2.1. Synthesis and characterization:

A one-step Schiff base organic probe, L-lyso designed and
synthesized in a facile manner by condensation of 4-(diethylamino)-2-
hydroxy-benzaldehyde and 3-amino-2-hydroxynaphthalene (Scheme
2.1). The L-lyso was characterized by standard spectroscopic methods viz
FTIR, '"H & 'C NMR spectroscopy, and ESI-MS and further
authenticated by a single crystal X-ray diffraction study.

OH
OH
CH,OH, 1hr N4\©
NN

+ —_—
CHO RT
OH L-lyso '\
~o N

Scheme 2.1. Schematic representation of the synthesis of L-lyso.

2.2.2. Structural aspects of L-lyso:

The single crystal of L-lyso, was grown in methanol/ chloroform
solution by slow evaporation at 25°C and crystallized in orthorhombic
crystal system with non-centrosymmetry Pna2; space group (Figure 2.1
and Tables Al and A2).

87



Figure 2.1. Molecular Structure of L-lyso

L-lyso is non-planar due to presence of naphthyl and phenyl ring
in two different planes attached from imine (>C=N-) unit, with torsion
angle 25.86°. The packing features of L-lyso reveal the presence of intra
and inter molecular H-bonding interactions [41] as depicted in Figure
2.2. The intra-molecular H-bonding interaction O(2)-H(1)---N(1), bond
length 1.924 A, was observed between the hydroxyl group of the phenolic
moiety and nitrogen atom of the imine group (>C=N-). In the intra-
molecular H-bonding O(2)-H(1)---N(1) interactions, O(2)-H(1) is donor
and N(1) is acceptor. While intermolecular H-bonding interaction results
between phenolic moiety of one molecule and naphthyl ring of
neighbouring unit, O(1)—-H(1)---0(2), 1.764 A where O(1)-H(1) is donor
and O(2) is acceptor leads to the formation of 2D-network (Figure 2.2).
Moreover, the n—r interaction [42] 4.060A, between phenyl and naphthyl
rings, facilitates the charge transfer from electron rich phenyl to electron

deficient naphthyl ring (Figure 2.3).
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Figure 2.2. 2D network chain of L-lyso along c-axis due to inter and intra molecular H-

bonding (Pink dots represent H-bonds).

Figure 2.3. Ball and stick model of L-lyso showing n—r interaction between phenyl and
naphthyl rings, where D is the dummy atom (Fragmented green line represented as n—n

interaction and pink dots depicted as H- bond).

2.2.3. Photophysical properties:
L-lyso is found to be an excellent candidate for two-photon (TP)
excitation that have ability to label lysosome in live cells as well as tumor

spheroids. TP fluorescent probe for lysosomes imaging are rare [24, 43].
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Moreover, most of them emit two-photon excited fluorescence near 500
nm, which is very close to the emission spectrum of the existing TP
probes for other targets [44-45]. Therefore, TP L-lyso was designed, that
emits fluorescence in the short wavelength (Aem = 415-470 nm).

The lysosome pH is between 4.5-5.5 [26]. Therefore, the photo-
physical properties of L-lyso were studied in a disodium hydrogen
phosphate / citric acid buffer at pH 5.5. The absorption bands of L-lyso
was at 235, 349, 429 nm which attributed to the spin-allowed ligand-
centred (LC) m—n* and 452 nm for n—n* transitions. The emission

spectrum of L-lyso at excitation 280 nm exhibited the highest intensity at
383 nm (Figure 2.4).
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Figure 2.4. UV-vis (in methanol) and fluorescence spectrum of L-lyso (10 uM) in buffer

solution.

The fluorescent intensity of L-lyso was quite stable upto pH 8.3
(Figure 2.5). The fluorescence intensity of L-lyso quenching slightly at
high pH, may be due to the formation of electron donor phenoxide ion,
through photo-induced electron transfer (PET) under basic conditions.
Moreover, the highly elevated Stokes shift of 148 nm for L-lyso has
added advantages over the commercially available LysoTrackers such as
LysoTracker Green DND-26 (LTG) having Stokes shift = 7 nm and
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LysoTracker Red DND-99 (LTR) having Stokes shift = 13 nm [46]. Thus,
higher stroke shift in L-lyso will restrict cross-talk between absorption
and emission spectrum and will allow distinguished peak separation with

high signal to noise ratio in cellular imaging.
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Figure 2.5. pH-sensitive emission spectrum of L-lyso (10 uM buffer solution). Inset: a
plot of emission intensity of L-lyso at 383 nm versus various pH values. Buffer solution:

disodium hydrogen phosphate/citric acid.

The two-photon emission intensity was compared at varying
excitation wavelength in range 700-830 nm and found maximum at Aex =
790 nm (Figure 2.6). A log—log linear relationship between the emission
intensity and the incident power of L-lyso was measured at 790 nm by
using femtosecond laser pulse and the resulting slope of 2.22, confirm the
two-photon process (Figure 2.7). The retaining of L-lyso inside
lysosomes may be probably explained by the low pKa values of 3.27 for
amine and 3.55 for imine present in L-lyso. The amine and imine group
present in L-lyso prefer the most acidic lysosomes compared to other
subcellular organelles and get protonated inside lysosomes which
increases the hydrophilicity. Thus, the protonated amine and imine group

of L-lyso restrict its movement in acidic lysosomes.
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Figure 2.6. Two-photon integrated fluorescence emission intensity of L-lyso at

excitation wavelengths 700-830 nm in live HeLa cells.
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Figure 2.7. A representative logarithmic plot of integrated emission intensity as a
function of laser power (L-lyso). The solid red line represents the best fit line to the
data. Slope is 2.22 + 0.27.

2.2.4. Cell viability assay of L-lyso:

High cellular viability is necessary for long term imaging of
lysosomes. The MTT assay result demonstrates that the L-lyso probe is
highly biocompatible for cellular and physiological studies within the

concentration range 10-80 puM (Figure 2.8) for 24 h incubation and
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further increasing the incubation time to up to 34 h still shows a high
IC50 value of 600 +2.783 uM (Figure 2.9).
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Figure 2.8. Cell viability study of L-lyso by the MTT assay, after 24 h (treatment). The

results shown are mean + SD of four independent measurements.
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Figure 2.9. Cell viability study of L-lyso by the MTT assay after 34 h treatment at 37°C.
The results shown are mean + SD of four separate measurements. 1Cso= 600 + 2.783

puM.
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2.2.5. Flow cytometry studies of L-lyso:

Flow cytometry was used to acquire high quality fluorescence
signals with high spatial resolution from significant populations of cells
in flow [47]. Hence, concentration dependent analysis was done by both
flow cytometry and by confocal microscopic imaging. The fluorescence
emitted by the cells (60 uM L-lyso) was more intense; hence, both the
scatter plot and the histogram shifted more toward right (Figures 2.10a
and 2.10b). Furthermore, cells treated with 0 uM (control), 30 uM and 60
uM L-lyso exhibits mean fluorescence intensities of 75, 953 and 1804,
respectively. This indicates that L-lyso can uniformly label lysosomes
over a large population of cells, which was detected in live suspension
cells by flow cytometry and live adhered cells by microscopy (Figure
2.10c).
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Figure 2.10. Concentration dependent analysis of L-lyso in live HelLa cells. (a) Flow
cytometric analysis, scatter plot. (b) Flow cytometric analysis, histogram. ¢) Confocal
image; after incubation with L-lyso (30 uM and 60 pM) for 10 min. L-lyso: Ae = 405
nm; Aem = 415-470 nm.
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3.2.6. Organelles’ selectivity of L-lyso:

In order to investigate the binding of L-lyso to lysosomes, we
examined the co-staining of MCF-7 cells with two organelle trackers
LysoTracker Red DND-99 (LTR) for lysosomes and MitoTracker Red
CMXRos for mitochondria separately (Figure 2.11). The pink staining in
the overlay images was generated by superimposition of blue L-lyso and
red organelle trackers, which shows that L-lyso have immense correlation
with LysoTracker Red (Figure 2.11a) and is compatible for counter
staining with MitoTracker Red (Figure 2.11b).
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Figure 2.11. The subcellular fluorescence imaging of L-lyso in MCF-7 cells. Cells were

(b) Phase Contrast
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co-incubate with L-lyso (60 uM, 10 min) and two different organelle trackers. (a)
LysoTracker Red DND-99 (80 nM, 10 min) for lysosomes, (b) MitoTracker Red
CMXRos (80 nM for 10 min) for mitochondria. The images from left to right shows
phase contrast (column 1), L-lyso (column 2), organelle trackers (column 3) and
Overlay 1: overlay of the 2" and 3™ columns. Overlay 2: overlay of the 1%, 2" and 3"

columns. Scale bar: 10 pm.

2.2.7. Universal staining ability L-lyso in various cell lines:
Furthermore, the universal lysosomal selective staining ability of
L-lyso was evaluated in four different cell lines i.e., HeLa (Cervical
cancer), MCF-7 (breast cancer), A375 (skin melanoma) and DU145
(prostate cancer) cells (Figure 2.12). An excellent lysosome labeling
pattern was achieved in all examined live cells. Moreover, the co-

localization effect of L-lyso and LTR was evaluated by Pearson’s co-
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localisation coefficient (R;) (Figure 2.13). The overlapping fluorescence
signals showed high Pearson’s coefficients of 0.84, 0.83, 0.85 and 0.87
for HeLa, MCF-7, A375 and DU145 cells respectively, which were found
to be the best among the reported lysosome probes [48-49]. Furthermore,
Manders’ coefficients were calculated indicating very good colocalization
of the blue (L-lyso) and red (LTR) channels with each other on a
per-pixel level (Table 2.1).
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Figure 2.12. Lysosome specific live cell imaging of L-lyso in HeLa, MCF-7, A375 and
DU145 cells. All cells were co-stained with L-lyso (60 uM, 10 min) and LysoTracker
Red DND-99 (80 nM, 10 min). L-lyso: Aex = 405 nm; Aey, = 415-470 nm; LysoTracker
Red Aex = 559 nm; Aem = 580-700 nm. Overlay 1: overlay of the 2" and 3 columns.

Overlay 2: overlay of the 1%, 2" and 3" columns. Scale bar: 10 um.
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Figure 2.13. Lysosome specific live cell imaging by L-lyso in HeLa (cervical cancer),
MCF-7 (breast cancer) A375 (skin melanoma) and DU145 (prostate cancer) cells and
corresponding insets depict the Pearson’s colocalisation coefficient (R;) on different cell
line. All cells were co-stained with L-lyso (60 uM, 10 min) and LysoTracker Red DND-
99 (80 nM, 10 min). L-lyso Aex = 405 nm; Aey = 415-470 nm; LysoTracker Red e =
559 nm; Aern = 580-700 nm.

Table 2.1. Per-pixel spatial colocalization analysis of L-lyso with LysoTracker Red

Cell lines Manders' M1 Manders' M2 Pearson's R value
Hela 0.925 0.986 0.83
MCF-7 0.911 0.972 0.84
A375 0.999 0.972 0.85
DuU145 0.983 0.929 0.87
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2.2.8. The probable mechanistic pathway of L-lyso:

Confocal microscopy was further used to explore the probable
mechanistic pathways of cellular uptake of ligand L-lyso. HelLa cells
were treated with L-lyso in two confocal dishes; one dish was incubated
at 37 °C and the other at 4 °C to identify whether the uptake by the cells
was via an energy-dependent (endocytosis) or an energy-independent
transport pathway. The uptake of L-lyso by the cells at 4°C as well as
37°C suggested that it was taken up via an energy-independent pathway
(Figure 2.14).
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Figure 2.14. Live cells (HeLa) imaging under different conditions (a) The cells were
incubated with L-lyso (60 uM) at 37°C for 1h. (b) The cells were incubated with L-lyso
(60 uM) at 4°C for 1 h.

2.2.9. The photostability of L-lyso:

The photostability of the lysosome tracking probe is an essential
parameter for long term imaging during physiological and morphological
alterations [24]. To examine the photostability of L-lyso, photo-bleaching
experiments for both L-lyso and LysoTracker Red DND-99 in HeLa cells
were performed and the results were compared. After 1800 scans the

fluorescence intensity of LysoTracker Red was reduced to 2%, however
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the one-photon and two photon fluorescence intensity of L-lyso was 36%
and 60% respectively (Figure 2.15). These results showed that L-lyso
exhibits better photostability compared to commercial LysoTracker Red

and is suitable for long term lysosomal bio-imaging.
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Figure 2.15. Comparisons of the in vitro photostability of LysoTracker Red and L-lyso
in HeLa cell lines. (a) Confocal images of L-lyso (60 uM, One-photon microscopy: Aex =
405nm, TPM: Aex = 790 nm, Ae, = 415470 nm) and LysoTracker Red (80 nM, A¢ = 559
nm, Agnm = 580-700 nm) for photobleaching in HelLa cells. (b) Graph showing
photobleaching result of LysoTracker Red and L-lyso.

2.2.10. Two-photon microscopy (TPM) study of L-lyso:
Two photon imaging is superior to one photon microscopy
imaging in terms of low phototoxicity, low background signal, high

photostability and more imaging depth (>500 pum) [50]. Thus, we
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performed both one and two-photon co-localization imaging of L-lyso
with LysoTracker Red which demonstrated a strong overlap in both cases
(Figure 2.16).

Phase Contrast L-lyso LysoTracker Red Overlay 1 Overlay 2

40x 3.5z

40x 3.5z

Figure 2.16. One-photon microscopy (OPM) and two-photon microscopy (TPM) images
of L-lyso in live HeLa cells. L-lyso co-stained with L-lyso (60 uM, 10 min) and
LysoTracker Red DND-99 (80 nM, 10 min). L-lyso: Aex = 405 nm (OPM) or 790 nm
(TPM). LysoTracker Red DND-99, A, = 559 nm (OPM). Scale bar: 10 um.

2.2.11. Cell apoptosis study of L-lyso:

Lysosomes involve in cell apoptosis and cell death which leads to
lysosomal membrane permeabilization. Therefore, to focus on tracking
of lysosomes during apoptosis, we performed further studies. Carbonyl
cyanide m-chloro-phenylhydrazone (CCCP) leads to dysfunction of ATP
synthase by reducing mitochondrial membrane potential, resulting
inadequate ATP supply to the cells [51-52]. CCCP, an uncoupler of
oxidative phosphorylation was used to monitor apoptosis. MitoTraker
Red, target mitochondria by utilizing its membrane potential [53-54].
After addition of 20 uM CCCP, red color stain of MitoTracker Red
disappeared after 10 min (Figure 2.17). This implies that the
mitochondrial membrane potential starts abolishing and apoptosis is
initiated. After 2 h, the cell morphology changes and apoptotic bodies
begins to appear and after 3 h and 10 min, various apoptotic bodies were
found. Simultaneously, the pH increases as a result of lysosomal

membrane permeabilization, which causes a slight decrease in the
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intensity of blue fluorescence in most of the cells, further validating the
pH based quenching of L-lyso, indicating lysosomal physiological
conditions.
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Figure 2.17. Tracking lysosome during cell apoptosis. Live HeLa cells stained with L-
lyso (60 uM, 10 min) and MitoTracker Red CMXRos (80 nm, 10 min) and then CCCP

(20 uM). (here only the merged images are depicted for clarity)

2.2.12. 3D tumor spheroids imaging by L-lyso:

In order to simulate an in vivo environment, 3D tumor spheroids,
which consist of cells in different phases i.e. proliferating, hypoxic,
apoptotic and necrotic cells, were used. In 3D multicellular tumor
spheroids, the cell-cell interactions as well as cell-extracellular matrix
interactions prominently simulate the natural pattern of the body
environment [55].

The imaging of tumor spheroid depth layers through microscopy
study still has many technical challenges [56]. Two spheroids of different
sizes were labelled by L-lyso and the fluorescence images were taken
after every 2 um section cutting along the Z-axis. The TP fluorescence
images of spheroid showed deeper and uniform tissue penetration in the
deeper cell layer as compared to one-photon fluorescence microscopy,
where the fluorescence intensity was observed up to ~46 um (Figure 2.18

and Figure 2.19). The results concluded that the two-photon excitation
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light has a deeper penetrating power. Thus L-lyso may be further utilized

in the imaging of lysosomes in tissue.
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Figure 2.18. (a) Two-photon fluorescence images of 3D intact tumor spheroid after
incubation of L-lyso (60 uM) for 1 h). (b) Image of at depth of 52 um (c) The two-
photon Z-stack images was captured after every 2 pm section from the top to bottom of
tumor spheroid. (d) The two-photon Z-stack 3D images of intact spheroid. The images
were captured under a 40% objective Aey = 790 nm; Ay = 415470 nm.
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Figure 2.19. (a) One-photon fluorescence images of 3D HelLa tumor spheroid was
incubated with L-lyso (60 uM for 1 h), (b) Image of at depth of 52 pum, (c) One-photon
fluorescence Z-stack images were captured after every 2 um section from top to bottom.
(d) The one-photon 3D Z-stack picture of an intact HeLa spheroid. The images were
captured under a 40% objective. Aex = 405 nm; Ay = 415-470 nm.

2.2.11. Long-term tracking of lysosomes:

Lysosome tracking probes should possess the ability to stay in the
lysosomes for a long period of time. Imaging of L-lyso was compared
with LysoTracker Red. After 2" passage (48 h), the fluorescence signal
of LysoTracker Red diminished completely, whereas the L-lyso
fluorescence signal was still clearly visible even after 72 h. This justified

that L-lyso could track lysosomes in live cells for at least 3 days (Figure
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2.20 and Figure 2.21). This confirmed the stable imaging of most of the
physiological activities of the lysosomes in living cells.
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Figure 2.20. Normalized fluorescent intensities and images of live HeLa cells, which

was stained with 60 uM of L-lyso and 60 uM of LysoTracker Red at different passages.
Scale bar: 30 um.
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Figure 2.21. Two-photon fluorescence images of HelLa cells, passage 1 (after 24 h),
passage 2 (after 48 h), and passage 3 (after 72 h) respectively. HeLa cells treated with L-
lyso (60 uM, 10 min) and then incubated for 24 h. Lysosomes labeling with
LysoTracker Red (80 nM, 10 min) was done just 15 min before cell imaging in 2™ and
31 passage. L-lyso Aex = 790 nm; Aey = 415-470 nm; LysoTracker Red Ae = 790 nm;
Aem = 580-700 nm. Overlay 1: overlay of the 2™ and 3" columns. Overlay 2: overlay of
the 1%, 2" and 3" columns. Scale bar: 30 pum.
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2.3. Conclusions

In short, we have designed and synthesized a water soluble
and non-cytotoxic organic probe L-lyso, in a facile manner with
high vyield. Furthermore, L-lyso was confirmed to be an effective
two-photon fluorescent probe for long-term tracking of lysosomes.
The excellent two-photon properties of L-lyso were further
explored using in vivo replica by employing in 3D multicellular
tumor spheroids. L-lyso also enabled tracking of the lysosomes
during cell apoptosis, and a mechanistic pathway for cell uptake
has also been discussed. More importantly, L-lyso has a large
Stokes shift (148 nm) and higher photostability compared to the
commercially available Lyso-Tracker Red DND-99.
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2.4. Experimental Section

2.4.1. Materials:

4-(Diethylamino) salicylaldehyde, 3-amino-2-naththol purchased
from TCI Chemicals (India) Pvt. Ltd., LysoTracker Red DND-99 and
MitoTracker Red CMXRos were purchased from Invitrogen. MTT and
carbonyl cyanide m-chlorophenylhydrazone (CCCP) from Sigma Aldrich
Chemical Co., USA. Fetal bovine serum (FBS) and Dulbecco’s modified
eagle medium (DMEM) were purchased from Gibco. Minimum Essential
Medium (MEM) received from Himedia. HelLa cells (cervical cancer cell
line), MCF-7 (breast cancer) and A375 (skin melanoma), DU145
(prostate cancer) cells was obtained from National Centre for Cell
Science, Pune. All other chemical reagents and solvents were obtained
from Merck and S.D Fine Chem. Ltd. Ultrapure water obtained from
arium® pro ultrapure water systems (Sartorius) and used throughout the
experiments. All commercially available materials were used without
further purification.

'H NMR (400 MHz) and *C NMR (100 MHz) spectra were
measured by Bruker Avance (I11) instrument by using DMSO-ds. FTIR
spectrum was recorded by using Bio-Rad FTS 3000MX instrument on
KBr pellets. The mass spectrum was recorded by Brucker-Daltonics,
micrOTOF-QIl mass spectrometer. Spectrophotometric measurements
were performed by UV-vis spectrophotometer (Varian Cary 100) using a
quartz cuvette with a path length of 1cm. FluoroMax-4
Spectrophotometer (HORIBA Scientific) was used for Fluorescence
measurement. The excitation and emission slits were 5/5 nm for the
emission measurements. pH-meter (LABMAN Scientific Instrument
PVT. LTD) was used for pH measurements. The absorbance for MTT
analysis was recorded by microplate reader (Synergy H1 BioTek
microplate reader) at 570 nm. Fluorescence imaging experiments were
performed by Olympus laser-scanning microscope, Mai Tai eHP Spectra

physics femtosecond (fs) laser having power peak >450 KW, pulse width
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<70 fs, tuning range 690-1040 nm, average power >2.5 W, repetition rate
80 MHz £ 1 MHz was used to acquire the two photon fluorescence
imaging and BD LSRFortessa TM Flow cytometry analysis. Image
processing was done with the help of Olympus software (FV10-ASW
4.2). For bioimaging purpose (better cell permeability), L-lyso stock
solution was prepared in 0.1M NaOH solution in water. Flow cytometry
data were analyzed by DB FACSDiva software. pKa of amine and imine
present in L-lyso is 3.27 and 3.55 respectively calculated by ACD

software.

2.4.2. Synthesis of lysosome targeted probe (L-lyso):

4-(Diethylamino) salicylaldehyde (386 mg, 2 mmol), 3-amino-2-
naththol (318 mg, 2 mmol) was taken in 25 mL of methanol and then
added NaOH (80 mg, 2 mmol) was added. The reaction was continuously
stirred at room temperature for 2 h. Reaction was monitored by TLC.
After completion of the reaction, solvent was evaporated from rotator
evaporator. Solid product was washed with acidic chilled water and then
chilled water only for several times. Solid yellow precipitate was formed,
which was filtered and dried in desiccator. Yield 90%, *H NMR (400
MHz,DMSO-ds): & 14.10 (s, 1H), 9.99 (s, 1H), 8.74 (s, 1H, -CH=N),
7.76 (d, 2H), 7.66 (d, 1H), 7.32 (dd, 2H), 7.26 (t, 1H), 7.22 (s, 1H), 6.30
(d, 1H), 5.99 (s, 1H), 3.40 (q, 4H), 1.12 (t, 6H) as shown in Figure 2.22.
C NMR (100 MHz, DMSO-ds): 5166.45, 159.80, 152.35, 150.00,
137.67, 134.59, 132.71, 128.62, 127.57, 126.02, 125.61, 123.65, 115.70,
110.02, 109.61, 104.44, 97.57, 44.33, 13.02 depicted in Figure 2.23. IR
(KBr, cm-1): 3415 (br), 3067 (s), 2957 (vs), 1707 (vs), 1611 (s), 1513 (s),
1465 (s), 1383 (s), 1252 (vs), 1180 (w), 1142 (s), 1110 (w), 1033 (s), 830
(s), 798 (s), 542 (s) as shown in Figure 2.24). LCMS (m/z): [M+1]"
335.2 represented in Figure 2.25.

2.4.3. X-ray crystallography:
The crystal data of L-lyso was collected at 150(2) K by the means
of graphite-monochromated Mo Ka (Aa = 0.71073 A). The procedure for
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the data collection was evaluated by the support of CrysAlisPro CCD
software. The data were collected by the standard phi-omega scan
techniques and were scaled and reduced by using CrysAlisPro RED
software. The structures were solved by the direct methods by using
SHELXS-97 and refined by full matrix least squares with SHELXL-97,
refining on F2 [57-58]. By direct methods the positions of all the atoms
were obtained and all non-hydrogen atoms were refined anisotropically.
All the remaining hydrogen atoms were placed in geometrically
constrained positions and the data refined with isotropic temperature
factors, generally 1.2 x Ueq of their parent atoms. The Hydrogen bonding
interactions, mean plane analysis, and molecular drawings were obtained
using the program Mercury (ver 3.1) and Diamond (ver 3.1d). The crystal
and refinement data are summarized in Table Al and the selected bond
distances and bond angles are shown in Table A2. All the Hydrogen

atoms have been omitted for clarity in the molecular structure of L-lyso.

2.4.4. Two photon intensity measurement:

Mai Tai eHP Spectra physics femtosecond laser having power
peak >450 KW, pulse width < 70 fs, tuning range 690-1040 nm, average
power >2.5 W, repetition rate 80 MHz + 1 MHz was used to acquire the
two photon fluorescence imaging. The two-photon fluorescence intensity
was measured at 700-830 nm. Cervical cancer cells (HeLa), were seeded
in confocal dishes and incubated for 22 hours. Live cells were stained
with L-lyso (60 uM) in cell culture medium for 10 min then washed
thrice with PBS. Images were captured at different wavelength.
Maximum integrated intensity was observed at wavelength 790 nm.
Autofluorescence of cells and spheroid was done without applying probe
(control) using same setting of confocal and two photon Laser

MICroscopes.
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2.4.5. MTT cell viability assay:

In order to determine the cytotoxicity of L-lyso on living systems,
we performed cell viability assay. 7000 HeLa cells well* were seeded in
96-well plate in 100 pL media (Minimum essential medium, 10% (v/v)
FBS and 1% antibiotics Penicillin-Streptomycin10,000 U/mL) and
cultured for 24 hours for cell adhesion. L-lyso were dissolved in water
(stock solution) and 20 pL added to each well in order to give final
concentration ranging from 10-80 uM. Another MTT assay was done
using concentration 100-600 uM. 20pL water was used as control.
Experiment was done in quadruplet. Cells exposed to drug for 24 h and
34 h respectively. After that cells were washed with PBS (PBS, pH 7.4)
and 100 pL MTT (0.5 mg/mL in phenol red free media) was added in
each well. Cells incubated for next 4 hours at 37C and 5% CO;
atmosphere. Then media was carefully removed and subsequently 100 pL
DMSO was added in order to dissolve purple formazan crystals. After 20
minutes incubation, absorbance at 570 nm was measured using Synergy
H1 Biotek microplate reader. The % cell viability was calculated as: %
cell viability = [Mean O.D. of the drug treated cell/Mean O.D. of the

control well] x 100

2.4.6. Flow cytometry:

HeLa cells were cultured in six-well tissue culture plates. When
cells became 70% confluent then one well treated with 30 uM L-lyso and
another well with 60 uM L-lyso for 10 min and control well left without
any treatments. After that the cells were washed with PBS three times.
Then harvested by trypsin and re-suspended in PBS. The samples were
analyzed by BD LSRFortessa '™ Flow cytometry with excitation at 405
nm and emission 415-470 nm. Data were analyzed by DB FACSDiva

software. Total one lakh events were acquired for each sample.

2.4.7. Lysosome staining and co-localization studies in various cell

lines: Cervical cancer (HelLa), Breast cancer (MCF-7), skin melanoma
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(A375) and prostate cancer (DU145) cell lines were seeded in confocal
dishes and incubated for 24 hours. For lysosome imaging, live cells were
stained with L-lyso (60 pM) in cell culture medium for 10 min then
washed thrice with PBS (pH = 7.4) and co-stain with LysoTracker Red
(80 nM, 10 min) and incubated at 37°C and 5% CO,. For mitochondria
imaging, cells were stain with MitoTracker Red (80 nM) for 10 min. An
Olympus laser scanning microscope was used for confocal imaging. Cells
ware visualized at an excitation of Aex = 405 nm for L-lyso and Aex = 559
nm for LysoTracker Red as well as MitoTracker Red for one photon. L-

lyso Xex = 790 nm for two photon imaging.

2.4.8. Per-pixel spatial colocalization analysis:

A significance test was performed for the images in blue (L-lyso)
and red (LysoTracker red) channels using Costes’ method [59] and the P-
value was found to be 1.00, which indicates that a randomized image set
does not produce better correlation/colocalization than the real image.
Furthermore, Manders’ coefficients were calculated based on the
formulae presented by Manders et al [60] and the results are shown in
Table 2.1 indicating very good colocalization of the blue (L-lyso) and red

(LysoTracker red) channels with each other on per-pixel level.

2.4.9. Cell uptake pathway studies:

In order to study probable mechanistic pathway of cellular uptake
of L-lyso, HelLa cells were seeded in two confocal dishes and incubated
at 37°C for 24 h. The cells in dishes were exposed with 60 uM L-lyso at
37°C or 4°C for 1 h. After that cells were washed with PBS three times
and images captured by confocal microscope at excitation 405 nm and

emission signal collected at 415-470 nm.

2.4.10 In vitro photostability study:

Cervical cancer cell line HeLa was seeded in two confocal dishes.
Dishes were incubated with L-lyso (60 uM, 10 min) and LysoTracker
Red DND-99 (80 nM, 10 min) separately. The cells were imaged using
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confocal microscope and Mai Tai eHP Spectra physics femtosecond laser
used for two photon imaging with no delay scan mode. Videos were
recorded up to 1800 and scan 2650 scans for LysoTracker Red and L-lyso
respectively. LysoTracker Red and L-lyso ware excited at 559 nm and
405 nm respectively for one photon. L-lyso ware excited at 790 nm for
two photon imaging. Maximum intense signal of first scan was
considered 100% for measuring relative decrease in intensity. Images at
every 300 scans were obtained from video. The relative intensity decay
spectrum upto 2650 scans.

2.4.11. Generation of multicellular 3D spheroids:

Multicellular tumor spheroids (MCTSs) were produced using the
liquid overlay method [61-62]. When HeLa cells became 60% confluent
in T-25 flack, they were harvested by trypsin/EDTA solution and
resuspended in MEM complete media. Flat-bottom 96 well plates were
coated with 60uL of a sterile 1.5% (wt/vol) agarose solution in complete
MEM to make a non-adherent surface. 4000 cells were seeded in each
agarose-coated well in 200l complete MEM. The plates were incubated
at 37°C and 5% CO, until spheroids formed. For compound treatment
and imaging, spheroid were transfers in confocal disc followed by
spheroids treatment by 60 uM L-lyso for 30 min, then image were
captured by two photon as well as one photon confocal laser scanning

microscopy.

2.4.12. Long-term imaging of lysosomes:

HeLa cells were seeded in 20 mm? Petri dish (ThermoFisher) and
incubated at 37°C for 24 h. Then the cells were treated with 60 uM L-
lyso (or 80 nM LysoTracker Red) for 10 min at 37°C. After that, cells
were washed three times with PBS to remove the unbound probe. Then
the cells were harvested and divided into two new sterile dishes and kept
for further incubation for 24 h at 37°C. After 24 h incubation (passage 1),
one dish was used for imaging and cells of another dish was harvested
and 30% cells was transferred to the third dish and incubated at 37°C and
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rest reseed in the same dish. Image was taken after 24 h (passage 2).Cells
in the second dish was again transferred into forth dish and image
captured after 24 h (passage 3).

NMR and mass spectrum of L-lyso
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Figure 2.23. *C NMR spectrum of L-lyso
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Figure 2.25. ESI-MS spectrum of L-lyso

113




2.5. References

[1].

[2].

[3].

[4].

[5].

[6].

[7].

8].

[9].

Aizawa, S., Contu, V. R., Fujiwara, Y., Hase, K., Kikuchi, H.,
Kabuta, C., Wada, K., Kabuta, T. (2017), Lysosomal membrane
protein SIDT2 mediates the direct uptake of DNA by lysosomes,
Autophagy, 13, 218-222 (DOI: 10.1080/15548627.2016.1248019).
Li, Y., Chen, B., Zou, W., Wang, X., Wu, Y., Zhao, D., Sun, Y.,
Liu, Y., Chen, L., Miao, L., Yang, C., Wang, X. (2016), The
lysosomal membrane protein SCAV-3 maintains lysosome integrity
and adult longevity, J. Cell Biol, 215, 167-185 (DOI:
10.1083/jch.201602090).

Jiang, P., Mizushima, N. (2014), Autophagy and human diseases,
Cell Res., 24, 69-79 (DOI: 10.1038/cr.2013.161).

Kim, S. E., Overholtzer, M. (2013), Autophagy proteins regulate
cell engulfment mechanisms that participate in cancer, Semin.
Cancer Biol., 23, 329-336 (DOI:10.1016/j.semcancer.2013.05.004).
Maes, H., Agostinis, P. (2014), Autophagy and mitophagy interplay
in melanoma progression, Mitochondrion, 19 Pt A, 58-68 (DOI:
10.1016/j.mit0.2014.07.003).

Raben, N., Puertollano, R. (2016), TFEB and TFE3: Linking
Lysosomes to Cellular Adaptation to Stress, Annu. Rev. Cell Dev.
Biol., 32, 255-278 (DOI: 10.1146/annurev-cellbio-111315-125407).
Platt, F. M. (2014), Sphingolipid lysosomal storage disorders,
Nature, 510, 68-75 (DOI: 10.1038/nature13476).

Luzio, J. P., Hackmann, Y., Dieckmann, N. M., Griffiths, G. M.
(2014), The biogenesis of lysosomes and lysosome-related
organelles, Cold Spring Harb. Perspect. Biol., 6, a016840 (DOI:
10.1101/cshperspect.a016840).

Zhu, X., Sun, Y., Chen, D., Li, J., Dong, X., Wang, J., Chen, H.,
Wang, Y., Zhang, F., Dai, J., Pirraco, R. P., Guo, S., Marques, A.
P., Reis, R. L., Li, W. (2017), Mastocarcinoma therapy

synergistically promoted by lysosome dependent apoptosis

114



[10].

[11].

[12].

[13].

[14].

[15].

specifically evoked by 5-Fu@nanogel system with passive targeting
and pH activatable dual function, J. Control Release, 254, 107-118
(DOI: 10.1016/j.jconrel.2017.03.038).

Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A.,
Fujita, N., Oomori, H., Noda, T., Haraguchi, T., Hiraoka, Y.,
Amano, A., Yoshimori, T. (2013), Autophagosomes form at ER-
mitochondria contact sites, Nature, 495, 389-393 (DOI:
10.1038/nature11910).

Venkatesan, R., Park, Y. U., Ji, E., Yeo, E. J., Kim, S. Y. (2017),
Malathion increases apoptotic cell death by inducing lysosomal
membrane permeabilization in N2a neuroblastoma cells: a model
for neurodegeneration in Alzheimer's disease, Cell Death Discov.,
3, 17007 (DOI: 10.1038/cddiscovery.2017.7).

Ohmae, S., Noma, N., Toyomoto, M., Shinohara, M., Takeiri, M.,
Fuji, H., Takemoto, K., Iwaisako, K., Fujita, T., Takeda, N.,
Kawatani, M., Aoyama, M., Hagiwara, M., Ishihama, Y., Asagiri,
M. (2017), Actin-binding protein coronin 1A controls osteoclastic
bone resorption by regulating lysosomal secretion of cathepsin K,
Sci. Rep., 7, 41710 (DOI: 10.1038/srep41710).

Dersh, D., Iwamoto, Y., Argon, Y. (2016), Tay-Sachs disease
mutations in HEXA target the alpha chain of hexosaminidase A to
endoplasmic reticulum-associated degradation, Mol. Biol. Cell, 27,
3813-3827 (DOI: 10.1091/mbc.E16-01-0012).

Saftig, P., Sandhoff, K. (2013), Cancer: Killing from the inside,
Nature, 502, 312-313 (DOI: 10.1038/nature12692).

Zhang, F., Zhu, X., Gong, J., Sun, Y., Chen, D., Wang, J., Wang,
Y., Guo, M., Li, W. (2016), Lysosome-mitochondria-mediated
apoptosis specifically evoked in cancer cells induced by gold
nanorods, Nanomedicine, 11, 1993-2006 (DOI: 10.2217/nnm-2016-
0139).

115



[16].

[17].

[18].

[19].

[20].

[21].

Moors, T., Paciotti, S., Chiasserini, D., Calabresi, P., Parnetti, L.,
Beccari, T., van de Berg, W. D. (2016), Lysosomal Dysfunction
and alpha-Synuclein  Aggregation in Parkinson's Disease:
Diagnostic ~ Links, Mov. Disord., 31, 791-801 (DOlI:
10.1002/mds.26562).

Yamamoto, T., Takabatake, Y., Takahashi, A., Kimura, T., Namba,
T., Matsuda, J., Minami, S., Kaimori, J. Y., Matsui, I., Matsusaka,
T., Niimura, F., Yanagita, M., Isaka, Y. (2017), High-Fat Diet-
Induced Lysosomal Dysfunction and Impaired Autophagic Flux
Contribute to Lipotoxicity in the Kidney, J. Am. Soc. Nephrol., 28,
1534-1551 (DOI: 10.1681/asn.2016070731).

Awad, O., Sarkar, C., Panicker, L. M., Miller, D., Zeng, X,
Sgambato, J. A., Lipinski, M. M., Feldman, R. A. (2015), Altered
TFEB-mediated lysosomal biogenesis in Gaucher disease iPSC-
derived neuronal cells, Hum. Mol. Genet., 24, 5775-5788 (DOI:
10.1093/hmg/ddv297).

Pierzynska-Mach, A., Janowski, P. A., Dobrucki, J. W. (2014),
Evaluation of acridine orange, LysoTracker Red, and quinacrine as
fluorescent probes for long-term tracking of acidic vesicles,
Cytometry A., 85, 729-737 (DOI: 10.1002/cyto.a.22495).

Myochin, T., Kiyose, K., Hanaoka, K., Kojima, H., Terai, T.,
Nagano, T. (2011), Rational design of ratiometric near-infrared
fluorescent pH probes with various pKa values, based on
aminocyanine, J. Am. Chem. Soc., 133, 3401-3409 (DOI:
10.1021/ja1063058).

Smith, D. G., McMahon, B. K., Pal, R., Parker, D. (2012), Live cell
imaging of lysosomal pH changes with pH responsive ratiometric
lanthanide probes, Chem. Commun., 48, 8520-8522 (DOI:
10.1039/c2cc342679).

116



[22].

[23].

[24].

[25].

[26].

[27].

[28].

Li, G., Zhu, D., Xue, L., Jiang, H. (2013), Quinoline-based
fluorescent probe for ratiometric detection of lysosomal pH, Org.
Lett., 15, 5020-5023 (DOI: 10.1021/014023547).

Kim, H. J., Heo, C. H., Kim, H. M. (2013), Benzimidazole-based
ratiometric two-photon fluorescent probes for acidic pH in live cells
and tissues, J. Am. Chem. Soc., 135, 17969-17977 (DOI:
10.1021/ja409971K).

Wang, X., Nguyen, D. M., Yanez, C. O., Rodriguez, L., Ahn, H. Y.,
Bondar, M. V., Belfield, K. D. (2010), High-fidelity hydrophilic
probe for two-photon fluorescence lysosomal imaging, J. Am.
Chem. Soc., 132, 12237-12239 (DOI: 10.1021/ja1057423).

He, L., Li, Y., Tan, C. P,, Ye, R. R., Chen, M. H., Cao, J. J., Ji, L.
N., Mao, Z. W. (2015), Cyclometalated iridium(iii) complexes as
lysosome-targeted photodynamic anticancer and real-time tracking
agents, Chem. Sci., 6, 5409-5418 (DOI: 10.1039/c5sc01955a).

He, L., Tan, C. P,, Ye, R. R,, Zhao, Y. Z,, Liu, Y. H., Zhao, Q., Ji,
L. N., Mao, Z. W. (2014), Theranostic iridium(l1l) complexes as
one- and two-photon phosphorescent trackers to monitor autophagic
lysosomes, Angew. Chem. Int. Ed. Engl., 53, 12137-12141 (DOI:
10.1002/anie.201407468).

Zhang, D. Y., Zheng, Y., Tan, C. P, Sun, J. H., Zhang, W., Ji, L.
N., Mao, Z. W. (2017), Graphene Oxide Decorated with Ru(ll)-
Polyethylene Glycol Complex for Lysosome-Targeted Imaging and
Photodynamic/Photothermal Therapy, ACS Appl. Mater. Interfaces,
9, 6761-6771 (DOI: 10.1021/acsami.6b13808).

Zhang, J., Yang, M., Mazi, W., Adhikari, K., Fang, M., Xie, F.,
Valenzano, L., Tiwari, A., Luo, F. T., Liu, H. (2016), Unusual
Fluorescent Responses of Morpholine-functionalized Fluorescent
Probes to pH via Manipulation of BODIPY's HOMO and LUMO
Energy Orbitals for Intracellular pH Detection, ACS Sens., 1, 158-
165 (DOI: 10.1021/acssensors.5b00065).

117



[29].

[30].

[31].

[32].

[33].

[34].

[35].

Wang, H., Wu, Y., Shi, Y., Tao, P., Fan, X., Su, X., Kuang, G. C.
(2015), BODIPY-based fluorescent thermometer as a lysosome-
targetable probe: how the oligo(ethylene glycols) compete
photoinduced electron transfer, Chemistry, 21, 3219-3223 (DOI:
10.1002/chem.201405853).

Ji, C., Zheng, Y., Li, J., Shen, J., Yang, W., Yin, M. (2015), An
amphiphilic squarylium indocyanine dye for long-term tracking of
lysosomes, J. Mater. Chem., 3, 7494-7498 (DOI:
10.1039/C5TB01738F).

Chen, X., Bi, Y., Wang, T., Li, P., Yan, X., Hou, S., Bammert, C.
E., Ju, J., Gibson, K. M., Pavan, W. J., Bi, L. (2015), Lysosomal
targeting with stable and sensitive fluorescent probes (Superior
LysoProbes): applications for lysosome labeling and tracking
during apoptosis, Sci. Rep., 5, 9004 (DOI: 10.1038/srep09004).
Yapici, N. B., Bi, Y., Li, P., Chen, X., Yan, X., Mandalapu, S. R.,
Faucett, M., Jockusch, S., Ju, J., Gibson, K. M., Pavan, W. J., Bi, L.
(2015), Highly stable and sensitive fluorescent probes (LysoProbes)
for lysosomal labeling and tracking, Sci. Rep., 5, 8576 (DOI:
10.1038/srep08576).

Liu, T., Xu, Z., Spring, D. R., Cui, J. (2013), A lysosome-targetable
fluorescent probe for imaging hydrogen sulfide in living cells, Org.
Lett., 15, 2310-2313 (DOI: 10.1021/01400973V).

Wan, Q., Chen, S., Shi, W., Li, L., Ma, H. (2014), Lysosomal pH
rise during heat shock monitored by a lysosome-targeting near-
infrared ratiometric fluorescent probe, Angew. Chem. Int. Ed.
Engl., 53, 10916-10920 (DOI: 10.1002/anie.201405742).

Shi, H., He, X., Yuan, Y., Wang, K., Liu, D. (2010), Nanoparticle-
based biocompatible and long-life marker for lysosome labeling
and tracking, Anal. Chem., 82, 2213-2220 (DOI:
10.1021/ac902417s).

118



[36].

[37].

[38].

[39].

[40].

[41].

[42].

Ho, Y. P., Leong, K. W. (2010), Quantum dot-based theranostics,
Nanoscale, 2, 60-68 (DOI: 10.1039/b9nr00178f).

Li, Z,, Song, Y., Yang, Y., Yang, L., Huang, X., Han, J., Han, S.
(2012), Rhodamine-deoxylactam functionalized poly[styrene-alter-
(maleic acid)]s as lysosome activatable probes for intraoperative
detection of tumors, Chem. Sci., 3, 2941-2948 (DOI:
10.1039/C2SC20733H).

Farcal, L. R., Uboldi, C., Mehn, D., Giudetti, G., Nativo, P., Ponti,
J., Gilliland, D., Rossi, F., Bal-Price, A. (2013), Mechanisms of
toxicity induced by SiO2 nanoparticles of in vitro human alveolar
barrier: effects on cytokine production, oxidative stress induction,
surfactant proteins A mRNA expression and nanoparticles uptake,
Nanotoxicology, 7, 1095-1110 (DOI:
10.3109/17435390.2012.710658).

Ohno, N., Hashimoto, T., Adachi, Y., Yadomae, T. (1996),
Conformation dependency of nitric oxide synthesis of murine
peritoneal macrophages by beta-glucans in vitro, Immunol. Lett.,
52, 1-7 (DOI: 10.1016/S0165-2478(96)02639-9).

Zhu, L., Lv, W,, Liu, S., Yan, H., Zhao, Q., Huang, W. (2013),
Carborane enhanced two-photon absorption of tribranched
fluorophores for fluorescence microscopy imaging, Chem.
Commun., 49, 10638-10640 (DOI: 10.1039/c3cc46276e).

Saini, A. K., Natarajan, K., Mobin, S. M. (2017), A new
multitalented azine ligand: elastic bending, single-crystal-to-single-
crystal transformation and a fluorescence turn-on Al(iii) sensor,
Chem. Commun., 53, 9870-9873 (DOI: 10.1039/c7cc04392a).
Chang, Y. C., Chen, Y. D., Chen, C. H., Wen, Y. S, Lin, J. T.,
Chen, H. Y., Kuo, M. Y., Chao, I. (2008), Crystal engineering for
pi-pi stacking via interaction between electron-rich and electron-
deficient heteroaromatics, J. Org. Chem., 73, 4608-4614 (DOI:
10.1021/j0800546).

119



[43].

[44].

[45].

[46].

[47].

[48].

[49].

Yao, S., Ahn, H. Y., Wang, X., Fu, J., Van Stryland, E. W., Hagan,
D. J., Belfield, K. D. (2010), Donor-acceptor-donor fluorene
derivatives for two-photon fluorescence lysosomal imaging, J. Org.
Chem., 75, 3965-3974 (DOI: 10.1021/j0100554j).

Son, J. H,, Lim, C. S., Han, J. H., Danish, I. A., Kim, H. M., Cho,
B. R. (2011), Two-photon Lysotrackers for in vivo imaging, J. Org.
Chem., 76, 8113-8116 (DOI: 10.1021/j0201504h).

Sumalekshmy, S., Fahrni, C. J. (2011), Metal lon-Responsive
Fluorescent Probes for Two-Photon Excitation Microscopy, Chem.
Mater., 23, 483-500 (DOI: 10.1021/cm1021905).

Qiu, K., Huang, H., Liu, B., Liu, Y., Huang, Z., Chen, Y., Ji, L.,
Chao, H. (2016), Long-Term Lysosomes Tracking with a Water-
Soluble Two-Photon Phosphorescent Iridium(111) Complex, ACS
Appl. Mater. Interfaces, 8, 12702-12710 (DOI:
10.1021/acsami.6b03422).

Godfrey, W. L., Hill, D. M., Kilgore, J. A., Buller, G. M., Bradford,
J. A.,, Gray, D. R., Clements, I., Oakleaf, K., Salisbury, J. J.,
Ignatius, M. J., Janes, M. S. (2005), Complementarity of Flow
Cytometry and Fluorescence Microscopy, Microsc. Microanal., 11,
246-247 (DOI: 10.1017/S1431927605510316).

Dong, B., Song, X., Wang, C., Kong, X., Tang, Y., Lin, W. (2016),
Dual Site-Controlled and Lysosome-Targeted Intramolecular
Charge Transfer-Photoinduced Electron Transfer-Fluorescence
Resonance Energy Transfer Fluorescent Probe for Monitoring pH
Changes in Living Cells, Anal. Chem., 88, 4085-4091 (DOI:
10.1021/acs.analchem.6b00422).

Fan, F., Nie, S., Yang, D., Luo, M., Shi, H., Zhang, Y. H. (2012),
Labeling lysosomes and tracking lysosome-dependent apoptosis
with a cell-permeable activity-based probe, Bioconjug. Chem., 23,
1309-1317 (DOI: 10.1021/bc300143p).

120



[50].

[51].

[52].

[53].

[54].

[55].

[56].

Xu, Q., Heo, C. H., Kim, G., Lee, H. W., Kim, H. M., Yoon, J.
(2015), Development of imidazoline-2-thiones based two-photon
fluorescence probes for imaging hypochlorite generation in a co-
culture system, Angew. Chem. Int. Ed. Engl., 54, 4890-4894 (DOI:
10.1002/anie.201500537).

Park, J. S., Kang, D. H., Bae, S. H. (2015), p62 prevents carbonyl
cyanide m-chlorophenyl hydrazine (CCCP)-induced apoptotic cell
death by activating Nrf2, Biochem Biophys Res Commun, 464,
1139-1144 (DOI: 10.1016/j.bbrc.2015.07.093).

Itami, N., Shiratsuki, S., Shirasuna, K., Kuwayama, T., lwata, H.
(2015), Mitochondrial biogenesis and degradation are induced by
CCCP treatment of porcine oocytes, Reproduction, 150, 97-104
(DOI: 10.1530/rep-15-0037).

Chen, Y., Qiao, L., Ji, L., Chao, H. (2014), Phosphorescent
iridium(l11) complexes as multicolor probes for specific
mitochondrial imaging and tracking, Biomaterials, 35, 2-13 (DOI:
10.1016/j.biomaterials.2013.09.051).

Huang, S., Han, R., Zhuang, Q., Du, L., Jia, H., Liu, Y., Liu, Y.
(2015), New photostable naphthalimide-based fluorescent probe for
mitochondrial imaging and tracking, Biosens. Bioelectron., 71, 313-
321 (DOI: 10.1016/j.bi0s.2015.04.056).

Patra, B., Peng, C. C., Liao, W. H., Lee, C. H., Tung, Y. C. (2016),
Drug testing and flow cytometry analysis on a large number of
uniform sized tumor spheroids using a microfluidic device, Sci.
Rep., 6, 21061 (DOI: 10.1038/srep21061).

Zhang, P., Huang, H., Chen, Y., Wang, J., Ji, L., Chao, H. (2015),
Ruthenium(11) anthraquinone complexes as two-photon luminescent
probes for cycling hypoxia imaging in vivo, Biomaterials, 53, 522-
531 (DOI: 10.1016/j.biomaterials.2015.02.126).

121



[57].

[58].

[59].

[60].

[61].

[62].

Sheldrick, G. M. (2015), Crystal structure refinement with
SHELXL, Acta Crystallogr. C Struct. Chem., 71, 3-8 (DOI:
10.1107/s2053229614024218).

Sheldrick, G. M. (2015), SHELXT - integrated space-group and
crystal-structure determination, Acta Crystallogr. A Found. Adv.,
71, 3-8 (DOI: 10.1107/s2053273314026370).

Costes, S. V., Daelemans, D., Cho, E. H., Dobbin, Z., Pavlakis, G.,
Lockett, S. (2004), Automatic and quantitative measurement of
protein-protein colocalization in live cells, Biophys. J., 86, 3993-
4003 (DOI: 10.1529/biophysj.103.038422).

Manders, E. M. M., Verbeek, F. J., Aten, J. A. (1993),
Measurement of co-localization of objects in dual-colour confocal
images, J. Microsc., 169, 375-382 (DOI. 10.1111/j.1365-
2818.1993.th03313.x).

Friedrich, J., Seidel, C., Ebner, R., Kunz-Schughart, L. A. (2009),
Spheroid-based drug screen: considerations and practical approach,
Nat. Protoc., 4, 309-324 (DOI: 10.1038/nprot.2008.226).

Boo, L., Ho, W. Y., Ali, N. M., Yeap, S. K., Ky, H., Chan, K. G.,
Yin, W. F., Satharasinghe, D. A., Liew, W. C., Tan, S. W., Ong, H.
K., Cheong, S. K. (2016), MiRNA Transcriptome Profiling of
Spheroid-Enriched Cells with Cancer Stem Cell Properties in
Human Breast MCF-7 Cell Line, Int. J. Biol. Sci., 12, 427-445
(DOI: 10.7150/ijbs.12777).

122



MCHAPTER 3

Fluorescent Organic Probe Selectively Label an
Endoplasmic Reticulum; Monitoring ER Stress and

Vesicular Transport to Lysosomes

3.1. Introduction

The Endoplasmic reticulum (ER) plays an important role in
various biological processes such as synthesis, proper folding,
modification of proteins and their trafficking to other organelles. It also
regulates intracellular calcium ions and lipid metabolism [1-3]. With the
help of vesicles, intracellular movement of constituents is carried out
between different cell organelles [4]. Transport of materials to specific
organelles depends on the target motifs of the transported proteins,
conformational variation and chemical modifications [5]. Various human
diseases are caused by the improper function of the vesicle transport
process, including Alzheimer’s disease [6], and several associated genetic
disorders such as Niemann-Pick disease type C [7], Lafora disease [8],
and Tay-Sachs disease [9].

The ER is extremely sensitive to stress, which causes aggregation
and accumulation of unfolded proteins [10]. Since protein aggregation is
harmful to cells, ER stress leads to various pathological conditions, which
include stroke, heart disease, neurodegenerative diseases, ischaemia,
diabetes, and cancer [11-13]. For imaging of the ER, various fluorescent
probes have been developed, such as DiOC5(3), DiOC6(3) and hexyl
rhodamine B [14-15]. Nevertheless, these probes have some limitations
like low selectivity, poor photo-stability, non-specific localization to other
organelles and broad emission spectrum insensitivity [16-18]. The green
fluorescent protein (GFP) fusion technology, which is commonly used for

monitoring vesicle transport, is restricted to living organisms [19] due to
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the fact that artificial fusion gene transfection requires hostile conditions
[20], which can alter the organisms’ cellular metabolism [21]. Cells
expressing GFP undergo oxidative stress [22] and apoptosis [21]. Thus, a
consistent fluorescent ER targeting probe that monitors vesicular transport
should exhibit ER selective localization, a narrow emission spectrum,
photostability, high cell viability and display two-photon excited
fluorescence. Two-photon microscopy (TPM) is an attractive instrument
for live cell and tissue imaging where the fluorophore gets excited by two
near-infrared photons (>700 nm). This technique has numerous advantages
over one-photon microscopies such as low phototoxicity to cells,
negligible background interference, limited photobleaching and a deep
penetration depth (500 um) [23]. Therefore, TPM is a significant device
for bio-imaging within living tissue or cells and is rarely explored in small
molecules [24].

The probes reported so far for endoplasmic reticulum imaging are
generally based on one-photon microscopy based on rhodol analogs,
complex organic fluorophores and metal-complexes (Chart 3.1), which

involves multi-step tedious synthetic routes [1, 17-18, 25-27].
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Chart 3.1. ER targeting multistep reported compounds.

In this chapter, we report the design and facile synthesis of a Schiff
base ERLp with sharp fluorescence emission and high photostability. The
morphological divergence of the Endoplasmic Reticulum (ER) during
stress is a powerful indicator of several diseases. A new two-photon, non-
cytotoxic, fluorescent probe (ERLp) was designed and synthesized in a
facile manner for selective tracking of Endoplasmic Reticulum (ER) with
high Pearson’s co-localization coefficient 0.91, in live cells and tumor
spheroids. Further, ER stress during cell apoptosis and vesicular transport
from the ER to the lysosomal compartment were also explored by
employing ERLp. Therefore, ERLp can be used as a potent tool for

examining vesicle transport or ER stress associated diseases in real time.
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3.2. Results and discussion

3.2.1. Synthesis and characterization:

We have designed and synthesized a one-step Schiff base organic
probe ERLp by the simple condensation reaction of 2-hydroxy-1
naphthaldehyde with 4-(aminomethyl)-2-methoxyphenol hydrochloride in
methanol at room temperature, resulting in a light brown solid in 92%
yield (Scheme 3.1). ERLp was well characterized by *H, **C NMR, FTIR
and mass spectroscopy and for chemical stability in solution; the *H NMR
spectrum of ERLp was recorded after 2 days in DMSO-de solution at 25
°C and found to be stable.

OH
@ ()\

CH;OH N OH
4hrs, 25°C I

Nes

Scheme 3.1. Schematic representation of synthesis of ERLp.

3.2.2. Molecular Structure of ERLp:

It was further authenticated by single crystal X-ray diffraction
study. The single crystal of ERLp was grown by slow evaporation of
methanol solution at 25°C and crystallized in monoclinic crystal system
with centrosymmetry P2:/n space group [28] depicted in Tables A3 and
A4 and Figure 3.1. The non-planar crystal structure of ERLp is due to
the presence of naphthyl and methoxy phenolic ring in two different

planes via the imine (>C=N-) unit, with a torsion angle of 70.62°.
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Figure 3.1. Crystal structure of ERLp.

The packing features of ERLp reveal the presence of intra
molecular H-bonding interaction O(3)-H(3)---N(1) = 1.885(0) A and inter
molecular H-bonding interactions O(3)-H(2)---O(2) = 1.835(0) A, O(3)-
H(3)---O(3) = 2.561(1) A resulting in a 1D-chain along c-axis (Figure
3.2). This 1D-chains are further interconnected to each other by H-
bonding interactions through C(18)— H(18)---O(2) = 2.606(1) A forming
supra-molecular 2D-network along a-axis, where C(18)-H(18) is donor
and O(2) is acceptor (Figure 3.3). It is to be noted that the presence of
four kinds of donor-acceptor interactions O(3)-H(2)---O(2) = 1.835(0) A,
C(9)-H(9)---0(2) = 2.661(0) A, C(9)- H(9)---O(1) = 2.561(0) A and
C(18)-H(18)---0(2) = 2.606(1) A which provide an opportunity to extend
the dimensionality to supra-molecular 3D-architecture along b-axis
(Figure 3.4). Further, the 3D supra-molecular network is stabilized by
n---m stacking interactions (3.931 A) between the two phenyl rings of the

different moieties in a tail-to-tail arrangement (Figure 3.5).
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Figure 3.2. 1D chain along c-axis in ERLp in the presence of inter and intra molecular

H-bonding (Purple and green dots represent inter and intra H-bond respectively).

Figure 3.3. 2D network chain of ERLp along a-axis in the presence of inter molecular

H-bonding (Purple dot represent H-bond).
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Figure 3.4. 3D network of ERLp along b-axis in the presence of inter molecular H-

bonding (Purple dot represent H-bond).

Figure 3.5. Ball and stick model of ERLp showing the =---m interaction between two
phenyl rings of a different molecule. (fragmented green line represented as m--'m

interaction).

3.2.3. photophysical properties of ERLp:

To examine the photo-physical behavior of ERLp, absorption and
emission spectrum were recorded in acetonitrile solution (Figure 3.6). The
ERLp exhibits absorption band at 230 nm that corresponds to nm—n*
which indicates the presence of aromatic moiety whereas the bands at 306,
400 and 419 nm are due to n—n* because of the presence of hetero-atom.

Further, a strong and sharp emission band at 423 nm was observed in the
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fluorescence spectra of ERLp in acetonitrile solution (Figure 3.6) but in
PBS (Phosphate Buffer Saline) it shows slightly hypochromic-shift as
compared to the acetonitrile solution this may be due to the presence of
hydrophobic methoxy group in the ERLp (Figure 3.7). Moreover, the
fluorescence intensity of ERLp was measured at different pH (pH 9.45-
4.14) which shows that the fluorescence signal is almost stable (Figure
3.8). The two-photon fluorescence intensity was confirmed at 740nm
(Figure 3.9 and Figure 3.10).
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Figure 3.6. Absorption and emission spectra of ERLp (10 pM) in acetonitrile solution.
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Figure 3.7. Emission spectra of ERLp (10uM) in acetonitrile and PBS.
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Figure 3.8. (a) pH-sensitive emission spectra of ERLp (10 uM) in PBS buffer. (b) The

plot of the emission intensity of ERLp at 423 nm versus various pH values.
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Figure 3.9. Two-photon integrated fluorescence emission intensity of ERLp at excitation

wavelengths 700-820 nm in live HeLa cells.
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Figure 3.10. Two-photon microscopy (TPM) images of HeLa cells labeled with ERLp.
The excitation wavelength was 700 to 820 nm. Maximum fluorescence intensity was

obtained at Aex = 740 nm
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3.2.4. Cell viability assay of ERLp:

The excellent photo-physical properties and highly fluorescent
nature of ERLp prompted us to explore the cell activities by employing
ERLp probe. The probe ERLp was found to be biocompatible as it does
not interfere in the cells proliferation up to tested concentration of 140uM
for 24h as confirmed by MTT assay (Figure 3.11).

1 B ERLp
100 -

80 -
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40 -
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Figure 3.11. Cell viability assay of ERLp was determined by the MTT assay after 24 h

incubation at 37°C and the results shown in mean + SD of three separate measurements.

3.2.5. Flow cytometry studies of ERLp:

For profound cell activities, flow cytometry and fluorescence
microscopy techniques were introduced, which provide data of single-cell
analysis. Flow cytometry provides high-quality fluorescence signals from
large populations of cells in flow (suspension cells), whereas fluorescence
microscopy provides detailed evidence of the target morphology in small
sample sizes [29]. Hence, fluorescence imaging analysis was done by flow
cytometry. The mean fluorescence intensity of control cells (unstained
cells) corresponds to 70 and those of ERLp treated cells with 40 uM and
80 uM were found to be 1141 and 1772, respectively, which leads to the
movement of a huge population of cells towards the right with respect to
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the control (Figure 3.12). This reveals that ERLp can uniformly label a

huge population of cells.

(a) B Control 2 ERLp @0pM)| 2] . ERLp (80uM)
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Figure 3.12. Concentration-dependent flow cytometry analysis of ERLp in live HelLa
cells. (a) Scatter plot. (b) Histogram. ERLp: Aex = 405 nm; Aem = 415-470 nm.

3.2.6. Concentration dependent study of ERLp:

Concentration dependent live cell staining was performed with
ERLp. As the time of incubation is increased from 10 min to 2 h, staining
is possible even at low concentrations up to 5 uM (Figure 3.13 and
Figure 3.14). The ERLp concentration used for the cellular experiment is
higher than that of the standard ER tracker due to the lower quantum vyield
of ERLp (12%) than the commercial ER Tracker Red as shown in Table

3.1 [30].
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Figure 3.13. Concentration-dependent staing of live cells using ERLp for 10 min

incubation time (Aex = 405 nm; Aem = 415-470 nm).
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Figure 3.14. Concentration-dependent staining of live cells using ERLp for 2h
incubation time (Aex =405 nm; Aem= 415-470 nm).

Table 3.1. The quantum yield of ERLp and ER tracker red

. . Quantum
Sensor Solvent Excitation Emission
yield(®F)
Trptophan
H.O 280 nm 300-380 nm 0.14
(standard)
ERLp H20 280 nm 360-494 nm 0.12
uinine
Q 0.1 M
Sulfate 350 nm 400-600 nm 0.54
H2SO4
(standard)
ER traker
d H.O 587 nm 598-650 nm 0.35
re

3.2.7. The photostability of ERLp:

The photostability of the ER tracking marker is an important

parameter for long-term bio-imaging during morphological and

physiological changes or ER stress study. Thus, an ERLp photobleaching

experiment was performed both in solution and in live cells. An aqueous

solution of ERLp was continuously UV illuminated (254 nm) at 25 °C,

and no drastic change in the fluorescence intensity of ERLp was observed
up to 80 min (Figure 3.15). Further ERLp and ER Tracker Red were
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explored for the photobleaching experiment using HeLa cells. The result
indicates that the two-photon fluorescence intensity of ERLp after 1800
scans is retained at an impressive 64%, whereas the fluorescence intensity
of ER Tracker Red after 1800 scans diminished to 28% (Figure 3.16).
Photostability was high in the cells due to the visible light range
wavelength used in confocal microscopy, whereas the infrared light region
is used in two photon microscopy. Thus, ERLp shows high photo-stability
for long-term live cell imaging.

120

(a) =0 min

=10 min

-

o

(=]
1

Fluorescence intensity (a.u)

1 L 1 . I L I ' I y I L I
360 390 420 450 480 510 540
Wavelength (nm)

1) —s—ERLp
100 o
= ) \l
(=]
£ 80- .
3 e
B
'L- 60_ \-\.—-—.
% | .'-_.,_.____..
£ 404
=1
«
lag]
g 20-
0 I UL L L L

L 1
0 10 20 30 40 50 60 70 80
Time (min)

Figure 3.15. Photobleaching study of ERLp (10 uM) in water under UV illumination
(254 nm). (a) Fluorescence intensity measure after different time interval. (b) The plot of

the emission intensity of ERLp at 423 nm versus exposure time (min) of UV rays.
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Figure 3.16. Comparisons of the in vitro photostability of ER-Tracker Red and ERLp in
HelLa cell lines. (a) ERLp (80 uM): Aex = 740 nm, Aem = 415470 nm) photobleaching
HeLa cells. (a) ER tracker red (1uM): dex = 559 nm, Aem = 580—700 nm) photobleaching
study in HeLa cells. (b) Graph showing photobleaching result of ERLp and ER tracker

red.
3.2.8. Organelles’ selectivity of ERLp:

In order to confirm the intracellular specific localization of ERLp,
co-localization experiments were conducted with ERLp and various
commercially available organelle trackers such ER, lysosome and
mitochondria trackers (Figure 3.17). The Pearson colocalization
coefficient of ERLp with an ER tracker was found to be 0.86, whereas the

colocalization coefficients for ERLp with lyso and mito trackers were
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0.69 and 0.46, respectively (Figure 3.17), thus indicating that ERLp
specifically localized in the endoplasmic reticulum with a high Pearson

coefficient.
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Figure 3.17. Co-localization experiment of probe ERLp (80 uM, 10 min) with different

organelles specific trackers in live Hela cells. (a) ER tracker Red (1M, 30 min) label
endoplasmic reticulum. (b) LysoTracker Red DND-99 (80 nM, 30 min) label lysosomes.
(c) MitoTracker Red CMXRos (90 nM for 15 min) label mitochondria. The images from
left to right depict organelle trackers (column 1), ERLp (column 2), Overlay 1: overlay
of the 1%t and 2" columns. Phase contrast (column 4) and Overlay 2: overlay of 1%, 2"
and 4" columns. ERLP ex = 405 nm; Aem = 415-470 nm; ER tracker Red Aex = 559 nm;
Aem = 570-700 nm.

3.2.9. ER selective staining ability of ERLp in various cell lines:

Further, the selective staining capability of ERLp towards the
universal Endoplasmic Reticulum (ER) was evaluated on various cell lines
such as cervical cancer (HelLa), prostate cancer (DU145), skin melanoma
(A375) and breast cancer (MCF-7) cells (Figure 3.18). ERLp shows an
excellent ER labeling pattern in all the studied cell lines. Additionally, the
co-localization result of ERLp and ER-Tracker Red was calculated using
the Pearson colocalisation coefficient (Rr) (Figure 3.19). To our surprise,

the super-imposed fluorescent pink signals (blue and red) exhibited high
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Pearson coefficients of 0.87, 0.88, 0.85 and 0.84 for HeLa, DU145, A375
and MCF-7 cells, respectively.
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Figure 3.18. Endoplasmic Reticulum selective staining of ERLp in HeLa, DU145, A375
and MCF-7 cells. All cells were co-treated with ERLp (80 uM, 10 min) and ER tracker
red (1uM, 30 min). ERLP: Aex = 405 nm; Aem = 415-470 nm; ER tracker red Aex = 559
nm; Aem = 580-700 nm. Overlay 1: overlay of the 1% and 2" column. Overlay 2: overlay

of the 1%, 2" and 4™ columns. Scale bar: 30 pm.
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Figure 3.19. Endoplasmic reticulum selective live cell imaging of ERLp in Hela,

DU145, A375 and MCF-7 cell lines with respective Pearson co-localization coefficient.
All cells were co-stained with ERLp (80 uM, 10 min) and ER-tracker red (1uM, 30 min).
R: = Pearson’s co-localization of ERLp with ER-tracker red on all four cell lines. ERLp:
Aex = 405 nm; Aem = 415-470 nm; ER tracker red Aex = 559 nm; Aem = 580-700 nm.
Overlay 1: overlay of the 1% and 2", Overlay 2: overlay of the 1%, 2" and 4™ columns.

Scale bar: 110 um.

3.2.10. Two-photon microscopy (TPM) study of ERLp:

TPM live cell imaging is a superior technology to one photon
imaging in terms of its low background signal, low photo damage, and
large depth imaging (>500 mm) [31]. However, to compare both one and
two-photon microscopies, co-localization imaging was performed for
ERLp with ER Tracker Red, which validates excellent superimposition in
both cases with a very high Pearson colocalization coefficient of 0.91
(Figure 3.20). To the best of our knowledge, this is the best among the so
far reported ER probes [27, 32-34].
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Figure 3.20. One-photon microscopy (OPM) and two-photon microscopy (TPM) images
of ERLp in live HelLa cells. Cells were co-stained with ERLp (80 uM, 10 min) and ER
tracker red (1uM, 30 min). ERLp: Aex = 405 nm (OPM) or 740 nm (TPM). ER tracker
red, Aex = 559 nm (OPM). The images were taken under 60x2z oil immersion objective,
scale bar 10um.

3.2.11. ER stress monitored by ERLp:

ER stress is triggered by various conditions that interrupt the
proper folding of proteins in the ER [35-36]. After confirming the role of
ERLp as an ER tracker, we decided to further explore the possibility
whether ERLp is capable of monitoring ER stress. Thus, to emphasize
tracking of ER stress during apoptosis, cells were treated with
tunicamycin, which blocks N-linked glycosylation of newly synthesized
proteins, or Dithiothreitol (DTT, a strong reducing agent), which blocks
disulfide-bond formation in proteins, and consequently induces ER stress
causing various misfolded proteins in the ER. After addition of
Tunicamycin (40 mg ml™Y) or DTT (200 puM), the red color stain of ER
Tracker Red starts disappearing after 1 h; this implies that the ER is under
stress and apoptosis is initiated. Subsequently, the cell morphology starts
changing. The fluorescence intensity of ER Tracker Red diminishes as
cells undergo stress, but ERLp remains fluorescent and tracks ER stress
during apoptosis (Figure 3.21 and Figure 3.22). Thus, it can be
concluded that ERLp is capable of monitoring dynamic changes in the ER
membrane during stress conditions. Possibly, ERLp may provide a useful

tool for examining ER dynamics.
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Figure 3.21. Endoplasmic Reticulum stress by tunicamycin leads to cell apoptosis
monitored by ERLp. Here HeLa cells labeled with ERLp (80 puM, 10 min) and co-
stained with ER tracker red (1uM, 30 min), then tunicamycin (40 pg/ml) added and the

image captured after a different time interval.
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Figure 3.22. Endoplasmic Reticulum stress by Dithiothreitol leads to cell apoptosis
monitored by ERLp. Here HelLa cells labeled with ERLp (40 uM, 10 min) and co-
stained with ER tracker red (1uM, 30 min), then 200 pM Dithiothreitol (DTT) added in

media and the image captured after a different time interval.

ER tracker red

3.2.12. Trafficking of ERLp from ER to lysosome:

ERLp gradually shifted from the ER to a granular shape within 90
minutes as shown in time course TPM images (Figure 3.23a). Therefore,
the time dependent Pearson colocalization (Rr) values were monitored
from the colocalization experiments of ERLp with ER Tracker Red and
lysosome tracker red (Figure 3.23b, ¢). The R, (co-localization) value of
ERLp towards the ER tracker gradually decreases from 0.91 to 0.72,
whereas the R, value towards lysosome tracker slowly increases from 0.74
to 0.81. These results demonstrate the dual nature of ERLp, initially
restricted to the ER and then slowly transported from the ER to lysosomes.
This may be associated with the ER to the lysosome vesicle transport

system.
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Figure 3.23. (a) Time-dependent TPM images of live HelLa cells stained with ERLp. (b)
Hel a cells stained with ERLp and co-labeled with ER tracker red (c) HeLa cells stained
with ERLp and co-labeled with Lyso tracker red DND-99. (In case of b and c only the

overlay images are displayed for clarity), Scale bars = 10um.

3.2.11. 3D tumor spheroids imaging by ERLp:

In comparison with 2D cell monolayer culture, 3D tumor spheroids
mimic numerous in vivo features of solid tumors, such as cell-cell
interactions, spatial architecture, hypoxia, physiological responses, gene
expression patterns and drug penetration mechanisms. Thus, the cell
morphology closely resembles its natural pattern in the human

physiological system [29].

The imaging of deeper layers of tumor spheroids through a
confocal microscope still has so many technical challenges. To address
this issue, one spheroid was incubated with ERLp for imaging. The
images were captured after every 2 pum section cutting along the Z-axis.
The two-photon excitation showed much deeper and uniform penetration

of ERLp up to ~ 94 um as compared to one-photon excitation, where the
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penetration was up to ~ 42 um (Figure 3.24 and Figure 3.25). The results
concluded that the spheroids exhibited stronger fluorescence in deeper
layers, signifying the enhanced penetrating power of two-photon
excitation light. Thus, ERLp may be further exploited for its application

in in vivo endoplasmic reticulum imaging in living organs or tissue.
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Figure 3.24. (a) Two-photon fluorescence images of multicellular tumor spheroid after
ERLp treatment (80 puM, for 1 h). (b) The Z-stack 3D images of the tumor spheroid. (c)

Z-stack images were taken from the top to bottom of a spheroid, after every 2 pm section
cutting. The images were taken under a 20x1.7z objective Aex = 740 nm; Aem = 415470

nm.
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Figure 3.25. (a) One-photon fluorescence images of 3D intact tumor spheroid after
ERLp (80 uM, for 1 h) treatment. (b) The Z-stack 3D images of the intact spheroid. (c)

The two-photon Z-stack images were taken after every 2 um section from the top to
bottom spheroid. The images were captured under a 20x1.7z objective Aex = 405 nm; Aem

= 415-470 nm.

3.2.12. The probable mechanistic pathway of ERLp:

The cellular uptake pathway ERLp was determined by confocal
microscopy. For this purpose, Hela cells were treated with ERLp in two
separate dishes; one of them incubated at 4 °C and the other at 37 °C, in
order to diagnose ligand uptake by the cells via an energy-independent or
an energy-dependent pathway. The ERLp uptake by live cells at 4 °C as
well as 37 °C demonstrates that the uptake is through an energy-

independent pathway (Figure 3.26).
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Figure 3.26. Live cells imaging under different conditions (a) The HeLa cells were
incubated with ERLp (80 uM ) at 37°C for 50 min. (b) The cells were incubated with
ERLp (80 pM) at 4°C for 50 min.

To explain the dual role of ERLp probe as ER tracker and
subsequently with time as lysosome tracker, a two-photon excitable probe
was designed by introducing (i) an imine group at position 1 of the B-
hydroxy naphthalene, and (ii) ortho methoxy phenol unconjugated unit
which leads to a push—pull of the ERLp from ER to lysosomes. The pKa
value plays a decisive role in controlling the movement of the probe inside
the cell [37].

The remote phenolic hydroxyl group of the ERLp is responsible
for the ER tracking this may be due to the hydrophobic nature of this
group having the pKa value of 9.9 (Figure 3.27). On the other hand, the
presence of the imine having low pKa values of 3.9 and naphthyl hydroxyl
group of ERLp in a conjugated manner with hydrophilic nature, presence
of strong intra-molecular hydrogen bonding interactions drives ERLp to
leave ER and travel to the lysosome. Thus, the protonated conjugated

imine group of ERLp restricts its movement in the acidic lysosomes.
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Figure 3.27. The ionization state of imine and remote phenolic hydroxy! group of ERLp.
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3.3. Conclusions

In summary, a two-photon fluorescent organic probe (ERLp) was
designed and synthesized in a facile manner. ERLp is noncytotoxic and
photostable. It can selectively label the Endoplasmic Reticulum (ER) with
a very high Pearson colocalization coefficient of 0.91. ERLp can monitor
ER dynamic changes during ER stress and cell apoptosis. The probe
uptake by the cells’ mechanistic pathway was discussed. Further, ERLp
was confirmed to be exhibiting excellent two-photon fluorescence
properties (excitation 740 nm) for studying intracellular vesicle transport
from the ER to the lysosome in living cells. More importantly, the two-
photon ability of ERLp was further explored by employing 3D
multicellular tumor spheroids similar to in vivo tumors. Thus, ERLp may
serve as a potential tool for monitoring ER stress or vesicle trafficking

associated with pathological disorders.
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3.4. Experimental Section
3.4.1. Materials:

2-hydroxy-1-naphthaldehyde and 4-(Aminoethyl)-2-
methoxyphenol hydrochloride purchased from TCI Chemicals (India) Pvt.
Ltd., LysoTracker Red DND-99 and MitoTracker Red CMXRos, ER-
Tracker Red (BODIPY TR Glibenclamide) were purchased from
Invitrogen. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Tunicamycin and Dithiothreitol (DTT) purchase from Sigma
Aldrich Chemical Co., USA. Fetal bovine serum (FBS) and Dulbecco’s
modified Eagle medium (DMEM) were purchased from Gibco. Hela
cells (cervical cancer cell line), A375 (skin melanoma), MCF-7 (breast
cancer) and DU145 (prostate cancer) cells were obtained from National
Centre for Cell Science, Pune. All other chemical reagents and solvents
were obtained from Merck and S.D Fine Chem.Ltd. Ultrapure water
obtains from arium® pro ultrapure water systems (Sartorius) was used
throughout the experiment. All commercially available materials were

used without further purification.

3.4.2. Physical Measurements:

'H NMR (400 MHz) and *C NMR (100 MHz) spectra were
measured by Bruker Avance (I1l) instrument by using DMSO-d6. Mass
spectrum was recorded by Brucker-Daltonics, micrOTOF-QII mass
spectrometer. FTIR spectrum was recorded by using Bio-Rad FTS
3000MX instrument on KBr pellets. Spectrophotometric measurements
were performed by UV-vis spectrophotometer (Varian Cary 100) using a
quartz cuvette with a path length of 1 cm. FluoroMax-4
Spectrophotometer (HORIBA Scientific) was used for Fluorescence
measurement. The excitation and emission slits were 5/5 nm for the
emission measurements. pH-meter (LABMAN Scientific Instrument PVT.

LTD) was used for pH measurements. The absorbance for MTT analysis
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was recorded by a microplate reader (Synergy H1 BioTek microplate
reader) at 570 nm. Fluorescence imaging experiments were performed by
Olympus laser-scanning microscope, Mai Tai eHP Spectra physics
femtosecond (fs) laser having power peak >450 KW, pulse width < 70 fs,
tuning range 690-1040 nm, average power >2.5 W, repetition rate 80 MHz
+ 1 MHz was used to acquire the two-photon fluorescence imaging and
BD LSRFortessa TM Flow cytometry analysis. Image processing was
done with the help of Olympus software (FV10-ASW 4.2). For
bioimaging purpose (better cell permeability), ERLp stock solution was
prepared in 0.1M NaOH solution in water and 0.05% acetonitrile. Flow
cytometry data were analyzed by DB FACSDiva software. pKa of imine
group and the remote phenolic hydroxyl group of ERLp is 3.9 and 9.9

respectively, calculated by ACD software.

3.4.3. X-ray Crystallographic data collection and structure
determination of ERLp: The crystal data of ERLp was collected at
298 K using graphite-monochromated Mo Ka (Ao = 1.54184 A). The
strategy for the data collection was evaluated with the help of
CrysAlisPro CCD software. The data were collected by the standard
phi-omega scan techniques and were scaled and reduced using
CrysAlisPro RED software. The structures were solved by the direct
methods by using SHELXS-2014 and refined by full matrix least
squares with SHELXL-2014, refining on F? [38-39]. By direct
methods the positions of all the atoms were obtained and all non-
hydrogen atoms were refined anisotropically. All the remaining
hydrogen atoms were placed in geometrically constrained positions
and refined with isotropic temperature factors, generally 1.2 x Ueq of
their parent atoms. The Hydrogen bonding interactions, mean plane
analysis, and molecular drawings were obtained using the program
Mercury (ver 3.1) and Diamond (ver 3.1d). The crystal and refinement
data are summarized in Table A3 and the selected bond distances and
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bond angles are shown in Table A4. All the Hydrogen atoms have

been omitted for clarity in the molecular structure of ERLp.

3.4.4. Synthesis of ERLp (C19H17NO3):

Condensation reaction was performed from 2-hydroxy-1-
naphthaldehyde (172.18 mg, 1 mmol) and 4-(Aminomethyl)-2-
methoxyphenol hydrochloride (189.64 mg, 1 mmol) in 20 mL of methanol
at 25°C with continuously stirring for 3h in single neck 100 ml RBF (To
get the primary amine group free of 4-(Aminomethyl)-2-methoxyphenol
hydrochloride, we have treated it with aqueous potassium carbonate).
Reaction was monitored by TLC. After completion of the reaction, the
solvent was evaporated from rotatory evaporator. The solid product was
washed with acidic chilled water and then chilled water only, for several
times. The solid orange precipitate was formed, which was filtered and
dried in a desiccator. Yield 92%, 'H NMR (400 MHz,DMSO-dg): & 14.26
(s, 1H), 9.24 (s, 1H) (d, 1H, -CH=N), 9.01 (s, 1H), 8.09 -8.07 (d, 1H, ph),
7.72-7.70 (d, 1H, ph), 7.63-7.62 (d, 1H, ph), 7.43 (t, 1H, ph), 7.19 (t, 1H,
ph), 7.01 (s, 1H, ph), 6.81- 6.78 (dd, 2H, ph), 6.71- 6.68 (d, 1H, ph),
4.73(s, 2H), 3.76 (s, 3H) (Figure 3.28). 3C NMR (100 MHz, DMSO-ds):
5176.65, 158.31, 147.28, 145.80, 136.62, 133.84, 128.44, 127.89, 127.45,
124.93, 124.80, 121.76, 120.05, 118.07, 115.16, 111.87, 105.35, 55.21,
54.00 (Figure 3.29). FTIR (KBr, cm-1): 3465 (br), 3052 (s), 3006 (s),
2966 (s), 1636 (vs), 1614 (s), 1543 (s), 1453 (s), 1351 (s), 1250 (vs), 1148
(s), 1120 (s), 1065 (vs), 886 (s), 806 (vs), 763 (vs), 647 (s), 587 (s)
(Figure 3.30). LCMS (m/z): [M+H]* 308.1 (Figure 3.31).

H NMR spectrum of the ERLp after 2 days in DMSO-ds solution
at 25°C. 'H NMR (400 MHz,DMSO-ds): & 14.25 (s, 1H), 9.24 (s, 1H) (d,
1H, -CH=N), 9.01 (s, 1H), 8.09 -8.07 (d, 1H, ph), 7.72-7.70 (d, 1H, ph),
7.63-7.62 (d, 1H, ph), 7.43 (t, 1H, ph), 7.19 (t, 1H, ph), 7.01 (s, 1H, ph),
6.81- 6.78 (dd, 2H, ph), 6.71- 6.68 (d, 1H, ph), 4.73(s, 2H), 3.76 (s, 3H)
(Figure 3.32).
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3.4.5. Two-photon intensity measurement:

Mai Tai eHP Spectra physics femtosecond laser having power
peak >450 KW, average power >2.5 W, tuning range 690-1040 nm, pulse
width < 70 fs, repetition rate 80 MHz + 1 MHz was used to capture the
two-photon fluorescence imaging. The two-photon fluorescence intensity
was measured at 700-820 nm. Cervical cancer (HeLa) cells were seeded
in confocal dishes and incubated for 24 hours. Live cells were stained with
ERLp (80 uM) in cell culture medium for 10 min then washed thrice with
PBS. Images were captured at a different wavelength. Maximum

integrated fluorescence intensity was observed at wavelength 740 nm.

3.4.6. Quantum yield calculation:

The fluorescence quantum yield (®F) of ERLp was calculated
using equation (1) by the steady-state comparative method using
tryptophan as the standard having ®s = 0.14 [40], since excitation
wavelength of tryptophan and ERLp is similar.

(Dx = (Dst X Sx/Sst X Ast/Ax X T]ZX /1']23'[ equation (1)

where St and X denote standard and unknown respectively. ®x is the
fluorescence quantum yield of the unknoun sample (test sample), ®s is the
fluorescence quantum yield of the standard sample, Sx and Ss are the
integrated emission band areas of the unknown sample and the standard
respectively. Ast and Ax represent the absorbance of the standard and the
unknown sample at the excitation wavelength, respectively. 1% and 1%
are the refractive index of the solvent of test sample and the standard
sample. Here both standard sample tryptophan and ERLp dissolve in

water. Therefore refractive index of solvent is same in both case. The
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fluorescence quantum yield (®F) of ER traker red was calculated using
above equation (1). In this case quinine sulfate used as the standard having
®st = 0.54 [41].

3.4.7. Cell viability assay (MTT assay):

Cell viability assay of ERLp was performed on Hela cells, 6000
HeLa cells well* were seeded in 96-well plate in 200 pL media
(Dulbecco's Modified Eagle Medium, 10% (v/v) FBS and 1% Penicillin-
Streptomycin antibiotics 10,000 U/mL) and incubated for one day for cell
adhesion. Next day media was removed and fresh media 100 pL added in
each well. A stock solution of ERLp was prepared in 0.05% acetonitrile
and rest water. 20 pL added to each well in order to give final
concentration ranging from 10-140 pM. 20 pL water having 0.05%
acetonitrile was used as a control. The experiment was done in triplicate.
Cells exposed to the drug for 24 hours followed by washing with PBS (pH
7.4) and 100 uL MTT (1 mg/mL in phenol red free media) was added in
each well. Cells incubated for next 4 hours at 37 °C and 5% CO;
atmosphere. After that media was carefully removed and 100 uL DMSO
was added in order to dissolve purple formazan crystals. After 15 minutes
incubation, absorbance at 570 nm was measured using Synergy H1 Biotek
microplate reader. The % cell viability was calculated as: % cell viability
= [Mean O.D. of the drug-treated cell/Mean O.D. of the control well] x
100.

3.4.8. Flow cytometry:

HeLa cells were cultured in six-well tissue culture plates. When
cells became 80% confluent then one well treated with 40 pM probe
ERLp and another well with 80 uM ERLp for 10 min and control well
left without any treatments. After that, the cells were washed with PBS
three times. Then harvested by trypsin and re-suspended in PBS. The
samples were analyzed by BD LSRFortessa TM Flow cytometry with
excitation at 405 nm and emission 415-470 nm. Data were analyzed by
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DB FACSDiva software. Total ten thousand events were acquired for each

sample.

3.4.9. Concentration dependent confocal imaging of ERLp:

HelLa cells were seeded in confocal dishes. Cells in each dishes
treated with diffrent concentration of ERLp (5uM, 20 uM, 40 puM, 60
MM, 80 puM) for 10 min followed by washing with PBS. In other case
incubation time of ERLp increased to 2 h by keeping concentration
constant (5uM, 20 uM, 40 uM, 60 uM, 80 uM). After 2 h washed with
PBS and images captured by confocal microscope.

3.4.10. Endoplasmic reticulum (ER) staining and co-localization
studies in various cell lines: Cervical cancer (HeLa), skin melanoma
(A375), prostate cancer (DU145) and Breast cancer (MCF-7) cell lines
were seeded in confocal dishes and incubated for 24 hours for cell
attachment with the bottom surface of dishes. For ER imaging, live cells
were stained with ERLp (80 uM) in cell culture medium for 10 min then
washed thrice with PBS (pH = 7.4) and co-stain with ER tracker Red
(1uM, 30 min), LysoTracker Red DND 99 (80nM, 30 min), MitoTracker
Red (90 nM,15 min) for ER, lysosomes and mitochondria respectively in
separate dishes. Cells incubated at 37°C in 5% CO. atmosphere. An
Olympus laser scanning microscope was used for confocal imaging. Cells
ware visualized at an excitation of Aex = 405 nm for ERLp in case of one
photon excitation and Aex = 740 for two-photon excitation, Aex = 559 nm

for ER tracker red, Lyso tracker red as well as Mito tracker red.

3.4.11. Cell uptake pathway studies:

In order to study the probable mechanistic pathway of cellular
uptake of ERLp, HelLa cells were seeded in two confocal dishes and
incubated at 37°C for 24h. The cells seeded in two separate dishes were
exposed with ERLp (80 uM) at 37°C or 4°C for 1 h. After that cells were
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washed with PBS three times and images captured by a confocal
microscope at excitation 405 nm and emission signal collected at 415-470

nm.

3.4.12. Photostability study of ERLp:

Photostability is an important factor that play significant role in
fluorescent imaging purpose. Photobleaching experiment was performed,
both in solution as well as on live cells to check the photostability of
ERLp. Solution of ERLp in water was continuously UV illuminated (254
nm) at 25 °C for upto 80 min, fluorescence intensity of ERLp measure

after every 10 min upto 80 min by FluoroMax-4 Spectrophotometer.

To further evaluate whether ERLp is also photostable for
Endoplasmic Reticulum imaging in living cell. HeLa cells were seeded in
confocal dishes and incubated overnight for cell attachment. Dishes were
incubated with ERLp (80 uM, 10 min). After 10 min incubation, washed
thrice with PBS to remove unbounded probe in media. The cells were
imaged using Mai Tai eHP Spectra physics femtosecond laser used for
two-photon imaging with no delay scan mode. Videos and images were
recorded up to 1800 scans. ERLp were excited at 740 nm for two-photon
imaging. The maximum intense signal of the first scan was considered
100% for measuring the relative decrease in intensity. Images at every 200
scans were obtained from the video. The relative percent intensity

calculated as F/Fo*100.

3.4.13. Prolong ER stress leads to cells apoptosis:

HeLa cells in confocal dishes were treated with ERLp (80 pM)
and incubated for 10 min followed by washing with PBS. The cells were
co-stained with ER tracker red (1uM, 30 min) and again washed with
PBS. Tunicamycin 40pg/ml (Tunicamycin Img/ml stock solution in
DMSO) added in 1ml media in the confocal dish. Immediately images

were captured after a different time interval to monitor morphological
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changes in cells due to excess ER stress in real time. Further to explore
more ER stress study, Dithiothreitol (DTT) which known as strong
reducing agent and blocks protein disulfide- bond formation. So in another
experiment cells were treated with ERLp and co-treated with ER tracker
red followed by washing with PBS buffer. Then 200 uM DTT (solublized
in Milli-Q water) added in 1 ml DMEM media and images captured after

different time intervals.

3.4.14. ER to lysosome vesicles transports study:

In order to study vesicles transport from ER to lysosomes, HelLa
cells were seeded in two separate dishes. In both dishes, cells were treated
with ERLp (80uM, 10 min) and unbonded probe washed with PBS. One
dish co-stained with ER tracker red and another dish co-stained with Lyso
tracker red followed by washing with PBS. Then images were captured in
a different time interval to monitor ERLp transported from ER to
lysosome. As Pearson’s colocalization coefficient decreases in the case of

ER tracker red and increases in case of Lyso tracker red.

3.4.15. Generation of multicellular 3D spheroids:

Multicellular tumor spheroids (MCTSs) were produced using the
liquid overlay method [42-43]. Flat-bottom 96 well plates were coated
with 50uL of a sterile 1.5% (wt/vol) warm agarose solution in complete
DMEM media to make a non-adherent surface. After that HeLa cells
(~70% confluent in T-25 flack) were harvested by 0.25% trypsin/EDTA
solution and re-suspended in DMEM media. Approx 3000 cells were
seeded in each agarose coated well in 200l complete DMEM media. The
plates were incubated at 37°C and 5% CO: until spheroids formed. For
compound treatment and imaging, spheroids were gently transfers in
confocal disc with the help of 1ml pipette. Spheroids were treated with 80
uM ERLp and incubated for 1h, then washed gently with PBS three to
four times and images were captured by two-photon microscopy as well as

one photon confocal laser scanning microscopy.
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NMR FTIR and Mass spectra of ERLp:
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Figure 3.28. 'H NMR spectrum of ERLp.
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CHAPTER 4

Mesoionic Carbene Based Fluorescent Palladium
(1) Complex Selectively Label Endoplasmic

Reticulum of Live Cells

4.1. Introduction

Owing to the advancement in bio-imaging techniques, the in vivo
subcellular organelle targets and biochemical processes have gained much
attention towards basic biomedical research and the development of novel
clinical diagnostics [1-3]. In this regard, some organic ligand and metal
complex based probes have been explored [4-6]. Among the sub-cellular
organelles, the endoplasmic reticulum (ER) plays an important role in
eukaryotic cells [7] in the synthesis and processing of proteins, and
calcium storage [8-9]. Improper protein folding may interfere with ER
functions. A recent development suggests that ER dysfunction is directly
linked to many metabolic diseases, such as diabetes, obesity, insulin
resistance, critical neurotrauma and advanced tauopathy [10-12].

The design and synthesis of an appropriate chemical probe as the
tool for the diagnosis and monitoring of diseases as well as biomarkers are
the current area of focus. Understanding the complex molecular
interactions in the human physiological system had posed a challenge to
both chemists and biologists. Therefore, fluorescent probes have become
popular because of their low cost, sensitive nature and ease of operation
and use in bioactive molecules in living systems for both in vitro and in
vivo studies. To understand the desired selectivity towards selective
organelles, the recognition site of a fluorescent probe is designed in such a
way that it maximizes the binding interactions [13-18]. Furthermore,
fluorescence recovery after photobleaching (FRAP) is widely used

as a powerful tool for monitoring the molecular dynamics of fluorescent-
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tagged molecules within living cells by employing confocal microscopes
(CSLMs) [19].

There exist few reports on ER tracking by employing some metal
complexes [20], oxovanadium(lV) vitamin-B6 Schiff base complex [21],
and tunicamycin-treated and organoplatinum(ll) complexes containing
bis(N-heterocyclic carbene) [7] but all of these lack FRAP.

So far, reports on Pd complexes being engaged in anti-bacterial,
anti-fungal, anti-viral and, more recently, anti-cancer activities with a
focus on tumor cell lines like breast and prostate cancer by using different
ligands such as triazole, dithiocarbamate [22], triphenylphosphines [23],
hydrazine [24] and even curcumin, which is a well-known plant-based
compound with apoptosis-inducing activity on cancer cells, are well
documented. Furthermore, better lipophilicity or solubility results in
enhanced cytostatic activity of Pd(ll) complexes. Only one report is
available on Pt(l1l) complex based ER tracking, but to the best of our
knowledge this is the first report on a MIC based Pd(Il) complex as an
efficient ER tracker [23-28].

In this chapter, we report the synthesis of a phenylene based MIC
ligand forming a Pd(Il) complex and its biological evaluation which has
been ignored to date. A recent study advocates that endoplasmic reticulum
(ER) dysfunction may be linked to critical neurotrauma and advanced
tauopathy. In this regard, targeting the ER warrants urgent attention
towards the therapeutic treatment of neurotrauma related neuro-
degeneration. Herein, we report the synthesis of a new N-heterocyclic
mesoionic carbene based highly fluorescent square-planar Pd(I1) complex
1, with a high quantum yield (0.737). Furthermore, the cytotoxicity
associated with metal complexes is a key factor for their in vivo
applicability; hence the cytotoxicity of Pd(Il) complex 1 was also
evaluated against HeLa and HEK 293 cell lines. Their localization in
particular organelles of live cells was confirmed by co-localization with

commercial organelle-targeting organic dyes.
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4.2. Results and discussion

4.2.1. Synthesis and characterization:

Pd(Il) complex 1 was synthesized by the Cu(l) catalyzed
click reaction of 4-ethynyl toluene and sodium azide in the presence of
sodium ascorbate and copper sulfate in a tert-butanol and water mixture;
then the resulting product was converted into its triazolium iodide salt.
This triazolium salt upon reaction with PdCl; in the presence of a base
resulted in the formation of complex 1 (Scheme 4.1). The Pd(Il) complex
1 is highly soluble in dichloromethane and ethyl acetate. 1 was
characterized by 'H, **C NMR, FTIR and mass spectroscopy and further
authenticated by single crystal X-ray studies.

B I]
N—N N—N
NaN;, CH;I, RT 1\{/ \{l
| | Sodium ascorbate S e Y%
CUS04.5H20 DMF, CH3I
t-BuOH/H,0 8 h, 80°C
4-Ethynyltoluene 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole Intermediate
N=—N
1/ I
PdCl,, Pyridine PN /
KI, K2C03 / \N N
24 h,80 °C I |
> =

1)
Scheme 4.1. Schematic representation of the synthesis of Pd(I1) complex 1.

The FTIR spectroscopy of 1 reveals the band at ~3100-3000 cm™
which correspond to the presence of aromatic (C-H) stretching vibrations
[29]. The *H NMR spectrum showed the absence of triazolium signal
substituted with palladium. The *H NMR spectra of the 1 show the
absence of azolium C-H proton which was observed at 6 = 8.43 ppm for

its parent 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole  compound. The
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resonance for the aryl C—H protons (6 = 7.37 ppm) is significantly
downfield shifted compared to their corresponding resonance (& = 7.21
ppm) in complex 1. The resonance for the C—H protons of pyridine ring
were detected as multiplet at 3 = 8.93, 7.78-7.80 and 7.66 ppm. Upon
complex formation (1) the resonance for a-hydrogen atom of the pyridine
ring (6 = 8.93) was more downfield shifted compared to their
corresponding resonance in free pyridine (6 = 8.62) [30]. The resonance
for the characteristic carbene carbon atom was observed at 6 = 137.1 ppm
in the 3C NMR spectra of complex 1 which is quite similar to
corresponding compound (6 = 137.6 ppm) [31]. The resonance for the a-
carbon atom of the pyridine ring appeared downfield shifted: 6 = 154.5
ppm, compared to their corresponding resonances in free pyridine. The
LC-MS spectrum of Pd(I) complex 1 having peak 697.7 corresponds to
[M+ 2CI]" which supports the formation of the Pd(I1) complex 1.

4.2.2. Structural aspects of Pd(I1) complex 1:

A single crystal suitable for X-ray diffraction study was obtained
by slow evaporation of the dichloromethane—hexane solution of 1 at room
temperature. Complex 1 that crystallizes in the monoclinic P21/n space
group reveals the formation of the mononuclear 1 (Table A5). The Pd(II)
atom in 1 is coordinated by a C-donor from the MIC ligand and a N-donor
from pyridine, in a trans-fashion, and the remaining coordination sites are
occupied by two iodide donors (Figure 4.1) forming a square planar
geometry around the Pd atom. The C9-Pd1-N4 bond angle is almost
linear at 177.77(5)° and the Pd1-C9 (1.967(8) A) and Pd1-N4 (2.100(6)
A) bond lengths are in the range previously described for Pd(ll) MIC
complexes [32-33]. The dihedral angle between the NHC plane {N1 N2
N3 C8 C9} and the phenyl ring plane {C2 C3 C4 C5 C6 C7} is found to
be 43.09° (Figure 4.2). The Pd-Py and triazole carbon—Pd moieties are
twisted in the opposite direction, thus featuring the antigeometry of the

complex 1.
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Figure 4.1. Perspective view of 1

ean: N1 N2 N3 C9C8

€463 C2C7 CB

Figure 4.2. Dihedral angle between the NHC plane {N1 N2 N3 C8 C9} and the phenyl
ring plane {C2 C3 C4 C5 C6 C7} is measured to be 43.09°.

The packing diagram of 1 reveals the presence of the C—H--I
interaction. The intermolecular C(4)-H(4)---1(2) interactions, 3.092 A,
involve the donor carbon atom of the phenyl group and the acceptor | (2)
atom of the other molecule leading to the formation of 1D polymeric
chains (Figure 4.3) resembling the single-stranded helical structure of 1

via the 12---H4—C4 interaction along the b-axis (Figure 4.4).
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Figure 4.4. (a) Formation of single stranded helical structure of 1 via 12...H4—C4
along b-axis. (b) Helical view of 1.
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4.2.3. Photophysical properties of Pd(11) complex 1:
The electronic absorption and emission spectra of 1 were recorded

in a tetrahydrofuran solution. The absorption bands of 1 at 233, 282 and

172



371 nm are attributed to the 1 — n* (aromatic moiety) and n — n*
(triazole and pyridine) transitions respectively, for the ligand moiety,
occurring due to the heteroaromatic moiety (Figure 4.5). The fluorescence
emission data of 1 were obtained in a tetrahydrofuran solution upon
excitation at Aex = 371 nm. The emission spectrum of 1 exhibited the
highest intensity band at 405 and 430 nm via vibrionic splitting (Figure
4.5). Moreover, the Stokes shifts of Pd(I1) complex 1 were found to be 34
and 59 nm. The quantum yield of 1 was found to be very high, 0.737

(Figure 4.5).
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Figure 4.5. UV-visible (black) and fluorescence spectrum (blue) of the complex 1 at

room temperature in 10 * M tetrahydrofuran solution.

We recorded the emission spectra of Pd(ll) complex 1 in 1%
DMSO with various solvents (acetonitrile/THF/methanol/water) and found
that the emission band splits into two partially resolved bands except in
water (Figure 4.6). This may be due to the strong hydrogen bonding
between complex 1 and H,O which locks the molecule for vibronic
coupling. The fluorescence intensity of 1 was found to be trivial
quenching at high pH (phosphate buffer saline containing 1% DMSO at
various pH values); this may be due to the formation of the electron donor
1,2,3-triazole/iodine, through photo-induced electron transfer (PET) under

basic conditions. 1 showed a slight red shift with a decrease in pH up to
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3.1 and was quite stable up to pH 7.4 (Figure 4.7A). The fluorescence
emission of 1 was also investigated in the micelles of positively charged
cetyl-trimethyl-ammonium bromide (CTAB) and negatively charged
sodium dodecyl sulfate (SDS) at 5.0 mM and 2.0 mM concentration
respectively for mimicking the probe in the cell membranes (Figure 4.7B
and C). In addition, the fluorescence behaviors of 1 were unaffected at the
studied pH range, indicating that the binding of the probe to the micelles
efficiently shields the probe from the aqueous environment. These results
imply that 1 can be localized in the membrane phases rather than in the
aqueous phase in the cells.
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Figure 4.6. Emission spectrum of Pd(Il) complex 1 in 1.0% DMSO and some other
solvents (DMSO/Acetonitrile/THF/Methanol/Water) upon excitation at 371 nm.
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Figure 4.7. (a) Fluorescence spectra of Pd(Il) complex 1 (10 uM) in different pH
solutions 1% DMSO in PBS (phosphate-buffered saline) upon excitation at 371 nm. (b)
In the presence of 5.0 mM CTAB (positively charged micelles). (c) In the presence of 2.0
mM SDS (negatively charged micelles).
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The Pd(I) complexes are known for their extraordinary photo-
luminescence due to the o-donating property of the anionic carbons, which
effectively raises the energy of the d-d states, diminishing their
deactivating effect [32-33]. Furthermore, the photoluminescence spectra
of 1 show two separate electronic transitions at 370 and 392 nm attributed
to ¥ — 1 and ¥ — n transitions for the ligand moiety (Figure 4.8) upon
excitation at 25 °C (Aex = 282 nm) as expected in such Pd(I1)/Pt(ll)
complexes [34-36].
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Figure 4.8. Photoluminescence spectrum of the complex 1 at room temperature in solid

state.

4.2.4. Cytotoxicity studies:

The highly fluorescent nature of 1 prompted us to explore the role
of 1 in live cells as a potential candidate for cellular organelle marker. To
initiate biological activities, probe 1 was checked for cytotoxicity on both
cancerous and normal cells, i.e. HeLa (cervical cancer cells) and HEK 293
(human embryonic kidney cells 293) cells, and was found to be nontoxic
at a concentration up to 180 uM for 24 h as proved by the cell viability
assay using MTT (Figure 4.9).
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Figure 4.9. Cell viability study of probe 1 on HeLa ( cervical cancer cells) and HEK 293
(Human embryonic kidney cells 293) normal cells by the MTT assay after 24 h

incubation at 37°C and the results shown in mean + SD of three separate measurements.

4.2.5. Flow cytometry studies:

Furthermore, flow cytometry acquires superior quality
fluorescence signals with an elevated spatial resolution from a significant
population of cells in flow [37-39]. Probe 1 labeled HelLa cells were
estimated by flow cytometry (Figure 4.10). The mean fluorescence
intensity of a huge number of cells shifted from quadrant Q3-2 (control)
to Q4-3 (treated) (Figure 4.10a) and a subsequent shift in the histogram
towards higher intensity was also observed (Figure 4.10b). Moreover, the
mean fluorescence intensity of the untreated cells was as low as 62 as
compared to the treated cells having a higher mean fluorescence intensity
of 2759. This indicates that 1 can uniformly label an enormous population
of cells, which was detected in live cell suspensions by flow cytometry.
The rapid population-based fluorescence statistical data of flow cytometry
are further supported by the pictorial images obtained from confocal laser

scanning microscopy.
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Figure 4.10. Flow cytometric analysis of probe 1 label large population of Living HelLa
cells in suspension: (a) Scatter plot. (b) Histogram. 1, Aex = 405 nm; Aem = 415-470 nm.

4.2.6. Organelles selectivity study by confocal imaging:

To confirm the initial cellular location of probe 1, HelLa cells were
treated with probe 1, and the images were captured in both blue and red
channels. The probe is fluorescent in the blue channel and non-fluorescent
in the red channel; hence probe 1 was excited by 405 nm not by 599 nm
(Figure 4.11).

Phase Contrast hex =405nm Aex =559nm

Figure 4.11. HelLa cells were treated with probe 1 and image where captured in blue and
red channels. Agy =405nm; Aep, = 415-470 nm; Aey = 559 nm; Agy = 580-700 nm.
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Therefore we performed co-localization experiments with three
commercially available red fluorescent organelle trackers (ER-Tracker
Red for the endoplasmic reticulum, MitoTracker Red CMXRos for
mitochondria and LysoTracker Red DND99 for lysosomes). The
fluorescent co-localization images (pink) of 1 with these organelle trackers
(Figure 4.12) indicated that 1 overlapped well with ER-Tracker Red with
a high Pearson’s colocalization coefficient R, = 0.75 (Figure 4.12a and
Figure 4.13). However, the poor colocalization effect were observed for
mitochondria (R, value = 0.44) and lysosomes (R, value = 0.49) (Figure
4.12b and 4.12c). Moreover, Manders’ coefficients were calculated with
Manders’ M1 = 0.901 and Manders’ M2 = 0.679 signifying good
colocalization of probe 1 (blue) and ER-Tracker Red (red) on a per-pixel
level. This demonstrates that the probe 1 is highly selective towards
localization in the endoplasmic reticulum and also compatible for counter-

staining with LysoTracker Red and MitoTracker Red.
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Figure 4.12. Hela cells co-labeled with 1 (100 uM) and organelle markers. (a) ER-
Tracker Red for the endoplasmic reticulum (1 pM); (b) MitoTracker Red CMXRos (80
nM) for mitochondria; (c) LysoTracker Red DND-99 (100 nM) for lysosomes. The

images from left to right show probe 1 (column 1), organelle trackers (column 2), phase
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of the 1%, 2" and 4™ columns. Scale bar: 40 pum.
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Figure 4.13. ER selective imaging of living HeLa cells treated with 1. Live HelLa cells
treated with 1 (100 pM) and ER-Tracker Red (1 uM). The fluorescence emission of 1
(blue). The ER-Tracker Red (red) colocalization of these two fluorophores is overlay 1
and 2 (pink). Pearson’s colocalization graph (yellow). Probe 1: dex = 405 nm, Ay = 415—
470 nm; ER-Tracker Red: Aex = 559 nm, Aem = 580700 nm.

4.2.7. In vitro photostability study of 1:

Photostability plays an important role for any marker in the cell to
observe long-term imaging during physiological and morphological
alterations within a stipulated time. In this regard, the photostability of 1
was studied in live HelLa cells and was compared with commercially
available ER-Tracker Red. The fluorescence intensity initially decreases
and after 200 scans it reaches 70% due to photobleaching but gradually
recovers again up to 98% after 1800 scans (Figure 4.14).
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Figure 4.14. Comparisons of the photostability of probe 1 and ER-Tracker
Red in HeLa cell lines. (a) Confocal images of 1 (100 uM, Ay = 405 nm,
dem = 415-470 nm) and ER-Tracker Red (1 puM, Aex = 559 nm, Aem =580-700 nm) for
photobleaching in HeLa cells. (b) Comparative photostability graph of ER-Tracker Red

and 1.

This result indicate fluorescence recovery after photobleaching
(FRAP) in the case of 1. This may be due to any of the following reasons:
(1) diffusion of soluble fluorescent probe 1 in the ER membrane and (ii)
the movement of 1 between organelles. In contrast, the ER-Tracker Red
shows very poor photostability with the intensity being reduced to 20% of
the initial intensity after 1800 scans, and could not recover during laser

scanning.
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4.2.8. 3D Tumor spheroid imaging:

3D tumor spheroids possess numerous features that mimic in vivo
tumors such as cell—cell interaction, hypoxia cells at the center and a well-
oxygenated outer layer of the cells. In order to explore 1 towards 3D
tumor spheroids, the fluorescence images were captured every 2 um along
the Z-axis. 1 penetrates to a depth of ~48 um whereas the ER tracker
penetrates up to ~24 um depth (Figure 4.15 and Figure 4.16). This
suggests that the compound 1 exhibited more fluorescence in the deep

layer cells of spheroids as compared to the standard dye.
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Figure 4.15. (a) Fluorescence images of 3D intact HeLa tumor spheroid after incubation

of 1 (100 uM for 8 h) by confocal laser scanning microscope. (b) The Z-stack 3D images
of intact spheroid. (c) The Z-stack images were captured after every 2 pm section from
the top to bottom of tumor spheroid. The images were taken under a 10x objective Aex =

405 nm; Aem = 415-470 nm.
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Figure 4.16. (a) Fluorescence images of 3D intact HeLa tumor spheroid after incubation

of ER tracker (1.0 uM) for 8 h) by confocal laser scanning microscope. (b) The Z-stack
3D images of intact spheroid. (c) The Z-stack images were captured after every 2 um
section from the top to bottom of tumor spheroid. The images were taken under a 20x
objective Agx = 559 NM; Aer = 569600 nm.
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4.3. Conclusions

In conclusion, we report a rare example of the synthesis of new
organometallic MIC based mononuclear Pd(ll) complex 1. The higher
quantum yield and non-toxic nature of 1 make it a potential candidate for
inter-cellular uptake. The fluorescence behavior of 1 was unaffected at a
broad pH range, indicating that the binding of the probe to the micelles
efficiently shields the probe from the aqueous environment. Thus, 1
selectively targets the ER of live cells and plays an important role in the
movement of particles between organelles due to the fluorescence
recovery after photobleaching (FRAP) property. 1 shows a rare FRAP
property as compared to the so-far reported Pd/Pt complexes as well as
commercially available ER-Tracker Red.
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4.4, Experimental Section

4.4.1. Materials and physical measurements:

All reactions were carried out under nitrogen atmosphere using
Schlenk techniques. Glassware was oven dried at 100 °C. Solvents were
distilled by standard procedures prior to use. *H NMR (400 MHz), and **C
NMR (400 MHz) spectra were collected on the Bruker Avance (llI)
instrument by using CDCl; and DMSO-ds. *H NMR chemical shifts are
reported in parts per million (ppm) in relation to the solvent residual peak
(CDCls, 7.25 ppm; DMSO-ds, 2.49 ppm). Chemical shifts of **C NMR are
presented relative to the solvent residual peak (CDCls, 77.00 ppm;
DMSO-dg, 39.50 ppm). The FTIR spectra [400—4000 cm '] were obtained
with a Bio-Rad FTS 3000MX instrument on KBr pellets. Melting points
(mp) are recorded by means of open capillaries methods in degree
centigrade. UV-Visible analysis were performed on a Varian UV-vis
spectrophotometer (model: Cary 100) using a quartz cuvette with a path
length of 1 cm. GC-MS spectra were recorded on a Bruker-Daltonics

micro TOF-QII mass spectrometer.

4.4.2. X-ray Crystallography:

The crystal data of 1 was collected at 293 K by the means of
graphite-monochromated Mo Ka (Ao = 0.71073 A). The strategy for the
data collection was evaluated by the help of CrysAlisPro CCD software.
The data were collected by the standard phi-omega scan techniques and
were scaled and reduced using CrysAlisPro RED software. The structures
were solved by the direct methods by using SHELXS-2014 and refined by
full matrix least squares with SHELXL-2014, refining on F? [40-41] by
direct methods the positions of all the atoms were obtained and all
nonhydrogen atoms were refined anisotropically. All the remaining
hydrogen atoms were placed in geometrically constrained positions and

refined with isotropic temperature factors, generally 1.2 x Ueq of their
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parent atoms. The hydrogen bonding interactions, molecular drawings and
mean-plane analysis were obtained using the Diamond (ver. 3.1d). The
crystal and refinement data are summarized in Table A5 and the selected

bond distances and bond angles are shown in Table A6.

4.4.3. Synthesis of 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole:

4-Ethynyltoluene (97%), (252.0 mg, 2.0 mmol) and sodium azide
(130 mg, 2.0 mmol) were suspended in a 1:1 mixture of water and tert-
butyl alcohol (10 mL). After 30 minutes CH3l (excess) was added.
Further sodium ascorbate (5.0 mol %) was added, followed by copper (1)
sulfate pentahydrate (1.0 mol %). The heterogeneous mixture was stirred
for 10-12 hour; progress of the reaction was continuously monitored by
TLC which indicates complete consumption of the reactants. The reaction
mixture was diluted with water (10 mL), cooled in ice, and the white
precipitate was collected by filtration. Precipitate was washed with cold
water (2x10 mL) and dried under vacuum and further purified by column
chromatography by elution of 10% ethyl acetate and hexane mixture.
Yield: 320 mg (1.85 mmol, 92.4 %). *H NMR (400 MHz, DMSO-dg) ppm
0. 8.4318 (s, 1H, Ctrz—H), 7.7136-7.6935 (d, Jun = 8.04 Hz, 2H, HAr),
7.2476-7.2275 (d, Jun = 8.04 Hz, 2H, HAr), 4.0637 (s, 3H, N—CHj),
2.3131 (s, 3H, C—CH3) ppm (Figure 4.17). *C NMR (100 MHz, DMSO-
ds) ppm J: 146.43 (Ctrz—Ar), 137.03 (Ctrz—H), 129.40 (CAr—Ctrz),
128.04 (CAr—CHj), 125.01 (CAr—Ctrz), 121.81 (CAr—Ctrz), 36.33
(N—CHj3), 20.79 (C—CHz3) ppm (Figure 4.18). DMF (3 mL) was added to
the resulting compound (100 mg, 0.531 mmol) and CHgsl (excess). The
solution was heated to 100 °C for 48 h. The reaction mixture was cooled
to ambient temperature and to this was added diethyl ether (20 mL). The
yellow colored solid was filtered and washed with excess amount of
diethyl ether. We have taken this compound directly for the preparation of
complex 1. NMR spectra of 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole are
depicted in Figure 4.17-4.18.
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4.4.4. Synthesis of Pd(I1) complex 1:

To a mixture of 1,3-dimethyl-4-(4’-methylbenzene-1,2,3-
triazolium lodide salt (157 mg, 0.5 mmol), K,CO3 (138 mg, 1.0 mmol),
PdCl; (88 mg, 0.5 mmol) and KI (excess) was added pyridine (5 mL). The
resulting suspension was stirred for 24 h at 80 °C. The pyridine was
removed in vacuo and the crude mixture was extracted with
dichloromethane (15 mL). The solvent was removed and the yellow
residue was loaded onto a silica gel column. Elution with a hexane:ethyl
acetate (6:4, v:v) mixture gave compound 1 as a yellow solid. Yield: 187
mg (0.298 mmol, 60 %). *H NMR (400 MHz, CDCls) ppm &: 8.9272 (d,
2H, HPy), 7.8001-7.7825 (d, Jun = 7.04 Hz, 2H, HPy), 7.6633 (m, 1H,
HPy), 7.3717-7.3541 (d, Jun = 7.04 Hz, 2H, HAr), 7.2500 (d, 2H, HAr),
4.4162 (s, 3H, N—-CHs), 3.9244 (s, 3H, N—CHs), 2.4460 (s, 3H, C—CHs)
ppm (Figure 4.19).*C NMR (100 MHz, CDCls) ppm §: 153.81 (CPy),
144.13 (Ctrz—Ar), 140.01 (CPy), 137.31 (Ctrz—Pd), 133.50 (CAr—H),
130.19 (CAr-H), 129.46 (CAr—Ctrz), 124.26 (CPy), 42.97 (N-CHs),
37.21 (N—CH3), 21.53 (C—CHj3) ppm (Figure 4.20). The LC-MS spectrum
shows peak at 697.7 which corresponds to [M + 2CI]* (Figure 4.21).NMR
and ESI-MS spectra of complex 1 are depicted in Figure 4.19-4.21

4.4.5. Quantum yield calculation:
The fluorescence quantum yield (®f) of 1 was calculated using egn
(1) by the steady-state comparative method using quinine sulfate as the

standard having quantum yield @ = 0.54 [6].

Op = g X SyfSyt X Al Ay % T12 Du/Tl2 Dst (1)
where O is the emission quantum yield of the sample, @ is the emission
quantum yield of the standard, S, and Sy are the integrated emission band

areas of the sample and the standard, respectively, while Ag and A,

represent the absorbance of the standard and the sample at the excitation
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wavelength, respectively, and np, and npg are the solvent refractive index
of the sample and the standard, and u and st refer to the unknown and the
standard, respectively.

4.4.6. Cytotoxicity studies:

Approx. 7000 HeLa (cervical cancer) cells and HEK 293 (Human
embryonic kidney cells 293) normal cell line were seeded in in 96-well
plate in 100 pL complete DMEM (DMEM, 10% (v/v) FBS and 1%
antibiotics, Penicillin Streptomycin10,000 U/mL). Compound 1 was serial
diluted in DMSO and added to media (0.1% DMSO in each well). The
original media from each removed and 200 pL new media including
compound (concentration ranging from 20 uM- 180 uM) added in each
well. Each concentration experiment was performed in triplicate. Further
cells were incubated for 24 h at 37 °C and 5% CO2 atmosphere followed
by washing with phosphate buffered saline (PBS pH 7.4). 100 uL MTT
[42] (1 mg/mL in phenol red free media) was added in each well and
further incubated 4 hours at 37 C. Media rinsed and 100 uL. DMSO added
in order to dissolve purple formazan crystals. After 15 minutes shaking,
absorbance at 570 nm was measured using Synergy H1 Biotek microplate
reader. The % cell viability was calculated as: % cell viability = [Mean
O.D. of the drug treated cell/Mean O.D. of the control well] x 100

4.4.7. Per-pixel spatial colocalization analysis:

A significance test was performed for the images in blue (probe 1)
and red (ER Tracker red) channels using Costes’ method [43] and the P-
value was found to be 1.00, which indicates that a randomized image set
does not produce better correlation/colocalization than the real image.
Furthermore, Manders’ coefficients were calculated based on the formulae

presented by Manders et al [44].
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4.4.8. In vitro photostability study:

Cervical cancer cell line HeLa was seeded in two confocal dishes.
Dishes were incubated with 1 (100 uM for 8 h) and ER Tracker Red (1
uM, 30 min) separately. The cells were imaged using confocal microscope
with no delay scan mode. Videos were recorded up to 1800 for ER
Tracker Red and 1 respectively. ER Tracker Red and 1 ware excited at 559
nm and 405 nm respectively. Maximum intense signal of first scan was
considered 100% for measuring relative decrease in intensity. Images at
every 200 scans were obtained from video.

4.4.9. Flow cytometry:

HelLa cells were cultured in six-well tissue culture plates. When
cells became 80% confluent then one well left without treatment with
probe as control and another well treated with 1 (100uM) for 8 h. followed
by washing with PBS three times. Cells were harvested by trypsin/EDTA
and re-suspended in PBS. The samples were analyzed by BD LSRFortessa
TM Flow cytometry with excitation at 405 nm and emission 415-470 nm.
Data were analyzed by DB FACSDiva software. Total 10,000 events were

acquired for each sample.

4.4.10. Cell imaging:

HeLa cells were grown overnight on a confocal microscope dish
with a cover slip and 100 uM 1 was added to cells for 8 h. After washing
twice with PBS, the live cells were stained with 500nM ER-Tracke Red
for 30 min and washed with PBS three times. Subcellular localization
analysis of 1 and ER-Tracke Red was imaged by confocal microscope. 1
was excited 405 nm and emission collected at 415-470 nm; ER-Tracker

Red was excited at 559 nm and fluorescence was collected at 580—700 nm.
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4.4.11. The selectivity of subcellular organelle:

Cervical cancer (HeLa) cell line was seeded in three confocal
dishes and incubated for 24 h at 37°C and 5% CO; atmosphere. Then 100
MM 1 was added in each disc for 8 h followed by washing twice with PBS.
The live cells were co-stain with ER-Tracke Red (1uM) for ER imaging,
LysoTracker Red (100 nM) for lysosome imaging and MitoTracker Red
(80 nM,) for mitochondria imaging. After incubation for 30 min, the live
cells were washed with PBS four times. Subcellular localization analysis
of complex 1 and ER-Tracke Red were imaged by confocal microscope.
An Olympus laser scanning microscope was used for confocal imaging.
Complex 1 was excited 405 nm and emission collected at 415-470 nm;
ER-Tracke Red, LysoTracker Red DND99 as well as MitoTracker Red
CMXRos were excited at 559 nm and fluorescence was collected at 580—
700 nm.

4.4.12. Generation of multicellular 3D spheroids:

Multicellular tumor spheroids (MCTSs) were produced using the
liquid overlay method [45]. When HeLa cells became 60% confluent in T-
25 flack, they were harvested by trypsin/EDTA solution and re-suspended
in Dulbecco's Modified Eagle’s Medium (DMEM) complete media. Flat-
bottom 96 well plates were coated with 80uL of a sterile 1.5% (wt/vol)
agarose solution in complete DMEM to make a non-adherent surface. 600
cells were seeded in each agarose coated well in 150ul complete DMEM.
The plates were incubated at 37°C and 5% CO2 until spheroids formed.
Spheroid were transfers in confocal disc followed by spheroids treatment
by 100uM 1 for 8 h, then image captured by confocal laser scanning

microscopy.
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NMR and mass spectra of 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole and

complex 1
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Figure 4.17. *H NMR Spectrum of 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole in (DMSO-
de).
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Figure 4.18. *C NMR Spectrum of 1-methyl-4-(p-tolyl)-1H-1,2,3-triazole (DMSO-ds).
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Figure 4.19. *H NMR Spectrum of 1.
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Figure 4.21. LC-MS spectrum of the complex 1.
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CHAPTER 5
Design and Synthesis of a New Ligand with Dual

Role: Mechanically Elastic Crystal and Selective

Mitochondria Imaging

5.1. Introduction

The use of multi-talented materials has been of great interest to the
researchers considering the vast array of potential applications and good
economic viability [1]. Although, the properties of flexible organic
materials in solid-state has been explored extensively but their solution
state studies were unnoticed [2]. In the solid-state, crystalline organic
materials are attractive because of their potential applications in
phototransistors[3], solar cells [4], light-emitting diodes (LEDs) [5],
photonics [6], flexible electronics [7], bioelectronics [8], integrated
optical waveguides etc [9-11]. Nowadays, widespread attention has been
attracted towards mechanically flexible materials due to their encouraging
applications in pharmaceutical industries for artificial muscles [12],
molecular robotics [13], and biomedical devices [14-15]. Organic crystals
have various advantages over inorganic counterparts, such as light-weight,
cheaper cost and intrinsic structure-function tunability, which makes them
extremely attractive. But for their practical utilization on bendable
substrates, the poor mechanical performance at single molecule level
remains a significant drawback [16-17].

In general, the single crystals of organic compounds are well-
shaped and hard in macroscopic dimension but in rare cases it crystallizes
in thin and flexible manner to resists the stress, this may be due to the
arrangement of orientated layers of molecular assembly [18-19]. There
exists some reports on dynamic single crystals that show photomechanical
effect [20-21], plastic or elastic flexibility [2, 22-24], thermosalient effect

[25], or twisting [26] but often these discoveries are serendipitous. The
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bendable organic crystals display plastic (irreversible) distortion under
applied stress [27]. Elastic bending of organic single crystals is an unusual
phenomenon, only recently described in few reports [2, 13, 19-20, 22, 28-
34] Therefore, the single organic crystal which can withstand high
mechanical flexibility similar to the soft material such as elastomers, thin
film and polymers can be of prime importance for the design of future
smart materials.

Mechanical bending properties of molecular crystals has been
explored by various groups such as Reddy [27-28] Desiraju, [33,35]
Naumov [36-39] Takamizawa [40-41] etc. The elasticity of single
organic crystals usually governed by the applied mechanical stress, which
is based on weak or strong interactions between crystal’s lattice
molecules. So far most of the reports on flexible organic ligands are based
on thiophenyl and tetrafluoropyridyl based m-conjugated derivatives [19,
32], halogenated N-benzylideneanilines based Schiff base [33] tri-
substituted haloimidazoles [34], terephthalamide [39], fluorobenzoic acid
derivative [40], and benzonitrile derivative [42], either involved
substitution of halogens or tedious synthetic routes. However, to the best
of our knowledge, so far only few reports are available on non-
halogenated simple Schiff base ligand with elastic flexible crystals in
solid-state [2, 9].

On the other hand, rapid development has been observed recently
in the field of bio-imaging in live cells, in particular tracking of the
cellular organelles by employing small organic molecules [43-45].
Mitochondria are semiautonomous organelles, which found in most of the
eukaryotic cells. They play a central role in adenosine triphosphate (ATP)
production which is considered as energy currency for cells [45-46]. They
also participate in amino acids metabolism, synthesis of a few important
biological macromolecules, and also regulate ion homeostasis and
respiration [47]. Mitochondrial dysfunction leads to various neurological

glitches for example, Alzheimer's disease, Parkinson’s disease, etc.
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Improper function of mitochondria causes cancer and diabetes [48].
Therefore, tracking of mitochondria is significant in developing a
profound understanding of their function and regulation mechanisms.
Such studies also support the expansion of new strategies for the diagnosis
and treatment of mitochondrial-related diseases. Commercially available
fluorescent mitochondria imaging dyes are Mito trackers red FM, JC-1,
Mito trackers green FM. However, rapid photobleaching and poor
photostability of these conventional dyes restrict their application for long
term live cell imaging [47, 49-50]. Due to excellent photostability and
fluorescence properties of semiconductor quantum dots, they are
extensively used for bio-imaging purposes. However, biological toxicity
caused by the release of heavy metals limits their use in live cells [51].
Hence, there is a need to develop a fluorescent probe for live cell imaging
which has high photostability and negligible cytotoxicity.

5.2. Results and discussion

5.2.1. Synthesis and characterization:

Herein, we designed and synthesized a ligand with multi-
functional properties, we attempt to explore the solid-state crystalline
properties which involve the mechanical elastic bending phenomenon of
the crystals and the solution state properties which involve mitochondria
imaging in live cells. A new multitasking Schiff base (E)-2-(((3-
hydroxynaphthalen-2-yl)imino)methyl)  naphthalen-1-ol (H,L) was
synthesized by the condensation reaction of 1-hydroxy-2-naphthaldehyde
and 3-Amino-2-naphthol (1:1) in methanol at 25° C for 5h (Scheme 5.1).

HO,

H OH OH g O
CH;OH S
- Jdteate

Shrs, 25°C

OH
NH,

Scheme 5.1. Schematic representation of the synthesis of H,L.
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H,L has been characterized by *H NMR, *C NMR, FTIR, ESI-
MS, powder XRD and further authenticated by single crystal X-ray
diffraction studies. H,L crystallizes in the orthorhombic with P2:2,2;
space group (Figure 5.1 and Table A7 and A8). Molecular crystals of
H,L were grown in polar protic solvents such as ethanol and methanol and
were found to be lengthy and elastic in nature. In ethanol, crystal quality
was quite good as compared to methanol and other solvents. The crystal

structure of H,L is found to be planar in nature.

Figure 5.1. Perspective view of H,L.

5.2.2. Structural aspects of H,L.:

Elastic bending behavior of the single crystals of H,L was
examined by applying mechanical stress using tweezers and a thin needle
under a binocular microscope and to our excitement; it shows good elastic
flexibility viz on releasing the stress, the crystal returns to its original
position (Figure 5.2). The various successive bending stages of H,L are
depicted in (Figure 5.2). Furthermore, to confirm elasticity, H,L crystal
was mounted in bent position with greater difficulties by entangling the
single crystal in a Y-shaped designed metal needle and X-ray diffraction
patterns were recorded by SCXRD techniques. X-ray diffraction spots
intensity slightly decrease in the crystal under bending stress in
comparison to the original straight crystal, which is attributed to the
modified absorption and reflection characteristics of the bent crystal
(Figure 5.3). During elastic bending of the single crystal, its effective

thickness is altered at the critical bending points which lead to very weak
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diffraction. The molecules retain their crystallinity even under bending
stress. Additionally, after the relaxation of the bent crystal, it exhibits the
original unit cell parameters. This serves as evidence of the remarkable

elastic bending characteristics of the single crystal (Figure 5.2).

@ ° P ® : ©

y

(d)

(i)

(2)

R ) )
. \’/\

Figure 5.2. Various elastic stages (a—i) in the successive bending of H,L crystal.

()

Figure 5.3. Diffraction images obtained from the mounted crystal and the inset shows the
(a) original form and (b) bent form of HL.

Bending calculations were performed on the H,L crystal in
accordance with the methodology described earlier [2, 52-53]. Briefly, a
model was adopted in which elastic bending introduces strain energy (Es)
due to compression and elongation of outer and inner arcs, respectively

(Figure 5.4). The strain energy is greater for a thicker crystal and lesser
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for a thinner crystal as the magnitude of Al is greater for the inner and
outer arcs for a thicker crystal. Consequently, thinner crystals can be bent
farther than thicker ones. The strain energy (Es) increases with a decrease
in critical radius r¢ [52-53]. Simple calculations are presented in the sup-
porting information to determine the values of Al and critical radius r. for

the H,L crystal.

The average change in translation along the 1D axis (Al) is found
to be 0.6248 A/molecule for a crystal with length of 0.25 mm. The critical
radius for breakage of the crystal is found to be 19.9 pm and the breaking
strain is experienced by the crystal when the change in angle per molecule
upon bending is 0.0004498847°/molecule. The difference between these
calculations for the crystals before and after bending is negligible,
indicating excellent elastic properties of the H,L crystal.

t (b)

q
lO

Expansion

(2)

Compression
t=22 um

(c)

Elastic Bending

250 pm

N

Figure 5.4. lllustrative diagrams: (a) full loop considered for calculation of changes in
lengths and angles in an elastic crystal with thickness t and an initial length of I,. (b)
Forces acting on crystal during elastic bending and (c) Bending of crystal showing
critical radius.

H,L crystallizes as a planar molecular structure, where imine
(>CH=N-) group is attached to two naphthyl moiety in its both arms. The
packing feature of H,L shows the presence of two O(1)-H(1):--O(2) type
intermolecular hydrogen bonding interactions. Interestingly, H,L shows

two hydrogen bonds by connecting with two neighbouring molecules. H,L
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presents a dual role, where the electron-rich naphthyl moiety attached to
an amine group (behaving as a donor) and naphthyl moiety attached to an
aldehyde group (behaving as an acceptor). Such interactions O(1)—
H(1)---O(2) (bond length 2.152(0) A) between the donor, O(1)-+H(1) of
the naphthyl moiety attached with 3-Amino-2-naphthol and acceptor
group O(2) of another naphthyl moiety of the 1-hydroxy-2-
naphthaldehyde (Figure 5.5) is observed. These interactions lead to the
formation of 1-D polymeric chains (Figure 5.5) which further extended
through intermolecular C—H---r inter-actions, 3.445(1) A forming a 2D-
network (Figure 5.6).

Figure 5.5. O—H---O type H-Bonding interactions, distance = 2.125(0) A, forming 1D
polymeric chain in H,L.

Figure 5.6. Packing diagram of H,L, showing intermolecular C-H:---n interactions,
distance = 3.445(1) A and O-H---O type H-Bonding interactions, distance = 2.152(0) A,
forming a 2D framework (D represent the dummy atom).
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The molecular wires at the (100), (010) and (001) faces (Figure 5.7)
through the self-assembly of planar (E)-2-(((3-hydroxynaphthalen-2-
yl)imino) methyl)naphthalen-1-ol (H,L) molecules shown in Figure 5.7
[19, 32].

Figure 5.7. Molecular packing of H,L in viewed into (100), (010) and (001) faces.

The wire shape elastic crystals of H2L were formed due to the
formation of cross-linking of molecules which are sliding over each other
as shown above in the packing of H2L (Figure 4). This may be generated
through intermolecular hydrogen bonding (O(1)-H(1):--O(2) ) and C-
H---w interactions in the three domains, outer, inner, and central arcs
shown in Figure 6 [31]. These observations are in line with previous
reports stating that intermolecular hydrogen bonding and C-H--n
interactions are highly beneficial in stabilizing the crystal structure and
imparting compressive and tensile strength facilitating high elasticity
[24,31,54-56].
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Figure 5.8. Schematic illustration of the probable molecular rearrangement of H,L

during straight and bending state.

Raman Spectra of the straight crystal when compared to those
taken of the crystal bent from outer and inner arcs (Figure 5.9) show only
negligible differences, indicative a low impact of stress/strain and high
elasticity [56-57]. The Raman results suggest that the chemical bonding
between the atoms in H,L is well-retained even upon bending, and that the

chemical bonds are not affected by the bending phenomena.

(2)

[—Bent outer]

— Bentinner
(b)

Relative intensities

ey

—— Straight
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Figure 5.9. Raman spectra corresponding to the bent (a) outer part (b) inner part and (c)

straight crystals of H,L.
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The Powder XRD spectrum of HyL in it’s straight, bent and
relaxed form is given in Figure 5.10. It is found that the crystal exhibits
several planes via unique diffraction peaks. It is observed that all of these
planes are retained after relaxation post-bending, indicating a very high
elastic property and almost complete retention of long-range order.
However, the peaks are slightly shifted when comparing the straight, bent
and relaxed crystals. We believe that these changes are caused due to the
introduction of elastic stress during bending [57] and the slight peak
shifting of the relaxed crystal XRD spectrum relative to the original,
straight crystal is likely due to the effect of residual strain arising from the
bending event [58-59].

— bent

" Relaxed

|
I s I . I ! |
4 16 18 20
20 (degrees)
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Figure 5.10. Powder X-ray diffraction spectra of H,L straight, bent and relaxed crystals.

Further, the optimized structure of H,L shown in Figure 5.11a
(DFT B3LYP/6-31G, Gaussian09 Program) illuminating a highly planar
conformation. The electron density of HOMO and LUMO of H,L is
distributed throughout the molecule (Figure 5.11b). The low observed
band gap of 0.43 eV is favorable for applications in microelectronic and

photovoltaic devices [60].
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Figure 5.11. (a) Optimized structure of H,L by DFT B3LYP/6-31G, Gaussian 09
Program. (b) Depicting electron cloud distributions of HOMO and LUMO and band gap

between them.

5.2.3. photophysical properties of H,L:

After exploring the excellent solid-state crystalline properties of
H,L, we further decided to examine its solution state properties. To
examine its photo-physical properties, absorption, and emission spectra
were recorded in DMSO/water (3:7 v/v). Absorption bands of H,L at 219
nm, 280 nm and 325 nm are attributed to m=—x* transitions, whereas bands
at 461 nm and 490 nm correspond to n—x* transitions due to the presence
of aromatic and phenolic as well as imine moieties respectively (Figure
5.12). Further, upon excitation at 280 nm, a sharp and strong emission
band was observed at 373 nm due to the presence of n*—n transition and
another broad band at 502nm attributed to *—n transition was observed in
DMSO/water (3:7 v/v), respectively (Figure 5.12). Additionally, H,L
fluorescence intensity was recorded at physiological pH range (pH 9.26-
4.31) in phosphate buffer saline (PBS). The fluorescence signals are
almost stable at various pHs (Figure 5.13). The two-photon fluorescence

intensity was con-firmed at 720 nm (Figure 5.14 and 5.15).
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Figure 5.12. UV-vis and fluorescence spectrum of H,L (10puM) in methanol.
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Figure 5.13. (a) pH sensitive emission spectra of H,L (10 uM) in PBS buffer solution.
(b) a plot of emission intensity of H,L at 381 nm versus various pH values. Buffer
solution: Phosphate saline solution.

5x10°
4x10° \
3x10°
2x10°

1x10° ~

.‘-.\_.

Integrated emission intensity

0

T T T T T T T T
700 720 740 760 780 800 820 840
Wavelength (nm)

Figure 5.14. Two-photon integrated fluorescence emission intensity of H,L at excitation
wavelengths 700-840 nm in live HeLa cells. Maximum fluorescence intensity was

obtained at A¢ = 720 NM.

212



Aex =710 nm o 2 =730 iim | A, =740 im

Aex =750 nmx | A, =765nm | A, =770 nm |A,=780nm |21, =790 nm

Ax=800nm | ) =810nm | A,=820nm| A,=830nm| A..=840 nm

Figure 5.15. Two-photon microscopy (TPM) images of Hela cells stained with H,L.
The excitation wavelength was 700 to 840 nm. Maximum fluorescence intensity was
obtained at Aey = 720 nm.

5.2.4. Cell viability assay of H,L:

The fluorescent nature and excellent photophysical properties of
H,L encouraged us to explore its application on live cells. The MTT assay
[61] result reveals that the probe H,L is biocompatible and not interferes
with cell proliferation within the concentration range 5-45 uM for 12h
(Figure 5.16).
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Figure 5.16. Cell viability assay of H,L was determined by the MTT assay after 12 h
incubation at 37°C and the results depicted of mean + SD of three separate

measurements.
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5.2.5. Flow cytometry and bio-imaging of H,L:

In this study, we used both flow cytometry and confocal
microscopic techniques for live cell imaging. Flow cytometry technique
was used to acquire high-quality fluorescence signals from huge
populations of cells in suspension; while confocal microscopy provides
good-quality visual detail of target morphology in a small population of
adherent cells [62-63]. H,L is excited by lasers at excitation wavelengths
of 405 nm as well as 488 nm and give respective emission in blue and
green region (Figure 5.17). Almost all HeLa cells were able to uptake
H,L since approximately 100% of stained cells fluorescence intensity
increased with respect to the control (unstained) sample (Figure 5.17a).
H,L can uniformly label large population of live cells, which was detected
by both flow cytometry as well as confocal microscopy techniques
(Figure 5.17).
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Figure 5.17. Flow cytometry and confocal live cells (HeLa) imaging of H,L (40 pM,
1h). (a) Flow cytometric analysis, (b) confocal imaging: Aex = 405nm, Aex = 488nm.

5.2.6. The photostability of H,L:

The photostability of fluorescent probe is a significant factor for
long-term imaging of any physiological changes in live cells. Here
photobleaching experiments of H,L were performed by both one photon
as well as two-photon microscopy. After 1850 scans, one-photon and two-

photon fluorescence intensity remains 73% and 89% respectively (Figure
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5.18) which is better than mitotraker green FM [49] and can be used for

long term imaging.
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Figure 5.18. (a) In vitro photostability of H,L in HeLa cell lines by both one and two
photon microscopy. (b) Graph showing photobleaching result of H,L. HoL (40 pM): Aex
= 488nm for one photon and A= 720 nm for two photon, Aeym = 500-560 nm.

5.2.7. Organelles’ selectivity of HjL :

In order to investigate intracellular selective localization of H,L,
co-localization studies were performed with H,L and various standard
organelles trackers such mitochondria trackers, ER, lysosome and, nucleus
tracker (Hoechst 33342). The Pearson co-localization coefficient of H,L
with mitochondria trackers red was found to be 0.85; whereas with ER
tracker red, lysotracker red and Hoechst 33342, Pearson co-localization
coefficients were found to be 0.71 and 0.48, 0.10 respectively (Figure
5.19). These results confirm that H,L is predominantly localized in the

mitochondria with a high Pearson coefficient.
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Figure 5.19. Co-localization experiment of probe H,L (40 uM, 1h) with different
organelles specific trackers in live Hela cells. (a) MitoTracker Red CMXRos (90 nM for
30 min) label mitochondria (b) LysoTracker Red DND-99 (90 nM, 30 min) label
lysosomes (c) ER tracker Red (1puM, 30 min) label endoplasmic reticulum (d)
Hoechst3342 (5uM, 30 min) for nucleus. The images from left to right depict organelle
trackers (column 1), H,L (column 2), Overlay 1: overlay of the 1st and 2nd columns.
Phase contrast (column 4) and Overlay 2: overlay of 1%, 2" and 4" columns. H,L Aex =
405 nm; ey = 420-470 nm; HoL Aex = 488nm, Ay =500-560 n; ER, Lyso and Mitotraker
Red Aex = 559 nm; Aey, = 570700 nm.
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5.2.8. Mitochondria selective staining ability of H,L in various cell
lines:

Moreover, the universal mitochondria selective staining prop-erty
of H,L was evaluated on numerous cell lines i.e., breast cancer (MCF-7),
cervical cancer (HeLa), human lung carcinoma (A549) and prostate cancer
(DU145) cells (Figure 5.20). An excellent mitochondria labeling pattern
was seen in all examined live cell lines with high Pearson co-localization
coefficients 0.81, 0.87, 0.82 and 0.85 on MCF-7, HeLa, A549, and DU145

cell lines respectively.
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Figure 5.20. Mitochondria selective live cell imaging by using H,L in MCF-7, Hela,
A549 and DU145 cells. All cell lines were co-stained with H,L (40 uM, 1h) and
Mitotracker Red (90 nM, 30 min). H,L: A = 405 nm; Ae, = 420-470 nm; mitotracker
Red Aex = 559 nm; Aem = 580-700 nm. Overlay 1: overlay of the 2" and 3™ columns.
Overlay 2: overlay of the 1%, 2"*and 3" columns. Scale bar: 20 pm.

5.2.9. 3D tumor spheroids imaging using H,L:

After performing experiments on 2D cell culture models, 3D
spheroid was employed for imaging since it mimics various in Vivo
features of solid tumors such as their gene expression patterns,
physiological responses, spatial architecture, drug resistance mechanism,
etc. Spheroids are considered as a valid intermediate between in vitro
monolayer cells and in vivo tissue [64]. With in-creasing depth, confocal
microscopic imaging of live tumor spheroids still has various technical
challenges. Two-photon micro-scopes have high penetration power (~500
pum) as compare to the one-photon microscope. Therefore, a spheroid was
used to study the penetration depth of H,L. Hela cells spheroid was
stained with H,L and images were taken after 2 um section cutting along
Z-axis. Two-photon excitation exhibited much stronger fluorescence in
deeper layer upto 56 um (Figure 5.21), compared to the depth of 26 pum

achieved with one-photon microscopy (Figure 5.22). This result
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establishes the high penetration power of the two-photon excitation
process. Based on this encouraging result, we believe that H,L can be

further exploited for potential applications in in-vivo tissue imaging.
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Figure 5.21. (a) Two-photon fluorescence images of 3D intact tumor spheroid stained
with H2L (40 puM, for 2 h). (b) The Z-stack 3D images of the intact spheroid. (c) The
two-photon Z stack images were taken after every 2 um section cutting from the top to
bottom spheroid. The images were taken under a 20x objective. Agx = 720 nm; Agy =
500-560 nm.
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Figure 5.22. (a) One-photon fluorescence images of 3D intact tumor spheroid after H,L

(40 puM, for 2 h) treatment. (b) The Z-stack 3D images of the intact spheroid. (c) The
two-photon Z stack images were taken after every 2 um section from the top to bottom

spheroid.
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Generally, proton pumping during oxidative phosphorylation and
the use of ions channel pumps results in strong negative membrane
potential (108—158 mV) across the lipid bilayer [65]. Consequently, the
electrostatic-driven force of the mitochondrial membrane may be used to
direct cationic lipophilic probes by using the negative membrane potential
gradient of the mitochondria [66]. Even though lipophilic cationic dyes
can stain mitochondria; an important disadvantage should be noted in that
these trackers are membrane potential-dependent. Additionally, they alter
the membrane potential, which may be a major problem depending on the
requirements of the experiment [66-67]. Therefore recently there is more
focus on developing neutral probes for mitochondrial imaging [66-67].
The probable mechanistic pathway of H,L is based on a few factors such
as lipophilicity and its neutral behavior. Owing to the presence of two
hydroxyls and an amine group in the H,L framework, intermolecular
hydrogen bonding is formed which serves to increase its lipophilicity, by
creating unavailability of the hydroxyl group to form extra hydrogen bond

with the solvents.
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5.3. Conclusions

In summary, a new elastic flexible crystal (H,L) was synthesized
in a facile manner with high yield. The powder XRD and Raman studies
indicate a high retention of crystallinity and chemical bonds even under
stress (bend) conditions which infer that the bending in H,L is due to the
intermolecular hydrogen bonding interactions viz. O(1)-H(1)---O(2)
between the donor, O(1)--H(1) and acceptor group O(2). These
interactions lead to the formation of 1-D polymeric chains which further
extended through intermolecular C—H---m interactions forming a 2-D
network to govern the flexibility of the crystal. H,L is two-photon
fluorescent organic probe, non-cytotoxic, photostable and selective to
mitochondria of live cells. Two-photon excitation ability of H,L was
further utilized for imaging of deeper layer of tissue spheroids. Thus, due
to its elastic nature, it can be used in mechanical actuators or in flexible
electronics in solid state and in solution state it can monitor mitochondria

in mitochondria-associated pathological disorders.

220



5.4. Experimental Section

5.4.1. Materials:

1-hydroxy-2-naphthaldehyde and 3-Amino-2-naphthol purchased
from TCI Chemicals (India) Pvt. Ltd., MitoTracker Red CMXRos, ER
tracker red (BODIPY TR Glibenclamide), LysoTracker Red DND-99 and
were purchased from Invitrogen. Hoechst 3342, 3-(4,5-Dimethylthiazol-2-
Y1)-2,5-Diphenyltetrazolium Bromide (MTT) purchased from Sigma-
Aldrich Chemical Co., USA. Dulbecco’s modified eagle medium
(DMEM) and Fetal bovine serum (FBS) were purchased from Gibco.
Breast cancer (MCF-7) cell lines, prostate cancer (DU145), human lung
carcinoma (A459), cervical cancer (HeLa) cell lines were obtained from
National Centre for Cell Science, Pune. All other chemical reagents and
solvents were obtained from Merck and S.D Fine Chem. Ltd. and all
chemicals used without further purifications. The solvents were dried and

distilled following the standard literature procedures prior to their use.

5.4.2. Physical measurements:

Ultrapure (Milli Q) water from arium® pro ultrapure water
systems (Sartorius) was used thoughout the experiments. Binocular
Microscope of Leica Company (model EC3) used to capture bending
images of crystal. *H NMR (400 MHz) and **C NMR (100 MHz) spectra
were recorded by Bruker Avance (I11) instrument by using DMSO-ds. The
mass spectrum was measured by Brucker-Daltonics, micrOTOF-QII mass
spectrometer. FTIR spectrum was recorded on KBr pellets by using Bio-
Rad FTS 3000MX instrument. Powder X-ray diffraction (PXRD) data was
recorded on a Rigaku Smart Lab X-ray diffractometer using
monochromated Cu-Ka radiation (1.5406 A). Raman measurement was
performed with a 785 nm laser source using a LabRAM HR (UV system).
pH measurements were performed using pH-meter (LABMAN Scientific
Instrument PVT. LTD). Spectrophotometric measurements were

performed by UV-vis spectrophotometer (Varian Cary 100) using a quartz
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cuvette having a path length of 1 cm. All the fluorescence measurement
was performed using FluoroMax-4 Spectrophotometer (HORIBA
Scientific) measurement. The excitation and emission slits were 5/5 nm
for the emission measurements. The molecular structures were optimized
by using DFT with the B3LYP functional and the 6-31G basis set using
Gaussian 09 program. pH-meter (LABMAN Scientific Instrument PVT.
LTD) was used for pH measurements. The absorbance for MTT analysis
was measured by a microplate reader (Synergy H1 BioTek microplate
reader) at 570 nm. Fluorescence imaging experiments were performed by
BD LSRFortessa TM Flow cytometry analysis, Olympus laser-scanning
microscope, Mai Tai eHP Spectra physics femtosecond (fs) laser having
power peak >450 KW, pulse width < 70 fs, tuning range 690-1040 nm,
average power >2.5 W, repetition rate 80 MHz + 1 MHz was used to
acquire the two-photon fluorescence imaging. For bioimaging purpose,
H2L stock solution was prepared in 0.1M NaOH solution in water/DMSO
(7:3v/v). Image processing was done with the help of Olympus software
(FV10-ASW 4.2) and ImageJ software. Flow cytometry data were
analyzed by DB FACSDiva software.

5.4.3. X-ray Crystallography:

The crystal data of H,L was collected at 293 K using graphite-
monochromated Mo Ka (Ao = 1.54184 A). The strategy for the data
collection was evaluated with the help of CrysAlisPro CCD software. The
data were collected by the standard phi-omega scan techniques and were
scaled and reduced using CrysAlisPro RED software. The structures were
solved by the direct methods by using SHELXS-2014 and refined by full
matrix least squares with SHELXL-2014, refining on F,. By direct
methods the positions of all the atoms were obtained and all non-hydrogen
atoms were refined anisotropically. All the remaining hydrogen atoms
were placed in geometrically constrained positions and refined with
isotropic temperature factors, generally 1.2 x Ueq of their parent atoms.

The Hydrogen bonding interactions, mean plane analysis, and molecular
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drawings were obtained using the program Mercury (ver 3.1) and
Diamond (ver 3.1d). The crystal and refinement data are summarized in
Table A7 and the selected bond distances and bond angles are shown in
Table A8. All the Hydrogen atoms have been omitted for clarity in the
molecular structure of H,L. Despite several attempts we could not get
better quality crystals of H,L, this always given thin wire like crystals
which makes it diffraction quality very weak.

5.4.4. Synthesis of probe (E)-2-(((3-hydroxynaphthalen-2-yl)imino)
methyl)naphthalen-1-ol (H,L):

Condensation reaction was performed from 1-hydroxy-2-
naphthaldehyde (172.18 mg, 1 mmol) and 3-Amino-2-naphthol (159.19
mg, 1 mmol) in 15 mL of ethanol at 25°C with continuously stirring for 5h
in single neck 100 ml RBF. The reaction was monitored by TLC. After
completion of the reaction, the solid orange precipitate was formed, which
was filtered and washed with chilled ethanol and then chilled water only,
for several times and dried in a desiccator. Yield 88%, *H NMR (400
MHz,DMSO-ds): & 14.48 (d, 1H), 10.89 (s, 1H), 9.01 (d, 1H, -CH=N),
8.33 (d, 1H, ph), 8.20 (s, 1H, ph), 7.79 (d,1H, ph), 7.71(d, 1H, ph), 7.63
(m, 2H, ph), 7.32 (m, 4H, ph), 7.27-7.21 (d, 1H, ph), 6.83-6.81 (d, 1H,
ph) (Figure 5.23). *C NMR (100 MHz, DMSO-d6): §179.75, 151.95,
147.00, 137.85, 132.16, 131.36, 130.34, 129.39, 129.25, 128.16, 127.57,
127.29, 126.14, 125.85, 125.63, 125.42, 124.13, 115.08, 113.36, 110.50,
109.86 (Figure 5.24). FTIR (KBr, cm-1): 3446(br), 3057(br), 1638(vs),
1603(s), 1543(vs), 1480(w), 1453(s), 1402(s), 1348(w), 1335(w), 1297(s),
1266(w), 1240(w), 1199(s), 1138(vs), 1066(s), 1036(w), 987(s), 853(w),
808(w), 794(s),745(s), 689(w), 620(w) (Figure 5.25). LCMS (m/z):
[M+H+K]" 353.3 (Figure 5.26).
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5.4.5. Calculation of crystal elongation, translational motion and
critical radius for the crystal undergoing bending

5.4.5.1. Change in length per molecule (elongation/contraction on
bending)

To analyse the change in length Al upon bending, we used a simple
calculation (assuming elastic bending). In this model, the crystal is bent
into a full loop as shown in Figure 5.4, with the perimeter along the
neutral axis being represented by I,.

The length |, is related to the radius r, by the following relation:

Iy = — (Equation 1)

Where |y is the measured length of the crystal as determined by physical

measurement and viewing in microscope, and found to be 250 um.

The radius value for outer and inner arcs as shown in figure 5.4 is given
by:

4 .
R > (Equation 2)

r,=h— (Equation 3)

L
2

where ‘t’ is the thickness of the crystal (found to be 22 um). From
equations 1, 2 and 3, the values of rq,tand ri, are calculated to be 50.81 um
and 28.81 um respectively for the untouched crystal. These values are

found to be unchanged after bending.
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The change in length (or perimeter), i.e. crystal elongation upon bending,
is given by the following set of equations:

A"TOLE :Zﬁ(rom _ro)
A[m :2"’7‘?(}‘0 _Fm)

Equation 4,5, 6
Al =AL. -m (Eq )

For a crystal with a thickness of 22 um, the elongation is calculated to be
69.08 pm.

5.4.5.2. Translational movement per molecule for 0.25 mm long
crystal: This is given by the below equation:
6.2484 0.6248 A

107Xx4X0.25 molecule

% = 0.314 X (Equation 7)

If the crystal length is halved, the translation movement will double. Thus,
0.3124 A/molecule is the yield point for this crystal, i.e. translational
movement beyond this value will induce breaking in the crystal if a full
circle is attempted to be made by bending. The critical radius for this

condition is given by the following equation:

0125

== 0.0199 mm = 19.9 um (Equation 8)

5.4.5.3. Change in angle per molecule upon bending:

For an orthorhombic crystal, the formula unit is 4 and lattice parameter (a)
is 6.2484 A, therefore 1 mm of crystal contains 107 x (4/6.2484)
molecules. Therefore, for a crystal of length 0.25 mm, the value works out
to be 1,600,409.705 molecules

For a crystal of length 0.25 mm, the change in angle per molecule upon

bending is given by 360/(number of molecules). Substituting appropriate
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values, the change in angle is found to be 0.00022494°/molecule. This
quantity also doubles as the crystal sizes halves, meaning that the breaking
strain is 0.0004498847°/molecule.

5.4.6. Two-photon intensity measurement:

Mai Tai eHP Spectra physics femtosecond laser having power
peak >450 KW, tuning range 690-1040 nm, average power >2.5 W, pulse
width < 70 fs, repetition rate 80 MHz + 1 MHz was used to capture the
two-photon fluorescence imaging. The two-photon fluorescence intensity
was measured at 700-840 nm. Cervical cancer (HeLa) cells were seeded
in confocal dishes and incubated for 24 hours for cell adhesion. Live HeLa
cells were labeled with H,L (40 uM) in DMEM medium for 1 hour then
washed twice with PBS (pH=7.4). Images were captured at a different
wavelength excitation. Maximum integrated fluorescence intensity was

observed at wavelength 720 nm.

5.4.7. MTT cell viability assay:

Cell viability assay of H,L was performed on Hela cells, 7000
HeLa cells well* were seeded in 96-well plate in 200 pL media
(Dulbecco's Modified Eagle Medium, 10% (v/v) FBS and 1% Penicillin-
Streptomycin antibiotics 10,000 U/mL) and incubated for one day for cell
adhesion. Next day media was removed and fresh media 100 pL added in
each well. All biological experiments were performed by using H2L
crystals to maintain high purity. A stock solution of H,L was prepared in
0.05% DMSO and 0.1M NaOH in water. 20 puL added to each well in
order to give final concentration ranging from 10-45 uM. 20 pL water
having 0.05% DMSO and 0.1M NaOH was used as a control. The
experiment was done in triplicate. Cells exposed to the drug for 12 hours
followed by washing with PBS (pH 7.4). Then 100 uL MTT (1 mg/mL in
phenol red free media) was added in each well. Cells incubated at 37 °C
and 5% CO2 atmosphere for next 4 hours. After that media was carefully

removed and 100 pL DMSO was added in order to dissolve purple
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formazan crystals. After 15 minutes incubation, absorbance at 570 nm was
measured using Synergy H1 Biotek microplate reader. The % cell viability
was calculated as: % cell viability = [Mean O.D. of the drug-treated
cell/Mean O.D. of the control well] x 100

5.4.8. Flow cytometry study:

HelLa cells were seeded in six-well tissue culture plates. When
cells became 90% confluent, then one well treated with 40 uM probe H,L
for 1 hour and control well left without any treatments (as control sample).
After that, the cells were washed with PBS three to four times to remove
excess probe in the media. Cells were harvested by 0.25% trypsin/EDTA,
centrifuged and re-suspended pellet in PBS (pH=7.4). The samples were
analyzed by BD LSRFortessa TM Flow cytometry with excitation at 405
nm and 488, emission 420-470 nm and 500-560 nm respectively. Data
were analyzed by DB FACSDiva software. Total of ten thousand events

were acquired for each sample.

5.4.9. Mitochondria selective staining and co-localization studies in
various cell lines:

Breast cancer (MCF-7), cervical cancer (HelLa), human lung
carcinoma (A549) and prostate cancer (DU145) cell lines were seeded in
confocal dishes and incubated for 24 hours so that cells attached with the
bottom of the surface of dishes. For mitochondria imaging, live cells were
stained with H,L (40 uM) in DMEM medium for 1 hour then washed
twice with PBS (pH = 7.4) and co-stain with MitoTracker Red (90 nM, 15
min), LysoTracker Red DND 99 (80nM, 30 min), ER tracker Red (1uM,
30 min) and Hoechst 33342 (lpg/mL, 30 min) for mitochondria,
lysosomes, ER and nucleus staining respectively in separate dishes. Cells
were further incubated at 37°C in 5% CO2 atmosphere for 30 min,
Followed by washing twice with PBS. An Olympus laser scanning
microscope was used for confocal imaging. Cells were visualized at an

excitation of Aexy = 405 nm as well Aex = 488nm for HoL in case of one
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photon excitation and Aex = 720nm for two-photon excitation, Mitotracker
red, Lysotracker red and ER-tracker red excitation wavelength (Aex) = 559
whereas Hoechst 33342 excitation (Aex) = 405 nm.

5.4.10. In vitro photostability study:

HeLa cells were grown in T-25 flask. When cells get 60%
confluent, trypsinized and reseeded in confocal dishes. When cells
attached to the dishes treated with H,L (40uM, 1 hr) and incubated at 37
°C and 5% CO2 atmosphere. After 1 hr incubation, cells washed twice
with PBS to remove the unbounded probe. The one-photon
photobleaching video was recorded using the confocal laser scanning
microscope (CLSM) with no delay scan mode. Whereas two-photon
photobleaching video was recorded using Mai Tai eHP Spectra physics
femtosecond laser with no delay scan mode. In both case, video and
images were recorded upto 1850 scans. H,L excited by 488 nm for one-
photon imaging and 720 nm for two-photon imaging. The integrated
fluorescence intensity of first scans is considered as 100% for measuring
the relative decrease in fluorescence intensity. Images at every 350 scans
obtained from videos. The relative percent intensity calculated as

F/Fo*100.

5.4.11. Generation of multicellular 3D tumor spheroids:

Tumor spheroids were prepared by using the liquid overlay
method. To make a non-adherent bottom surface of 96 well plates (Flat-
bottom), they were coated with 60uL of a sterile 1.5% (wt/vol) warm
agarose solution in complete DMEM media. Then the HeLa cells (~80%
confluent in T-25 flack) were harvested by 0.25% trypsin/EDTA solution
and re-suspended in complete DMEM media. Approximately 4000 cells
were seeded in each agarose coated well in 200pl complete DMEM
media. The plates were incubated at 37°C and 5% CO, until spherical
spheroids formed. Once spheroid formed in 96 well plates, then the

spheroids were gently transfers in a confocal disc with the help of 1ml
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pipette. Spheroids were treatment with 40 uM H,L and incubated for 2h,
then washed three to four times carefully with PBS (pH=7.4). The images
were captured from 2um section cutting from top to bottom along Z-axis.
The video and images were recorded by two-photon microscopy as well as

one photon confocal laser scanning microscopy.
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NMR, FTIR, Mass and Powder XRD spectra of compounds HL
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Figure 5.23. *H MNR spectrum of H,L.
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Figure 5.24. *C NMR spectrum of H,L.
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CHAPTER 6

Design and Synthesis of Bioactive Aroyl-Hydrazone

Derivatives and Their Biological Studies

6.1. Introduction

Recently, there is a growing interest in developing new drugs
which are based on the aroyl-hydrazone skeleton, Ar—CH=N-NH-C(=0)—
Ar’ (Ar = aromatic ring) [1]. Basically, hydrazones are organic ligands
consisting of -NH-N=CH- group. Addition donor site like C=0 increase
the flexibility and versatility of compound; enhance their biological
properties for therapeutic application [2]. Aroyl-hydrazones inhibit
metalloproteins, perturbation of intracellular homeostasis by interaction
with DNA [3]. Hydrazones based molecules exhibit anti-inflammatory
[4], antimicrobial [5], antiplatelet [4], anticonvulsant [6], antitubercular
[7], antitumor [8], antifungal and antiviral activity with a potential to

overcome multidrug resistance [9-10].

Nowadays, there is aconstantly emerging curiosity in
computational protein binding with several ligands for medicinal
applications. Avian influenza viruses are a widespread concern as it
crosses the species barrier and become human transmissible strains which
are highly pathogenic in nature. Recently, Influenza A virus RNA
polymerase PB2 subunit is being explored for probing anti-influenza drugs
[11]. Moreover, the efficiency of the currently accepted drugs (zanamivir
and oseltamivir) [12] is limited due to the development of resistance
viruses by changing various protein structure due to point mutation.
Various highly pathogenic strains of influenza A virus are HIN1, H2N2,
H3N2, H5N1, H7N9, HIN2 and many more. Thus, there is an urgent

need for the development of new antiviral drugs [13]. RNA polymerase
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PB2 is one of the promising drug target candidates to prevent the rapid
spread of viral disease.

Another virus has significant global health associated problem is
the hepatitis C virus (HCV). About 3% of the world population is suffered
from the HCV [14-15]. Hepatitis C virus infection is one of the major
causes of liver transplantation in the USA [16]. Therefore NS5B
polymerase is responsible for viral RNA replication, is a crucial target for
searching a better drug in order to prevent hepatitis C virus proliferation
[17]. Both Influenza A virus polymerase PB2 subunit and Hepatitis C
virus NS5B polymerase are RNA-dependent RNA polymerase which
considers as a most important enzyme for the drug target because it has no
functional role in mammalian cells [18-21]. Any novel drugs that have the
ability to only target viruses are considered as supreme in terms of

minimum or no side effect to human.

Like a deadly viral infection, cancer as well is a fearful disease
recognized globally. It is the second leading cause of death worldwide
[22]. Many drugs that target cancer cells have a high degree of toxicity
due to poor selectivity leads to potential side effect on human health.
Therefore, to design compounds that specifically target a particular
enzyme (protein) that involve in the progression of cancer. Transforming
growth factor-beta (TGF-B) [23-24] and cancer related EphA2 protein
kinases [25-27] are involve in the proliferation of cancer, hence

developing inhibitor against them are an attractive way to treat cancer.

Herein, we report four new aroyl-hydrazone derivatives Li—L4
which were designed and synthesized to explore their biological activities;
molecular docking of Lj;-L, carried out with various disease causing
proteins (viral, bacteria or cancer causing proteins) and DNA, out of these
L, and L, bind strongly with viral disease-causing protein whereas L3 and
L, revels best binding with protein which involves in the progression of

cancer. Further to validate the docking results, Bovine serum albumin
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(BSA) protein binding and calf thymus DNA (ct-DNA) binding was
performed using spectroscopic techniques. These aroyl-hydrazone
derivatives can be explore the pharmacological and biological significance
for the development of new drug entities in the future.

6.2. Results and discussion

6.2.1 Synthesis and characterization

Aroyl-hydrazones derivatives (Li-L4) were synthesized by the
condensation reaction of dipicolinic acid hydrazide [28-29] with different
aldehydes (ratio 1:2) in methanol solvent as shown in Scheme 6.1. 4-
phenylbenzaldehyde, 2,3,4-trihydroxybenzaldehyde, 4-(4-Pyridyl)-
benzaldehyde and 3-cyanobenzaldehyde were used for the synthesis of
bis[4-phenylbenzylidene]pyridine-2,6-dicarbohydrazide (L;), bis[2,3,4-
trihydroxybenzylidene]pyridine-2,6-dicarbohydrazide (L.), bis[4-(4-
pyridyl)benylidene]pyridine-2,6-dicarbohydrazide  (Ls) and  bis[3-
cyanobenylidene]  pyridine-2,6-dicarbohydrazide  (Ls)  respectively
(Scheme 6.1).

S | N Hydrazine
o (0) CH;0H (0] P/ 0 H N=NH,
H H 3 "‘C, = N L
\udlc medium RT 18h
O (0]

Dlplcollmc acid Dipicolinic acid hydrazide

A

Step 2 | AN CH()R ()ﬁ)l\/j\f()
OSNAN + ' Reflux 10h
m R, McOH
NH NQ
H,N” NH, R;
Dipicolinic acid hydrazide

L; [R;=R;=H,R;=Ph|, L; [R; = R, = R; = OH]
L3 [R;=R,=H,R;=Py|, L4 [R,= R‘—H R,=CN]

Scheme 6.1. Synthesis route of compounds Li—L4

L,—L4 are crystalline in nature and stable at room temperature. L;—
L4 have been well characterized by elemental analyses, H, *C NMR,

ESI-MS and FTIR spectroscopic techniques. Furthermore, the molecular
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structures of ligands L;-Ls were confirmed by single crystal X-ray

diffraction studies.

In the electronic spectra of L;—L4, one absorption peak is found in

the range of 300-338 nm wavelengths which is corresponding to the © —*
transitions [30] shown in Figure 6.1 and Table 6.1.

Absorbance (a.u.)

0.0

T
300

T T T
350 400

T
450

Wavelength (nm)

- Ly
Ly
- Ly

L

500 550

Figure 6.1. Absorption spectra of L,—L, in acetonitrile solvent (con®= 5.0x10° M).

Table 6.1. Electronic properties of L;-L4,

Compounds Mso—s1) (NM) eM'cm™)
L, 325 1.3 x 10"
L, 338 1.1 x 10"
Ls 321 1.2 x 10"
Ly 300 8.1 x 10°

244



6.2.2. Molecular structures of Li—L4

The molecular structure of L; and L, were crystallized in the
triclinic, P-1 space group whereas, L, and L3 was crystallized in
monoclinic C 2/c and P 2;/c space group, respectively (Figure 6.2, Table
A9, and selected angles and bond lengths are listed in Table A10-A13).

(L)

Figure 6.2. Molecular structures of Ly, L,, Lz and L,

6.2.3. Molecular docking

To understand the binding affinity of aroyl-hydrazone
derivatives Li—L4 and its binding sites with protein, molecular docking
was performed with twelve different proteins which involve in viral/
bacterial disease or cancer progressions. On the basis of inhibition
constant, binding free energy, Electrostatic energy, van der Waal’s
interactions, Torsional free energy and intermolecular energy between
protein and ligands L;—L, following observation derived: (i) L; bind very

strongly with Influenza A virus polymerase PB2 subunit surrounded by
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interacting amino acid residues Leu599, Phe610, Asp611, GIn614, 11e615,
Leu648, Val649, Arg650, Gly651, Asn652. The Arg650 form hydrogen
bond, N-H---O1 with bond distance 1.912 A (Figure 6.3, Table 6.2 and
Table A14). (ii) L reveals strong interaction with Hepatitis C Virus
NS5B Polymerase via interacting residues Arg48, Ser218, Asp220,
The221, Cys223, Phe224, Asp225, Asn291, Gly351, Asp352, and Pro354.
L, mostly surrounded by polar residues due to the presence of 2,3,4-
trihydroxyphynyl group in L, which form a hydrogen bond with polar
amino acids. The hydrogen bonded residues Arg48 (N-H---01, 2.13A),
Ser218 (O---H-04, 2.069A and O---H-03, 1.915A), The221(0---H-N2,
2.019 A), Asp220(N-H---02,1.975 A and O---H-02, 2.119 A Phe224
(N-H---N3, 2.104 A) Asp225(0---H-03, 2.022 A, and O---H-04, 2.143
A) as depicted in Figure 6.3, Table 6.2 and Table A15. (iii) L3 gives best
binding with TGF-beta receptor 1 (Transforming growth factor f—R1) via
interacting residues 1le211, Val219, Ala230, Lys232, Glu245, Tyr249,
Leu260, Phe262, Leu278, Ser280, Tyr282, His283, Glu284, Gly286,
Ser287, Phe289, Asp290, Lys337. Hydrogen-bonded protein residues are
His283 (N-H---0, 2.117 A) shown in Figure 6.4, Table 6.2 and Table
Al16 (iii) L4 strongly with Cancer Related EphA2 Protein Kinases via
interacting protein residues Glu623, Phe624, Gly625, Lys646, Thr647,
Phe660, Glu663, Tyr735, His737, Arg743, Asp757, Phe758, Gly759,
Lys778. Among these residues Glu623 (N-H---N, 1,916 A) and Arg743
(N-H---0, 1.809 A) forms a hydrogen bond with L4 (Figure 6.4, Table
6.2 and Table Al7).

In the entire situation, the orientation of L; was consistent with
strong hydrophobic interaction may be due to the addition phenyl ring in
L1; whereas L,—L4 was mostly interact with polar amino acids. Strangely,
overall molecular docking results conclude that L; reveals highest binding
affinity than L,—L4 with all the studied proteins. Strangely, L; and L, bind
strongly with viral proteins out of twelve studied proteins. L strongly

bind with Influenza A virus polymerase PB2 subunit with binding
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energy11.42 Kcal/Mol and inhibition constant 4.23nM whereas L, shows
strong interaction with Hepatitis C Virus NS5B Polymerase with binding
energy -10.47 Kcal/Mol and inhibition constant 21.06nM (Figure 6.11
and Table 6.2, Table A14 and Table A15). L3 and L4 strongly bind with
the proteins which involve in the proliferation of cancer. L3 shows the best
binding with TGF-beta receptor 1 with binding energy and inhibition
constant -10.61 Kcal/Mol 16.67nM respectively (Figure 6.4, Table 6.2,
and Table A16). L, bind strongly with Cancer Related EphA2 Protein
Kinases with binding energy and inhibition constant-10.02 Kcal/Mol,
45.41nM respectively (Figure 6.4, Table 6.2 and Table A17).

Table 6.2 Best binding of L;—L,with viral disease or cancers causing protein determine

by molecular docking.

Ligands Full name Binding Inhibitio | Interacting H- bonded
of protein freeenergy | n residues residues
(Kcal/Mol) constant
Influenza A | -11.42 4.23nM Leu599, Phe610, Arg650
L, virus Asp611, GIn614,
polymerase 11e615, Leu648,
PB2 subunit Val649, Arg650,
(2vY7) Gly651, Asn652
Hepatitis C -10.47 21.06nM | Arg48, Ser218, Arg48,
L, Virus NS5B Asp220, The221, Ser218,
Polymerase Cys223, Phe224, The221,
(2wcCX) Asp225, Asn291, Asp220,
Gly351, Asp352, Phe224,
Pro354 Asp225
TGF-beta -10.61 16.67nM | lle211, Val219, His283
L receptor 1 Ala230, Lys232,
(3FAA) Glu245, Tyr249,
Leu260, Phe262,
Leu278, Ser280,
Tyr282, His283,
Glu284, Gly286,
Ser287, Phe289,
Asp290, Lys337
Cancer -10.02 45.41nM | Glu623, Phe624, Glu623,
Ly Related Gly625, Lys646, Arg743
EphA2 Thr647, Phe660,
Protein Glu663, Tyr735,
Kinases His737, Arg743,
(IMQB) Asp757, Phe758,
Gly759, Lys778

Binding free energy AGuinding = AGvdw+hb+desolv T AGiotal T AGelec + AGior — AGynp).-
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Figure 6.3. Molecular docking of L; and L, with viral proteins. The proteins are shown
as ribbons (o-helix green, B-sheet purple and random coil violet). The interacting residue
displayed as a stick, the ligand depicted as a ball-and-stick (orange). Hydrogen bonds are
displayed as yellow line in (a) and (c) and green dots in (b) and (d). (a) Influenza A virus
polymerase PB2 subunit (PDB: 2VY7), (b) interacting 2VY7 residues with ligand L;; (c)
Hepatitis C virus NS5B polymerase (PDB: 2WCX), (d) interacting 2WCX residues with
ligand L.
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Figure 6.4. Molecular docking of Ls and L, with cancer causing proteins. The proteins
are shown as ribbons (a-helix green, B-sheet purple and random coil violet). The
interacting residue displayed as a stick, the ligand depicted as a ball-and-stick (orange).
Hydrogen bonds are displayed as yellow line in (a) and (c) and green dots in (b) and (d).
(a) TGF-beta receptor 1 (PDB: 3FAA), (b) interacting 3FAA residues with ligand Ls; (c)
Cancer Related EphA2 Protein Kinases (PDB: 1MQB), (d) interacting 1MQB residues
with ligand L.

6.2.4. BSA binding by molecular docking

Proteins are essential biomolecules and serve as major targets for
various types of drugs. Studies of the binding of aroyl hydrazones
derivatives with proteins are significant for interpreting the transporting
and metabolism processes. Bovine serum albumin (BSA) has structural
homology with human serum albumin (HAS), unusual binding affinity
with ligands, low cost, easy availability; hence BSA was selected as the

model protein. Therefore, the BSA-binding affinities of aroyl hydrazones
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derivatives Li—L4 were studied theoretically by molecular docking and
experimentally by tryptophan quenching.

Molecular docking studies of aroyl-hydrazones derivatives, Li—L4
with BSA show that L; has superior binding affinity than Lo—L, in terms
of both inhibitions constant (21.83nM) and binding energy (-10.45
Kcal/Mol). The interacting residues are Leul12, Lys114, Leull5, Prol17,
Argll4, Hisl45, Leul78, Glul82, Argl85, Alal93, Argl96, Asn457 and
Arg458. L, is surrounded by mostly hydrophobic residues (Figure 6.5a,
Figure 6.6a and Table 6.3). L. interact BSA via residues Leul97,
Argl198, Ser201, Ala209, Leu210, Trp213, Leu346, Lys 350, Glu478 and
Leu480. Out of these residues Ser201 (O-H---02, 2.104 A), Lys350 (N—
H.--02, 2.118 A), Leu480 (N-H---01, 2.228 A), Glu478 (O---H-02,
2.159 A and O---H-03, 2.062 A) are hydrogen bonded with ligand
(Figure 6.5b, Figure 6.6b and Table 6.3). L3 surrounded by BSA
protein residues Argl94, Leul97, Phe205, Arg208, Ala209, Trp213,
Ser343, Leu346, Lys350, Asp450, Serd53, Thr477, Glu478 and Leu480.
Leud80 is hydrogen bond with Ls oxygen atom (N-H---O, 1.679 A)
shown in Figure 6.5c, Figure 6.6c and Table 6.3. L4 bind BSA by
interacting with mostly polar residues Pro110, Leull2, Pro113, Lys114,
Leull5, Proll7, Argl44, Hisl45, Tyrl47, Argl85, Ser192, Argl196, and
Arg458. Argl44 is hydrogen bond with an oxygen atom (N-H---O, 2.076
A) depicted in Figure 6.5d, Figure 6.6d and Table 6.3. The binding
affinity of aroyl-hydrazones derivatives with BSA in term of binding
energy and inhibition constant are L; (-10.45 Kcal/Mol, 21.83nM) > L4 (-
10.19 Kcal/Mol, 20.5nM) > L3 (-9.23 Kcal/Mol, 171.34 nM) > L, (-7.25
Kcal/Mol, 4.83uM).
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Table 6.3 Molecular docking of Ly, L,, L3, and L, with BSA (PDB: 4F5S)

Ligand

Binding
energy
(Kcal/Mol)

Inhibition
constant

Interacting residues

H- bonded
residues

L

-10.45

21.83nM

Leull?, Lys114,
Leull5, Prol17,
Argl114, Hisl145,
Leul78, Glu182,
Arg185, Alal93,
Arg196, Asn457,
Argd58

L,

-7.25

4.83uM

Leul97, Arg198,
Ser201, Ala209,
Leu210, Trp213,
Leu346, Lys 350,
Glu478, Leu480

Ser201,
Lys350,
Leu480,Glu478

Ls

-9.23

171.34
nM

Argl94, Leul97,
Phe205, Arg208,
Ala209, Trp213,
Ser343, Leu346,
Lys350, Asp450,
Ser453, Thr477,
Glu478, Leu480

Leu480

Ly

-10.19

20.5nM

Pro110, Leul12,
Prol13, Lys114,
Leull5, Proll7,
Argl44, Hisl45,
Tyrl47, Argl85,
Ser192, Argl96,
Arg458

Argl44
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Figure 6.5. Molecular docking of ligand L;—L, with BSA (PDB: 4F5S). The proteins are
shown as ribbons (o—helix green, B—sheet purple and random coil violet). The interacting
residue displayed as a stick, the ligand depicted as a ball-and-stick (orange). Hydrogen

bonds are shown as yellow line.
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Figure 6.6. Molecular docking of ligand L;—L, with BSA (PDB: 4F5S). The interacting
residue of BSA with Ligand (L;—L,) displayed as a stick, the all ligands depicted as a

ball-and-stick (orange). Hydrogen bonds are shown as green dots.

6.2.5. Tryptophan quenching experiment

The tryptophan fluorescence quenching experiments was
performed to study binding affinity of aroyl-hydrazones derivatives Lj—
L, with BSA. The fluorescence ability of BSA is primarily because of the
presence of mostly aromatic amino acids such as tryptophan,
phenylalanine, and tyrosine. However, alternation in the molecular
environment nearby the fluorophores can be measured by the monitoring
the change in the spectra of fluorescence in the absence as well in the
presence of a quencher (ligand) which provide evidence for binding of
ligands. Interaction of ligands with proteins is monitored by the intrinsic
fluorescence intensity. The occurrence of fluorescence quenching may be

due to dynamic quenching or static quenching. Dynamic quenching occurs
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when the fluorophores and the quencher contact each other in their excited
state. While in static quenching fluorophores and the quencher form a
ground-state complex. In both situations, change in the fluorescence
intensity is depending on the quencher concentration. The fluorescence
spectrum of BSA at 340 nm indicates progressive reducing trends with
increasing the ligand concentration. This may be due to binding of L;—
L,sto BSA cause conformational change in protein structure. The
fluorescence quenching quantitatively analyzed by employing the Stern—
Volmer equation [31-32]

% =1+ quo[Q] =1+ K,[Q] (eql)

where Fo and F denote fluorescence intensities in the absence and the
presence of a quencher respectively, Kq is the bimolecular quenching rate
constant, [Q] represent the concentration of the quencher (Ligand), 1o
represent the fluorophore average lifetime in the absence of a quencher
(10® s) [33] and K is the linear Stern—\Volmer quenching constant (M 2).
The fluorescence quenching spectra of BSA protein upon binding of
ligands shown in (Figure 6.7). K, and K, value obtained from the slope of
quenching plot Fo/F vs ligand concentration (inset in Figure 6.7) are 9.42
x 10° M7, 9.42 x 10" M~ 37" for Ly, 1.307 x 10* MY, 1.307 x 10* M
571 for Ly, 3.06 x 10° M, 3.06 x 10" M™' 57 for Lg, 4.36 x 10° M, 4.36
x 10" M 57! for L, (Figure 6.7, Table 6.4). The kq value, for dynamic
quenching normally in the range 10" M s™* [34], but in case of Li—L4 kg
value in the range of 10* M™ s designating static quenching in these
case. The binding constant (Kj;) and the number of the binding site (n) can

be obtained by employing the Scatchard equation [35].

Fo—-F

log[ - ] = log K, + nlog[Q] (eq2)

Fo and F denote the fluorescence emission intensities in the quencher’s

absence and presence respectively. K, represents binding constant and n
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denotes the number of binding sites. The intercept of the plot of log(F0 —
F)/F versus log[Q] (Figure 6.8, Table 6.4) provide binding constant and
value of slope provide a number of binding sites. The binding constant K,
of Li-L4are3.92x10°M™, 2.92 x 10° M™%, 3.00 x 10° M, 3.33 x 10°
M™ respectively. The binding affinity of ligands with BSA are in the
order of L1> L4> L3> Ly, which is an agreement with molecular docking
binding constant results (Figure 6.5, Figure 6.6, Table 6.3). BSA protein
binding result reveals that the addition of a phenyl ring in L; remarkably
improves the protein binding affinity, due to the phenyl ring stabilizes by
hydrophobic interactions as L; surrounded by mostly non-polar residues.

Table 6.4. Stern-Volmer quenching constant and binding constant of L;—L,with BSA
protein.

Ligands Kg (M) KM K, (M n

L, 9.42 x 10° 9.42 x 10™ 3.92 x 10° 0.99
L, 1.307 x 10* 1.307 x 10 2.92 x 10° 0.77
Ls 3.06 x 10° 3.06 x 10* 3.00 x 10° 0.86
L4 4.36 x 10° 4.36 x 10™ 3.33 x 10° 0.93

Kq = Ksv/To (Tg =107 ).
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Figure 6.7. Fluorescence quenching spectra of BSA by ligand L;—L,. Inset:
Corresponding Stern—Volmer plot
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Figure 6.8 Scatchard plot for L;—L4with BSA protein binding

6.2.6. DNA binding study of L;—L4

DNA serves as a primary target for various drugs. DNA-binding is
also one of the critical steps for the understanding of actual aroyl-
hydrazone based drugs design. It helps in knowing the proper mechanisms
which participate in the site-specific recognition of duplex DNA, and
synthesis of aroyl-hydrazone based pharmaceutical molecules. Therefore
the binding study of ligands L;-L, toward DNA is done by both
theoretically by molecular docking and experimentally by ethidium
bromide (EB) displacement method [32].

The molecular docking of ligands L;—L, was performed with
duplex DNA (PDB: 403M) [36] having Chain P:5'd(AGCGTCGA
GATCCAAG)-3' and Chain T: 5-d(CTTGGATCTCGACGCTCTCC
CTTA)-3. Docking plays a vital role in elucidating the drug- DNA
interaction for the innovative discovery of rational drugs. Molecular
docking of aroyl-hydrazone based ligands L;—L4 with DNA was executed
to predict the binding affinity and specific position of interaction. The best

energetically favorable conformations have chosen which having the least
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binding free energy and inhibition constant, which is considered as high
binding affinity and more potent. (i) L, stabilized by hydrogen bonding
with nucleotide DG9 (N3-H---N3, 2.20 A and N-H---N3, 1.998 A) and
DA10 (O---H-N2, 2.069 A) as shown in Figure 6.9 and Table 6.5. (ii)
Phenyl ring of L, also stabilizes by n—r stacking interactions with DT10
base pair of duplex DNA. L stabilized by hydrogen bond with nucleotide
DT7 (O-H---02, 2.009 A), DG9 (N3-H ---01, 1.954 A and N-H ---N1,
1.809 A), DA10 (N3-H ---N3, 1.913 A), DT9 (O ---H- N2, 2.156A),
DC10 (O ---H- N2, 1.91A) represented in Figure 6.9 and Table 6.5. (iii)
L also stabilized by both n—=n stacking and hydrogen bond. L3 pyridine
ring stabilizes by m—m stacking interactions with DC13 nitrogen base.
Hydrogen-bonded nucleotides are DG7 (N-H---O, 2.131 A), DG11 (N-
H---N1, 1.83 A), DA12 (N-H---0, 2.095 A) as shown in Figure 6.9 and
Table 6.5. (iv) L4 again form a hydrogen bond with various nucleotides
such as DG9 (N-H---N1, 1.75 A) and (N3-H---O, 1.923 A), DA10 (N3-
H---0, 1.99 A), DC 10 (sugar O---N2-H, 2.107 A) as depicted in Figure
6.9 and Table 6.5. Van der Waals interaction, Electrostatic Energy,
hydrogen bonding, hydrophobic interaction, and n—mr stacking interaction
causes an increment in the binding affinity between ligand L;—L, and
duplex DNA. The DNA binding affinity of ligands reveals that Lz bind
very strongly with DNA than other three ligands in the order of
Ls>L:>Ls>L, (Figure 6.9 and Table 6.5). The ligands L;—L3 intercalate

in major groove whereas L, intercalate in minor Groove of duplex DNA.
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Table: 6.5 Molecular docking of L,, L, L3, and L, with dsSDNA (PDB: 403M)

Ligands Binding Inhibition | Interacting residues H-
energy constant bonded
(Kcal/Mo residues
1)

L, Chain P: DG7, DA8, DG9, DG,
DA10, DT11 DA10
-11.27 5.5nM
Chain T: DA6, DT7, DCS8,
DT9, DC10, DG11
L, Chain P: DG7, DA8, DG9, DG,
DA10, DT11 DC10,
-9.51 106.37nM DT7,
Chain T: DT7, DT9, DC10 DAI0,
DT9
L Chain P: DT5, DC6, DG?7, DG7
DAS8, DG9, DA10 DG11
-11.92 1.82nM DA12
Chain T: DG9, DC10, DG11,
DA12, DC13, DC15
Ly Chain P:DG7, DG9, DA10 DG,
DA10
-10.51 19.65nM Chain T: DT7, DC8, DTY9,
DC10, DG11

Ly

(Ly)

\J
: /’l' chain
Z o

Figure 6.9. Molecular docking of ligand L;—L 4 with duplex DNA (PDB: 403M). DNA

represented as helix, ligand as ball and stick which is surrounded by msms.
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The binding affinity order of aroyl-hydrazones derivatives Li—La
prediction by molecular docking studies were further authenticated
experimentally by ethidium bromide (EtBr) fluorescence displacement
titrations. EtBr is a planar cationic dye. The intrinsic fluorescence intensity
of dsDNA is negligible, and also EtBr fluorescence intensity in Tris-HCI
buffer is insignificant since it quenched by the solvent molecules. But
when it intercalates between the adjacent base pair of DNA emits a strong
fluorescent signal. When Ligand intercalates between DNA base pair, the
probable binding site for EtBr decreased. Consequently, the fluorescence
intensity of EtBr gets quenched. The fluorescence intensity of EtBr bound
Calf thymus DNA (CT-DNA) remarkably decreases upon increasing the
concentration of ligand L;-L4, which indicate that EtBr molecules
dissociate from the DNA and replace by ligand binding. This may be due
to the intercalation of ligands in DNA. The fluorescence quenching
spectra depicted in (Figure 6.10). The quenching of EtBr bound to the
DNA by ligand is in accordance with the linear Stern—\olmer equation
[31]:

Iy
T 1+ Ksy[0Q]

The K, value is obtained from the slope of quenching plot Io/l versus
[ligand] (inset in Figure 6.10), The Stern—Volmer quenching constant
(Ks) value for the ligands Li—L, is 7.78 x 10° M™%, 4.89 x 10° M "%, 5.59 x
10° M, 6.32 x 10® M* respectively. The binding constant (Ky) values of
ligands obtained from the plot of log[(FO — F)/F] vs. log[Q] using the
Scatchard equation and Scatchard plot (Figure 6.11, Table 6.6) Binding
constant of four ligands are as follow Kp; (L1) 4.79 x 10° M, (Ly) 3.97 x
10° M7, (L) 4.95 x 10° M?, (L4) 4.17 x 10° M. This data reflecting the
binding affinity of ligands with CT DNA is in the order of L3>L;>L4>L,
which is an agreement with molecular docking binding constant results
(Figure 6.9 and Table 6.5). DNA interaction result reveals that the
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addition of a pyridine ring in L3 significantly improve the DNA binding
strength, reasonably due to the pyridine ring stabilizes by n—n stacking

interactions with nitrogen base.
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Figure 6.11. Scatchard plot for L;—L,with DNA binding.
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Table 6.6 Stern—Volmer guenching constant, binding constant of L,—L,with calf thymus
DNA

Ligands Ko (M Ka (M

L, 7.78 x 10° 4.79 x 10°
L, 4.89 x 10° 3.97 x 10°
L3 5.59 x 10° 4.95 x 10°
Ly 6.32 x 10° 4.17 x 10°

6.2.7. Density Functional Calculation

To understand electronic communication in L;-La, theoretical calculations
have been performed using DFT calculation. With reference to frontier
molecular orbital theory, the energy of HOMO and LUMO orbital levels
are very significant factors that affected bioactivity and play a vital role in
various pharmacological processes. The energy and geometry optimization
was accomplished using Gaussian 09 programme [37]. 6-31G basis set
have been used throughout the calculation for carbon (C), Hydrogen (H),
Oxygen (O) and Nitrogen (N) atoms. We believe that this basis set is
accurate for energy and structure optimization of L;-L, The frontier
molecular orbitals of L;-L4 are illustrated in Figure 6.12. It is clearly seen
in Figure 6.12 that the electron density of highest occupied molecular
orbitals (HOMO) of ligands L;-L, located mainly on both the pedal part
while in case of lowest unoccupied molecular orbitals (LUMO) is
concentrated on the pyridyl group. The difference between the energy of
the HOMO and LUMO orbitals (band gap) of Li-L4 are 3.72 eV, 3.89 eV,
3.90 eV, and 4.15 eV respectively. Among L; to L, the lowest band gap is
observed in case of L; while highest was found in case of L4, which
means electronic communications between HOMO and LUMO orbitals of

L1 will be easier in comparison to L, Thus, to some extent, the DFT
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calculation can explain the reason behind the strongly binding of L; with

protein and DNA and shows anti-influenza activities.
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6.3. Conclusions
In summary, we have designed and synthesized four new aroyl-

hydrazones derivatives, Li—L, for their biological applications. Molecular
docking and fluorescence emission titration results are in accordance with
a strong interaction of L;—L4 with Bovine serum albumin (BSA) protein in
the order of Li>Ls>Ls>L, and with DNA in the order of
binding Ls>L;>Ls>L,. L; most strongly binds with BSA possibly due to
addition phenyl ring stabilized by hydrophobic interaction as it mostly
surrounded by hydrophobic residues. In case of DNA binding, L3 has the
highest binding affinity, reasonably due to the additional pyridine ring
in Lz is stabilizes by m—m stacking interactions with nitrogen base.
Moreover, molecular docking of Li—L,was performed with twelve
different proteins, which involve in disease proliferation. The results
reveal that L;and L, exhibit unique binding affinity with viral protein
i.e influenza A virus polymerase PB2 subunit and Hepatitis C Virus NS5B
Polymerase respectively. However, L3 and L4 strongly bind with cancer-
causing proteins i.e. TGF-beta receptor 1 and cancer-related EphA2
protein kinases respectively. Moreover, DFT results show better electronic
communication in Lj. These promising results highlight the potential use
of aroyl-hydrazones derivatives (L;—L4) as a new class of antiviral or

anticancer agents.
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6.4. Experimental Section
6.4.1. Materials

The synthesis of dipicolinic acid hydrazide was performed with
reference to the reported methods [28-29]. The common reagents and
solvents were obtained from S. D. Fine Chem. Ltd and Merck. Prior to use
solvents; they are dried and distilled using standard literature procedures.
4-phenylbenzaldehyde,  2,3,4-trihydroxybenzaldehyde,  4-(4-Pyridyl)
benzaldehyde, 3-cyanobenzaldehyde, CT-DNA, and BSA were procured
from Sigma Aldrich Chemical Co., USA and used without any further
purification. Ligand L, was synthesized according to the literature [38].

6.4.2. Physical Measurements:

All chemicals were reagent grade quality, purchased from
commercial sources and were used without further purification. Melting
points of the ligands Lj;—L, were determined using aluminum block
accepts three capillary tubes and mercury thermometer. *H NMR (400
MHz) and**C NMR (100 MHz) spectra were recorded on a Bruker Avance
(111) instrument by using DMSO-ds. *H NMR chemical shifts are reported
in parts per million (ppm) relative to the solvent residual peak (DMSO-ds,
2.50ppm). *C NMR chemical shifts are reported relative to the solvent
residual peak (DMSO ds, 39.52ppm). IR spectra [4000—400 cm—1] were
recorded using Bio-Rad FTS 3000MX instrument on KBr pellets. The
mass spectra of L;—L4 were recorded on a Bruker-Daltonics micro TOF-
QIl mass spectrometer. The elemental analyses were performed on a
Thermo-Flash 2000 elemental analyzer. The UV-Vis absorption spectra
were performed using dilute solutions in quartz cells (1 cm path length) on
Varian UV/vis spectrophotometer (model: Cary 100). Fluorescence
measurements were performed using fluoroMax-4 Spectrophotometer
(HORIBA Scientific). The excitation and emission slits were 5/5 nm for

the fluorescence emission measurements.
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6.4.3. X-ray Crystallographic data collection and structure refinement
of Li-L4

The single crystal of L, L, Lz and L4 were mounted on a Rigaku-
Oxford Supernova CCD Diffractometer and the data were collected at 150
K or 293 K using graphite-monochromated Cu-Ka (Ao = 1.54814 A). The
data was collected and evaluated by using the CrysAlisPro CCD software.
Standard ¢—® scan techniques were used to collect and scale the data
which was reduced by CrysAlisPro RED software. The crystal structures
were solved by direct methods using SHELXS-97 and refined by full-
matrix least squares with SHELXL-97 on F? [39]. The refinement of all
non-H atoms were performed anisotropically and all the H atoms were
placed in geometrically constrained positions and refined with isotropic
temperature factors, generally 1.2 x Ueq of their parent atoms. The
Diamond (ver. 3.1d) was used for the analysis of molecular drawings;
hydrogen bonding interactions and mean-plane analysis. In L, one highly
disordered solvent molecule is present in the asymmetric unit with partial
occupancy in a special position, which cannot be resolved. Thus, to
remove this disordered solvent molecule SQUEEZE was applied. Despite
several attempts we were unable to generate better quality crystals for L,
The existing alerts A and B are related to the week diffraction of crystal.
The crystal and refinement data are summarized in Table A9 and selected

bond distances and angles are shown in Table A10- A13.

6.4.4. Synthesis and characterization

Synthesis of Cs3H2sNsO, (L1): A solution of dipicolinic acid hydrazide
(0.195 g, 1 mmol) and 4-phenylbenzaldehyde (0.364 g, 2.0 mmol) in 50
ml of methanol was refluxed. The white precipitate was obtained after 10
h. The precipitates were filtered off, washed with methanol and dried in a
vacuum oven. Colorless crystals of L; were obtained in 1:1 (v/v) methanol
and acetone mixture within 5 days. Yield = 90%. Melting Point: 282 °C;
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Anal. Calcd for C33H25Ns0,: C, 75.70; H, 4.81; N, 13.38. Found: C, 75.12;
H, 4.80; N, 13.55; ESI-MS calcd for [M+H]" Cs3H2sNs0,, 524.5839,
found 524.2235 (Figure 6.13); IR (KBr, cm™): 3229.92(w), 3028.32(w),
1699.03(vs), 1659.84(s), 1605.57(w), 1533.49(vs), 1515.28(s), 1485.82(s),
1366.42(w), 1232.75(s), 1159.17(s), 1077.00(w) depicted in Figure 6.14);
"H NMR 84 (400 MHz, DMSO-ds) 12.39 (s, 2H), 8.83 (s, 2H), , 8.38 (d, J
=8 Hz, 2H), 8.30 (t, J = 8 Hz, 1H), 7.93 (d, J =8 Hz, 4H), 7.83 (d, J =8
Hz, 4H), 7.75 (d, J = 8 Hz, 4H), 7.50 (t, J = 8 Hz, 4H), 7.40 (t, J = 8 Hz,
2H ) shown in Figure 6.15); **C NMR &¢ (100 MHz, DMSO-dg) 159.45
(C = 0), 149.70 (Py-C), 148.27 (C = N), 141.95 (Ar-C), 139.97 (Ar-C),
139.28 (Py-C), 133.22 (Ar-C), 129.03 (Ar-C), 127.92 (Ar-C), 127.12 (Ar-
C), 126.71 (Ar-C), 125.50 (Py-C) shown in Figure 6.16). The molar
absorptivity coefficient (g): 1.3 x 10* M ecm™.

Synthesis of Cy1H17NsOg (Lj): L, was synthesized by following the
method specified above for L; using 2,3,4-triihydroxybenzaldehyde (0.308
g, 2.0 mmol) instead of 4-phenylbenzaldehyde. Yellow colored crystals
of L, were obtained in water and acetone mixture 1:1 (v/v) within 10 days.
Yield = 84%. Melting point: >350°C; Anal. Calcd for Cz;H17NsOg: C,
53.96; H, 3.67; N, 14.98. Found: C, 54.01; H, 3.61; N, 14.96; ESI-MS
(ES™) calcd for [M+H]" C,1H17NsOg 468.11, found 468.1 (Figure 6.17);
IR (KBr, cm™): 3472.11(br), 3458.08(br), 3196.42(w), 1674.30(vs),
1634.69(vs), 1641.11(w), 1585.12(w), 1509.02(vs), 1448.42(w),
1374.13(w), 1263.85(s), 1234.54(s) shown in Figure 6.18; 'H NMR &
(400 MHz, DMSO-dg) 12.30 (s, 2H), 11.27 (s, 2H), 9.62 (s, 2H), 8.71 (s,
2H), 8.57 (s, 2H) , 8.34(d, J = 4 Hz, 2H) , 8.27 (t, J = 8 Hz, 1H), 6.91 (d, J
=8 Hz, 2H), 6.44(d, J = 8 Hz, 2H) spectra depicted in Figure 6.19; *°C
NMR 8¢ (100 MHz, DMSO-ds) 159.15 (C = 0), 152.00 (Ar-C), 149.26
(Ar-C), 148.12 (Py-C), 147.78 (C = N), 140.15 (Py-C), 132.90 (Ar-C),
125.54 (Py-C), 121.29 (Ar-C), 111.00 (Ar-C), 108.03 (Ar-C) spectra
shown in Figure 6.20. The molar absorptivity coefficient (g): 1.1 x 10

Mtem ™t
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Synthesis of Cs3;H23N7O, (Ls): Ls was synthesized by following the
method specified above for L; using 4-(4-Pyridyl)benzaldehyde (0.366 g,
2.0 mmol) instead of 4-phenylbenzaldehyde. Light yellow colored
crystals of Ls were obtained in 1:1 (v/v) ethanol and chloroform mixture
within 2 days. Yield = 88%. Melting point: 328 °C; Anal. Calcd for
Ca1H23N702: C, 70.84; H, 4.41; N, 18.66. Found: C, 70.82 ; H, 4.42; N,
18.67; ESI-MS calcd for [M+H]" CsiH23N;O, 526.19, found 526.20
(Figure 6.21); IR (KBr, cm™): 3431.07(br), 3228.53(w), 3032.15(w),
1683.19(vs), 1596.28(s), 1539.15(s), 1369.66(w), 1160.15(s) depicted in
Figure 6.22; 'H NMR &y (400 MHz, DMSO-ds) 12.44 (s, 2H), 8.85 (s,
2H), 8.67 (d, J = 8 Hz, 4H), 8.38 (d, J = 8 Hz, 2H) , 8.30 (t, J = 8 Hz, 1H),
7.97 (t, J = 8 Hz, 8H), 7.78 (d, J = 4 Hz, 4H) spectra shown in Figure
6.23; *C NMR &8¢ (100 MHz, DMSO-ds) 159.72 (C = 0), 150.34 (Py1-C),
149.30 (Py2-C), 148.39 (C = N), 146.15 (Py2-C), 138.72 (Py1-C), 135.09
(Ar-C), 129.64 (Ar-C), 128.00 (Ar-C), 127.40 (Ar-C), 125.61 (Pyl1-C),
121.16 (Py2-C) spectra depicted in Figure 6.24. The molar absorptivity

coefficient (g): 1.2 x 10° Mt ecm™.

Synthesis of Cy3HisN7O, (Lg): Ls was synthesized by following the
method specified above for L, using 3-cyanobenzaldehyde (0.263 g, 2.0
mmol) instead of 4-phenylbenzaldehyde. White crystals of L, were
obtained in dimethylformamide (DMF) within 10 days. Yield = 76%.
Melting point: 332 °C; Anal. Calcd for C,3H1sN7O,: C, 65.55; H, 3.59; N,
23.27. Found: C, 65.59; H, 3.61; N, 23.30; ESI-MS calcd for [M+H]"
Co3H1sN70, 422.1287, found 422.1385 (Figure 6.25); IR (KBr, cm™):
3300.41(s), 3081.25(vw), 2229.63(s), 1694.81(vs), 1610.15(vw),
1525.08(s), 1481.22(w), 1453.93(w), 1416.00(w), 1316.74(s), 1290.96(s),
1169.78(s), 1083.32(s) shown in (Figure 6.26); "H NMR &y (400 MHz,
DMSO-ds) 12.50 (s, 2H), 8.81 (s, 2H), 8.39(d, J = 8 Hz, 2H), 8.30(t, J = 8
Hz, 1H), 8.17 (t, J = 8 Hz, 4H), 7.94 (d, J = 8 Hz, 2H), 7.72(t, J = 8 Hz,
2H) spectra depicted in (Figure 6.27); **C NMR &¢ (100 MHz, DMSO-ds)
159.67 ( C = O), 148.06 (Py-C), 147.74 (C=N), 140.12 (Py-C), 135.44
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(Ar-C), 133.64 (Ar-C), 131.15 (Ar-C), 130.90 (Ar-C), 130.26 (Ar-C),
125.75 (Py-C), 118.33 (CN), 112.16 (Ar-C) spectra shown in Figure
6.28). The molar absorptivity coefficient (g): 8.1 x 10° Mt cm™.,

6.4.5. Molecular docking

In accordance with the literature survey, twelve different proteins which
related to cancer, viral and bacterial diseases, one non-infectious protein
BSA and one duplex DNA crystal structure were obtained from the
Protein Data Bank (PDB). The proteins were studied are as follow: (i)
Influenza A virus polymerase PB2 subunit (PDB: 2VY7); (ii) Hepatitis C
Virus NS5B Polymerase (PDB: 2WCX); (iii) TGF-beta receptor 1 (PDB:
3FAA); (iv) Cancer Related EphA2 Protein Kinases (PDB:1MQB); (v),
Dengue Virus NS2B/NS3 Protease (PDB: FOM); (vi) Human survivin an
anti-apoptotic protein (PDB: 1XOX), (vii) Cancer-related Aurora-A
Protein Kinase (PDB: 1MQ4), (viii) Type 11l Pantothenate Kinase (CoaX)
from Bacillus anthracis (PDB:2H3G), (ix) RNA polymerase subunit
structure from an avian influenza H5N1 virus (PDB: 3CM8) (x) HIV-1
integrase (PDB:2B4J) (xi) Cancer-related Focal Adhesion Kinase (PDB:
1MP8) (xii) FtsZ from Bacillus subtilis (PDB:2VAM); (xiii) Bovine
serum albumin (PDB: 4F5S) and duplex DNA (PDB: 403M) having
Chain  P:5'D(AGCGTCGAGATCCAAG)-3' and Chain T: 5'-
D(CTTGGATCTCGACGCTCTCCCTTA)-3'

In silico molecular docking was done by using AutoDock 4.2
software [40-41]. Lamarckian genetic algorithm (LGA) was used to
calculate inhibition constant and binding energy of complex with the
protein or dsDNA. The coordinates of L;—L4 were obtained from their
crystal structures as a CIF file, converted into PDB format with the help of
Mercury software. The receptor macro-molecules (proteins and dsDNA)
were set rigid, whereas torsional bonds of ligand L,-L, were set as
flexible in order to explore the best possible binding sites. The co-

crystallized inhibitors and water molecules were removed from all
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proteins/DNA. In the case of duplex DNA (PDB: 403M), human Bloom's
syndrome helicase protein which is attached with DNA is deleted from
DNA structure. Polar hydrogen atoms were added followed by the
assignment of Kollman and Gastegier charges on all biomolecules. The
grid parameter file of all proteins and dsDNA were generated by MGL
AutoDock Tool (ADT). After that, a huge grid-box was designed that
enclosed entire protein/dsSDNA motif. The center of the proteins/dSDNA
structure was considered as the center of the grid-box. For all
proteins/dsDNA, the spacing between grid points was set as a default
value of 0.375. The Genetic Algorithms (GA) population size, the number
of generations and the maximum number of energy evaluations remained
as 150, 27 000 and 2 500 000 respectively. The same parameters were
applied to all selected proteins/dsDNA. After completion of docking, 10
different conformations were obtained in each case. The best energetically
favorable conformation was selected with the least inhibitory constant and
binding energy. The best conformation was build and write as complex
and saved as pdbqt. This pdbgt file open in Chimera 1.11 software [42]

for a better depiction of the 3D image of final resultant conformation.
6.4.6. Protein binding study

Protein binding study of ligand L;—L, with the Bovine serum
albumin (BSA) protein was carried out by fluorescence quenching titration
experiment. BSA was excited at 295 nm and the emission peak was
observed at ~337 nm. Tris-HCI buffer (pH = 7.2) was used to prepare the
BSA stock solution (5 uM). The stock of concentrated solution of ligands
was prepared by dissolving L;—L,4 separately in 4% DMSO and to obtain
the required concentration Li—L4 were further diluted with Tris-HCI
buffer. Before measurements, the BSA and ligand were shaken properly
and incubated for 10 minutes for proper binding of ligands with BSA

protein.

269



6.4.7. DNA binding study using

For the binding of L;—L4 with Calf thymus DNA (CT-DNA), 50
MM DNA solutions was prepared using Tris-HCI buffer (pH 7.4). To
measure Ethidium bromide EtBr fluorescence displacement, 10uL of the
EtBr in Tris-HCI solution (1 mM) was added in 2 mL of CT-DNA
solution and placed in the dark environment for 3 hours at 4°C (DNA
binding sites of ligands saturated with EtBr). The stock of concentrated
solutions of ligands were prepared by dissolving Li;—L4 separately in 4%
DMSO and to obtain the required concentration L;—L4 were further diluted
with Tris-HCI buffer. Then the solution of the aroyl-hydrazones based
ligands Lj;—L, was titrated with DNA-EtBr mixture. The mixture was
shaken and incubates for 20 min before measuring spectra. In all the
experiments DNA-EtBr concentration kept constant while slowly
increasing the concentration of ligands. The EtBr bound DNA was excited
at wavelength 520nm (Aex 520 nm) and the maximum fluorescence spectra

were obtained at the emission wavelength of 626 nm.
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NMR, Mass, FTIR spectra of compounds L;, L, Lz and L4
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CHAPTER 7

Conclusions and Future Outlook

The present thesis work describes the perspectives of developing
new Schiff base fluorescent organic ligands as organelles targeting probe.
The probes used for targeting specific organelles including lysosomes,
Endoplasmic reticulum and mitochondria. Fluorescent probe used for bio-
imaging in live cells and tumor spheroids. 3D tumor spheroids possess
numerous features that mimic in vivo tumors. Short wavelength excitation
probes leading to cellular auto-fluorescence resulting in photodamage and
photobleaching. Schiff base probes for bio-imaging have one of the
important properties that they are excited by two-photon, owing to the low
background interference, minimal photodamage of cells or tissues,
penetration depth (4500 um) and near-infrared light (700-1100 nm)
excitation wavelengths. Furthermore, A novel photostable mesoionic
carbene based highly fluorescent Pd(1l) complex was synthesized as an
endoplasmic reticulum tracker in live cells and tumor spheroid. The
employment of fluorescent probes as a tracker can become a great
contribution to the medical community and scientific community
including industries.

We successfully demonstrated elastic bending properties of a new
Schiff base crystal. The powder XRD and Raman studies indicate high
retention of crystallinity and chemical bonds even under stress (bend)
conditions which imply that the bending is due to the intermolecular
hydrogen bonding interactions and C—H---m interactions.. The elastic
crystals were found to be consistent in MeOH, EtOH and ACN solvents.
Inspite of having elastic properties; in solution state, it also fluorescence
and used for mitochondria imaging in live cells. The elastic solid-state
crystalline materials can plays significant role in the field of crystal
engineering and for the design of organic flexible materials, flexible

electronic devices and optics.
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Moreover, new aroyl-hydrazone derivatives were synthesized and
their various biological applications exploited. Molecular docking studies
of aroyl-hydrazone derivatives can be explore the unique binding
properties with influenza A virus polymerase PB2 subunit and shows
potential for use in anti-influenza therapy. These aroyl-hydrazone
derivatives can be explore the pharmacological and biological significance
for the development of new drug entities in the future.
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ANNEXURE 1
Table A1-A18
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Chapter 2

Table: Al Crystallographic data and structural refinements of L-lyso

Identification code L-lyso
Empirical formula Ca1H22N20,
Formula weight 334.40
Temperature/K 150(2)
Crystal system orthorhombic
Space group Pna2,

alA 10.467(2)
b/A 6.9909(13)
c/A 23.485(5)
a/° 90

B/° 90

v/° 90
Volume/A® 1718.5(6)
Z 4
pcalcg/cm3 1.293
wmm'™* 0.084
F(000) 712.0

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A*®
Flack parameter

CCDC

0.210 x 0.180 x 0.130
MoKa (% = 0.71073)

6.08 t0 57.942
-13<h<14,-9<k<9,-31<1<30
15729

4042 [Rin = 0.1491, Rigma = 0.1060]
4042/5/228

1.336

R; = 0.1550, WR, = 0.3837

R; =0.1912, WR, = 0.4130
0.68/-0.49

2.2(10)

1570338
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Table: A2 Selected bond lengths (A) and bond angles (°) of L-lyso

Bond lengths (A) Bond angles (°)
01-C1 1.363 (14) C11-N1-C10 125.1 (9)
02-C13 1.302 (12) C15-N2-C18 120.9 (9)
N1-C11 1.305 (13) C15-N2-C20 123.2 (9)
N1-C10 1.445 (13) C18-N2-C20 115.9 (9)
N2-C15 1.341 (14) C2-C1-01 123.1 (10)
N2-N18 1.466 (14) C2-C1-C10 119.6 (10)
N2-C20 1.481 (14) 01-C1-C10 117.3(9)
C1-C10 1.391(14) C9-C10-Cl 121.5 (10)
C9-C10 1.374 (14) C9-C10-N1 122.2 (9)
C11-C12  1.403(14) C1-C10-N1 116.3 (8)
Cl2-C13  1.432(13) N1-C11-C12 123.6 (9)

02-C13-Cl4 119.5 (9)
02-C13-C12 121.7 (9)
C14-C13-C12 118.8 (9)
N2-C15-C14 122.8 (9)
N2-C15-C16 119.7 (9)
N2-C18-C19 113.5 (10)
N2-C20-C21 112.5 (9)
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Table: A3 Crystallographic data and structural refinements of ERLp

Chapter 3

Identification code ERLp
Empirical formula C19H17NO3
Formula weight 307.33
Temperature/K 298

Crystal system monoclinic
Space group P2:/n

alA 8.31350(10)
b/A 7.85760(10)
c/A 24.1360(3)
a/° 90

p/° 99.4900(10)
y/° 90
Volume/A® 1555.09(3)
Z 4

Pearcd/cm3 1.313
w/mm'* 0.721
F(000) 648.0
Crystal size/mm® 0.7x04x0.3

Radiation CuKo (A= 1.54184)

20 range for data collection/® 7.428 to 142.728

Index ranges -6<h<10,-9<k<9,-28<1<29
Reflections collected 10584

Independent reflections 2988 [Rin: = 0.0214, Ryigma = 0.0151]
Data/restraints/parameters 2988/0/214

Goodness-of-fit on F* 1.036

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A*®
CCDC

R; =0.0450, wR, = 0.1197
R; = 0.0463, wR, = 0.1215
0.17/-0.30

1854514
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Table: A4 Selected bond lengths (A) and bond angles (°) of ERLp

Bond lengths (A)

Bond angles (°)

Cl-C2
Cl1-C4
C1-02
C2-C7
C2-01
C3-01
C4-C5
C5-C6
C6-C7
C6-C8
C8-N1
C9-C10
C9-—N1
Cl0-C11
C10-C15
Cl11-C12
C11-03
C12-C13

1.4047 (16)
1.3799 (17)
1.3613 (14)
1.3776 (16)
1.3670 (13)
1.4189 (16)
1.3942 (18)
1.3785 (17)
1.3969 (15)
1.5070 (15)
1.4549 (14)
1.4044 (16)
1.3081 (14)
1.4274 (16)
1.4590 (15)
1.4371 (18)
1.2801 (14)
1.349(2)

C4-C1-C2
02-C1-C2
02-C1-C4
C7-C2-C1
01-C2-C1
01-C2-C7
C1-C4-C5
C6-C5-C4
C5-C6-C7
C5-C6-C8
C7-C6-C8
C2-C7-C6
N1-C8-C6
N1-C9-C10
C9-C10-C11
C9-C10-C15
C11-C10-C15
C10-C11-C12
03-C11-C10
03-C11-C12
C13-C12-C11
C9-N1-C8
C2-01-C3

119.15(11)
116.43(10)
124.38(11)
119.83(10)
115.01(10)
125.14(10)
120.76(11)
120.11(11)
119.34(11)
124.80(10)
115.81(10)
120.79(11)
115.77(10)
126.15(10)
119.61(10)
119.76(10)
120.59(10)
117.73(11)
121.69(11)
120.58(11)
121.43(12)
122.32(10)
117.08(10)

293



Chapter 4

Table: A5 Crystal data and structure refinement for Pd (1) complex (1).

Identification code 1

CCDC 1573135
Empirical formula C1gH1gloN4Pd
Formula weight 626.54
Temperature/K 293(2)
Crystal system monoclinic
Space group P2:/n

alA 10.7786(5)
b/A 8.1520(3)
c/A 23.4486(10)
a/® 90

p/° 99.338(4)
v/° 90
Volume/A® 2033.06(15)
y4 4

Peacg/em’ 2.047
w/mm™ 3.953
F(000) 1176.0

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A*®

0.25x 0.23 X 0.2
MoKa (A = 0.71073)

6 t0 57.682
-14<h<13,-10<k<11,-29<1<31
11043

4670 [Ring = 0.0283, Ryigma = 0.0267]
4670/0/211

1.045

R, = 0.0434, WR, = 0.1117

R, = 0.0488, WR, = 0.1154

1.80/-1.33

294



Table: A6 Bond Lengths and Bond Angles for Pd (1) complex (1).

Bond Length/A Bond Angles/°
Pdl-12  2.5935(5) 12 —Pd1 -1 176.52(2)
Pdl-11  2.6107(5) N4 —Pd1 12 90.46(12)
Pd1- N4 2.100(4) N4 —Pd1 -1 91.59(12)
PdI-C9 1.968(5) C9 —Pd1 12 87.89(14)
N3 -N2  1.337(6) C9 —Pd1 -1 90.13(14)
N3 -C9 1.363(6) C9 —Pd1 -N4 177.77(17)
N3 —C11 1.464(7) N2 -N3 -C9 114.2(4)
N1 -C8 1.368(6) N2 -N3 C-11 117.8(4)
N1 -N2  1.319(6) C9-N3—Cl1 128.0(4)
N1-C10 1.470(7) C8 —N1—C10 129.8(5)
C8—C5 1.473(7) N2 -N1-C8 112.7(4)
C8—C9 1.387(7) N2 -N1-C10 117.4(4)
N4 —C12 1.325(8) N1-C8 —C5 123.4(4)
N4-C16 1.327(7) N1 -C8-C9 106.3(4)
C5-C4 1.388(7) C9 —C8 —C5 130.3(4)
C5—-C6 1.384(8) C12 —-N4 —Pd1 122.5(4)
C4-C3 1.377(8) C12-N4—C16 116.5(5)
C6—C7  1.393(9) C16 —N4 —Pd1 121.0(4)
C7—-C2  1.394(10) NI -N2 -N3 103.5(4)
C2—-C3  1.368(10) C4—-C5-C8 121.2(5)
C2-Cl  1.501(9) C6—C5-C8 119.9(5)
C13 —C12 1.383(9) C6 —C5-C4 118.9(5)
C13 —C14 1.349(10) C3—-C4-C5 120.4(6)
C14 —C15 1.349(10) C5-C6-C7 119.7(6)
C16—C15 1.376(9) N3 —C9 —Pd1 124.5(4)
N3 —-C9 —C8 103.4(4)
C8 —C9 —Pd1 132.1(3)
C6—C7-C2 121.2(6)
C7-C2—Cl 121.2(7)
C3-C2-C7 117.9(6)
C3—-C2—Cl 120.9(7)
C2-C3-C4 121.7(6)

Cl4-C13-C12  119.6(7)
N4 -C12-C13  122.8(6)
C13-Cl14-C15  118.4(6)
N4 -C16-C15  123.2(6)
Cl4-C15-Cl6  119.5(6)
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Chapter 5

Table: A7 Crystallographic parameters of H,L

Identification code H,L
Empirical formula C21HisNO;
Formula weight 313.34
Temperature/K 293(2)

Crystal system
Space group
alA

b/A

c/A

o/°

pr°

y/°
Volume/A®

Z

PeacglCM®
w/mm™

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°

Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A*®

Flack parameter

CCDC

orthorhombic

P2,2:2¢

6.2484(11)

12.728(2)

19.126(5)

90

90

90

1521.1(5)

4

1.368

0.088

656.0

0.6 x 0.06 x 0.04

MoKa (A =0.71073)
6.402 to 57.844
-8<h<8,-11<k<16,-22<1<25
12246

3649 [Rint = 0.4989, Rigma = 0.8252]
3649/0/218

0.877

R; =0.0996, wR, = 0.1174
R1=0.4637, wR, = 0.2097
0.22/-0.23

3.4(10)

1935588
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Table: A8 Selected bond distances (A) and bond angle (°) of H,L

bond lengths (A) bond angles (°)
N1-C10 1.400(14) C11-N1-C10 123.9(13)
N1-C11 1.288(15) 01-C1-C10 110.5(13)
01-C1 1.371(14) C2-C1-01 126.6(14)
02-C13 1.280(14) C2-C1-C10 122.7(14)
C1-C2 1.344(16) C1-C2-C3 118.4(15)
C1-C10 1.449(18) C10-C9-C8 122.8(15)
Cc2-C3 1.427(17) N1-C10-C1 115.7(13)
C3-C4 1.425(18) C9-C10-N1 127.0(14)
C3-C8 1.427(18) C9-C10-C1 117.3(14)
C7-C8 1.404(18) N1-C11-C12 123.6(15)
C8-C9 1.403(17) C11-12-C13 119.4(15)
C9-C10 1.388(16) C21-Cl12-C11 122.1(15)
C11-C12 1.425(17) C21-C12-C13 118.5(15)
C12-C13 1.434(18) C15-C14-C13 120.6(15)
Cc12-c21 1.419(19) C15-C14-C19 121.6(15)
C13-C14 1.468(17) 02-C13-C12 122.2(15)
C14-C15 1.402(17) 02-C13-C14 117.9(15)
C14-C19 1.414(19) C12-C13-C14 119.9(15)
C15-C16 1.384(17) C21-C20-C19 122.4(16)
c20-c21 1.348(18) C20-C21-C12 121.4(16)
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Chapter 6

Table: A9 Crystallographic parameters of Ly—L,.

Identification

code L, L, L, Ly
Empirical
forrsula Ca3 Hz7 N5 O3 Ci050 Hio50 N2500s  Caz Hai N7 Oy Cas Haz Ng Oy

Formula weight

Temperature/K
Wavelength
Crystal system,
Space group
a(A)
b (A)
c(A)

(o]
o/

(o]

B/

o]
v/
Volume (A%)
Z, Density
(calculated)
Absorption
coefficient

F(000)

Theta range for
data collection

Index ranges

Reflections
collected, Unique

Data/restraints/pa
rameters

Goodness-of-fit
on F?

Final R indices
[[>=2c (I)]

R indices [all
data]

CCDC number

541.59
150(2) K
1.5418 A

Triclinic, P-1

10.1674(3)
10.3568(5)
14.4668(6)

71.840(4)
69.606(4)

86.751(3)
1354.46(10)

2,1.328 Mg/m®

0.703 mm™*

568

3.431t071.354°

-12<=h<=8,
-12<=k<=12,
-17<=1<=16

8948, 5142
[R(int) =
0.0145]

5142/0/374

1.023
R1 = 0.0349,
wWR2 = 0.0956

R1 =0.0363,
wR2 =0.0973

1893001

251.71
293(2) K
1.5418 A

Monoclinic, C2/c

23.281(5) (14)
13.731(3) (5)
8.5073(15) (2)

90
99.538(19)

90
2682.0(9)

8, 1.247 Mg/m®

0.866 mm™

1048

3.751 to 39.986°

-19<=h<=19,
-11<=k<=11,
-1<=l<=7

3191/ 821
[R(int) = 0.0833]

821/2/176

1.082
R1 = 0.0814,
wR2 = 0.2222

R1 =0.1024,
WR2 = 0.2414

1893024

589.65
150(2) K
0.71073 A

Monoclinic, P 21/c

23.0525(11)
10.4701(5)
12.7208(7)

90
103.858

90
2980.9(3)

4, 1.314
0.089
1240

2.895t0 25.000

-27<=h<=27,
-12<=k<=12,
-15<=I<=15

20316 / 5228
[R(int) = 0.0792]

5228/0/410

1.137

R1 = 0.0585,
WR2 = 0.1566

R1 = 0.0894,
wR2 =0.1711

1893025

510.51
293(2) K
1.5418 A

Triclinic, P -1

7.6087(17)
13.553(3)
14.344(3)

115.81(2)
97.686(17)

97.698(18)
1288.7(5)

2, 1.316
0.769
532

3.505 to 39.989

-6<=h<=5,
-11<=k<=11,
-11<=I<=11

3095 / 1566
[R(int) = 0.0362]

1566 / 0/ 346

2.487

R1 =0.2493,
WR2 = 0.5641

R1=0.2702,
WR2 = 0.5835

1896817
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Table: A10 Selected bond distances (A) and bond angle (°) of L,

Bond distances (A)

Bond angle (°)

N(1)-C(5)
C(5)-C(6)
O(1)-C(6)
N(2)-C(6)
N(2)-N(3)
N(3)-N(7)
C(7)-C(8)
N(1)-C(1)
C(1)-C(20)
0(2)-C(20)
C(20)-N(4)
N(4)-N(5)
N(5)-C(21)

C(21)-C(22)

1.335(4)
1.502(5)
1.225(3)
1.347(5)
1.376(3)
1.284(5)
1.459(6)
1.334(4)
1.501(4)
1.228(3)
1.351(4)
1.381(2)
1.280(4)

1.463(4)

N(1)-C(5)-C(6)
C(5)-C(6)-0(1)
O(1)-C(6)-N(2)
C(5)-C(6)-N(2)
C(6)-N(2)-N(3)
N(2)-N(3)-C(7)
N(3)-C(7)-C(8)
N(1)-C(1)-C(20)
C(1)-C(20)-0(2)
0(2)-C(20)-N(4)
C(20)-N(4)-N(5)

N(4)-N(5)-C(21)

N(5)-C(21)-C(22)

C(1)-N(1)-C(5)

116.69(9)
122.37(10)
124.88(11)
112.75(9)
121.06(9)
114.06(9)
121.95(10)
117.27(9)
121.39(10)
124.55(10)
118.63(9)
115.29(9)
120.63(10)

117.64(10)
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Table: A11 Selected bond distances (A) and bond angle (°) of L,

Bond distances (&) Bond angle (°)
O(1)-C(4) 1.201(12) CL#1-N(I)-C(1) 119.6(13)
0(2)-C(7) 1.365(10) C(4)-N(2)-N@) 119.5(10)
0(3)-C(8) 1.388(10) C(5)-N(3)-N(2) 116.5(9)
0(4)-C(9) 1.383(12) N(1)-C(1)-C(2) 121.8(10)
N(1)-C(1)#1 1.341(10) N(1)-C(1)-C(4) 119.2(9)
N(1)-C(1) 1.341(10) C(2)-C(1)-C(4) 118.9(9)
N(2)-C(4) 1.342(12) N(2)-C(4)-C(1) 110.7(11)
N(2)-N(3) 1.398(10) N(3)-C(5)-C(6) 119.5(10)
N(3)-C(5) 1.287(11) C(6)-C(7)-0(2) 120.5(11)
C(1)-C(2) 1.375(13) 0(3)-C(8)-C(9) 118.6(12)
C(1)-C(4) 1.494(14) C(10)-C(9)-0(4) 127.3(13)
C(2-C(3) 1.365(10) 0(4)-C(9)-C(8) 113.6(13)
C(5)-C(6) 1.432(12) C(2)-C(1)-C(4) 118.9(9)

C(3)-C(2)-C(1) 117.2(9)
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Table: A12 Selected bond distances (A) and bond angle (°) of L

Bond distances (&) Bond angle (°)
O(1)-C(19)  1.232(3) C(L)-N(1)—C(5) 116.7(2)
0(2)-C(6) 1.227(3) C(6)-N(2)-N@3) 119.1(2)
N(1)-C(1) 1.337(3) C(6)-N(2)-H(2) 120.4
N(1)-C(5) 1.340(3) N(3)-N(2)-H(2) 120.4
N(2)-C(6) 1.338(4) C(7)-N(3)-NQ) 116.6(3)
N(2)-N(@3) 1.376(3) C(19)-N(4)-N(5) 119.7(2)
N(3)-C(7) 1.264(4) C(19)-N(4)-H(4) 120.2
N(@4)-C(19)  1.338(4) C(20)-N(5)-N(4) 116.2(2)
N(4)-N(5) 1.380(3) C(15)-N(6)-C(14) 115.2(4)
N(5)-C(20) 1.272(4) N(1)-C(1)-C(2) 123.3(3)
N(6)-C(15) 1.318(6) N(1)-C(1)-C(19) 117.1(3)
N(6)-C(14)  1.317(6) 0(2)-C(6)-N(2) 124.3(3)
N(7)-C(28)  1.326(4) 0(2)-C(6)-C(5) 120.9(3)
N(7)-C(27)  1.338(4) N(2)-C(6)-C(5) 114.7(3)
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Table: A13 Selected bond distances (A) and bond angle (°) of L4

Bond distances (A) Bond angle (°)

O(1)-C(6) 1.18(2) C(1)-N(1)—C(5) 115(2)
0(2)-C(15) 1.17(3) C(6)-N(2)-N(3) 120(2)
N(1)-C(1) 1.31(3) C(7)-NR)-N() 117(2)
N(1)-C(5) 1.35(3) C(15)-N(4)-N(5) 122(2)
N(2)-C(6) 1.34(3) C(16)-N(5)-N(4) 113(2)
N(2)-N(3) 1.38(3) N(1)-C(1)-C(2) 123(2)
N(3)-C(7) 1.26(3) N(1)-C(1)-C(15) 118(3)
N(4)-C(15) 1.31(3) N(1)-C(5)-C(6) 113(3)
N(4)-N(5) 1.39(2) 0(1)-C(6)-N(2) 126(3)
N(7)-C(23) 1.13(4) 0(1)-C(6)-C(5) 118(3)
N(6)-C(14) 1.06(4) N(2)-C(6)-C(5) 117(2)
C(1)-C(2) 1.34(3) N(3)-C(7)-C(8) 122(3)
C(1)-C(15) 1.60(3) N(6)-C(14)-C(12) 170(4)
C(2C(3) 1.40(3) 0(2)-C(15)-N(4) 128(3)

0(2)-C(15)-C(1) 121(3)
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Table: A14 molecular docking of L; with various cancers, viral and bacterial disease causing proteins.

Protein Full name of protein Binding Inhibition Interacting residues
(PDB ID) energy constant
(Kcal/Mol)
3FAA TGF-beta receptor 1 -10.95 9.45nM Chain A: lle211, Gly212, Lys213, Ala230,
(Transforming growth Glu245, Tyr249, Leu260, Phe262, Leu278,
factor p—R1) Ser280, Tyr282, His283, Glu284, Gly286,
Ser287
2FOM Dengue Virus -10.84 11.33nM Chain A: 0
NS2B/NS3 Protease
Chain B: His51, Lys73, Lys74, Asp75,
Trp83, Leu8s, Val147, Gly148, Asn152,
Gly153,Val154
2WCX Hepatitis C Virus NS5B -10.51 19.78nM Chain A: Lys51, Ser218, Asp220, Thr221,
Polymerase Arg222, Cys223, Phe224, Thr287, Ser288,
Asn291, Gly317, Asp318, Gly351, Asp352,
Pro354, GIn355
1MQB Cancer Related Ephrin -10.03 44.21nM Alab44, Lys646, Tyr735, Val736, His737,
A2 (ephA2) Receptor Arg738, Asp739, Arg743, Asn744, Leu746,
Protein Kinase Ser756, Asp757, Gly759, Lys778
1XOX Human survivin -9.67 81.14nM Phel3, Lys15, Argl8, Glu29, Thr34, Glu36,
(Antiapoptotic protein) Arg37, Glu40, Phe86, Lys90, Phe93, Leu96,
Phe101, Leul04
1IMQ4 Cancer—related Aurora— 9.6 91.54nM Argl37,Leul39, Glyl42, Lys143, Pheld4,
A Protein Kinase Lys162, Leul64, Leul69, Vall74, GInl77,
Leul78, Ala213, Gly216, Thr217, Arg220,
Glu260, Asp274
2H3G Type 11 Pantothenate -9.37 134.61nM Asp6,Asn9,Vall3,Arg27,Thr132,Alal33,
Kinase (CoaX) from Gly221,Gly222,L.ys225,Pro239,Thr242
Bacillus Anthracis
3CM8 RNA polymerase subunit —9.32 148.2nM Chain A: Ser277, Lys574, Trp577, Glu580,
structure from an avian Met581, Arg583, Ser648, Alaé51, Pro653,
influenza H5N1 virus Asn696, Asp697,Pro698
ChainB:0
2B4J) HIV-1 integrase -9.11 208.3nM Chain A: Glu87, GIn168, Lys173, Thr174,
GInl77, Met178, Phe181
Chain C: Lys360, Leu363, 11e365, Lys402,
11e403
1MP8 Cancer—related Focal -8.65 458.04nM 11e428, Lys454, Glu471, Met475, Gly505,
Adhesion Kinase (FAK) Glu506, Arg545, Asp546, Leu553, Asp564,
Pro585, Met589, Phe599
2VAM FtsZ from Bacillus —7.54 —2.98uM 11e31,Glu34,Val35, GIn36, Gly37, Val38,
subtilis 11e201, Ala202, Pro204, Asn208
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Table: A15 molecular docking of L, with various cancers, viral and bacterial disease causing proteins.

Protein  Full name of proteins  Binding Inhibition Interacting residues
(PDB energy constant
ID) (Kcal/Mol)
3FAA TGF-beta receptor 1 —7.48 3.27 uM Ala230, Lys232,Glu245, Tyr249, Leu260,
(Transforming growth His283, Gly286, Ser287, Phe289, Asp290,
factor p—R1) Lys337,Asp351
2FOM Dengue Virus -8.37 732.63nM Chain A: 0
NS2B/NS3 Protease
Chain B: Thr120, Leul28, Prol32,
Ser135, Tyr150, Gly151, Gly153, Val154
1MQB Cancer Related Ephrin -6.32 23.15uM Ala731, Asn732, Asn734, Arg738,
A2 (ephA2) Receptor Arg792, Phe794, Ser796, Lys863, Phe864,
Protein Kinase Ala865
1XOX human survivin -8.08 1.2uM Phel3, Argl8, Arg37, Glu40, Asp72,
(Antiapoptotic protein) Pro73, lle74, Phe86, Val89, Lys90,
Lys91,GIn92, Phe93, Leu96
1IMQ4 cancer—related Aurora-A 8.7 419.55nM Leul39, Lys143, Pheld4,Vall47, Lys162,
Protein Kinase Leul64, Tyr212, Ala213, Asp274
2H3G Type Il Pantothenate —7.04 6.93 uM Asp6, Val7, Val65, Gly89, Pro90, Gly91,
Kinase (CoaX) from Argl04, Vall06, Gly107, Alal08,
Bacillus Anthracis Asp109, Argl10
3CM8 RNA polymerase subunit —7.16 5.6 uM Chain  A: Arg279, Lys281, Asn561,
structure from an avian Trp577, Asn647, Ser648, Ala651, Glu656,
influenza H5N1 virus Ser659
Chain A: 0
2B4J) HIV-1 integrase -6.5 17.16 uM Chain A: Glu87,Val88, Lys173, Thrl74,
GIn177,Val184,Lys185,
Chain C: lle365
1MP8 Cancer—related Focal -8.33 787.06nM Argd26, 11e428, GIn432, Alad52, Lyad54,
Adhesion Kinase (FAK) Glu47l, Val484, Met499, Leu501,
Cys502, Thr503, Gly505, Leu553,Asp564
2VY7 Influenza A virus -8.1 1.16 uM Trp564, Leu599, Arg604, Gly608,
polymerase PB2 subunit Phe610, Asp611, GIn614, lle615, Leu648,
Arg650
2VAM FtsZ from Bacillus -7.14 5.84 uM Asn25, Ala71, Met 105, Gly107, Gly108,

subtilis (plays a central
role in prokaryotic cell
division)

Thr109, Gly110,Thr133,
Asn166,Leul80,Phel83, Aspl187

Argl143,
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Table: A16 molecular docking of L; with various cancers, viral and bacterial disease causing proteins.

Protein Full name of protein ~ Binding Inhibition Interacting residues
(PDB ID) energy constant
(Kcal/Mol)
2FOM Dengue Virus -10.35 25.71nM Chain A: 0
NS2B/NS3 Protease
Chain B: Trp50, Arg54, Val72, Lys73, Lys74,
Leu76, Trp83, Leu85, Thr118, Thr120, lle123,
Gly148, Asn152, Val154
2WCX Hepatitis C Virus -9.38 132.6nM Chain A: 11160, Phel162, Arg168, Val179, Tyr191,
NS5B Polymerase Phel93, GIn194, Tyr195, Ser196, Gly283, Val284,
Leu285, Ser288, Cys289, Tyr448,
1MQB Cancer Related Ephrin —9.23 171.64nM Ala644,1ys646, Tyr735,Val736, His737, Arg738,
A2 (ephA2) Receptor Asp739, Arg743, Asn744, Leu746, Asp757,
Protein Kinase Gly759, Lys778
1XOX Human survivin -8.68 436.21nM  Phel3, Argl8, Glu29, Thr34, Pro35, Glu36, Glu40,
(Antiapoptotic protein) Phe86, Lys90, Lys91, Phe93, Leu96, Phel01,
Leul04
1MQ4 Cancer-related -9.56 97.84nM Leul39, Gly140, Lys141, Lys143, Phel44, Val147,
Aurora—A Protein Lys162, GIn177, Leul78, Tyr212, Ala213
Kinase
2H3G Type Ill Pantothenate  —9.15 197.39nM His25, Arg27, Argl10, Aspl129, Thr132, Alal33,
Kinase (CoaX) from Thr220, Gly221, Gly222, Pro239, Phe240, Thr242
Bacillus Anthracis
3CM8 RNA polymerase -8.16 1.04 uM Chain A:Pro303, Lys356, Thr357, Val 463,
subunit structure from Tyrd64, Thrd67, Ala468, Alad72, Alad75, Pro484,
an avian influenza 11e486, Arg582
H5N1 virus
Chain B: 0
2B4J) HIV-1 integrase -8.18 1.01 uM Chain A: Glu85, Ala86, Arg107, GIn168, GIn177,
Met178, Phel81
Chain C: Lys360, 11e365, Lys402
1MP8 Cancer—related Focal -8.66 450.49nM Arg426, 11e428, Alad52, Lys454, VVal484, Met499,
Adhesion Kinase Glu501, Cys505, Glu506, Asp546, Arg550,
(FAK) Asnb51, Leu553, Asp564
2VY7 (influenza A virus -10.36 25.31nM Trp564, Leu599, Gly608, Phe610, GIn614, 11e615,
polymerase PB2 Ser634, Leu648, VVal649, Arg650
subunit)
2VAM FtsZ from Bacillus -8.22 940.1nM Lys79, Gly112, Pro115, GIn119, Lys122, Gly125,

subtilis (plays a central
role in prokaryotic cell
division)

Alal26, Leul27, Alal53, Lys215
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Table: A17 molecular docking of L, with various cancers, viral and bacterial disease causing proteins.

Protein Full name of protein  Binding  Inhibition Interacting residues
(PDB ID) energy constant
(Kcal/
Mol)
3FAA TGF-beta receptor 1 -9.08 221.45nM Ile211, Lys232, Tyr249, Leu278, Val279,
(Transforming growth Ser280, Tyr282, His283, Glu284, Ser287, Lys
factor p—R1) 337, Asp351,
2FOM Dengue Virus -9.62 88.56nM Chain A: 0
NS2B/NS3 Protease
Chain B: 1le36, His51, Val52, Arg54, Leul28,
Pro132, Gly151, Gly153, Tyr161
2WCX Hepatitis C Virus NS5B -8.81 350.68nM Ser180, Thr181, Pro183, GIn184, Tyr191,
Polymerase Phe193, GIn194, Tyr195, Ser196, Pro197,
Tyr448
1XOX Human survivin -9.46 115.42nM Phel3, Argl8, Arg37, Glu40, Pro37, lle74,
(Antiapoptotic protein) Val89, Lys90, Lys91, Phe93, Leu96
1IMQ4 Cancer—related Aurora—  —9.51 107.35nM Leul39, Lys141, Glyl142, Lys143, Val147,
A Protein Kinase Alal60, Lys162, Leul64, GIn177, Leul78,
Leul94, Leu210, Glu211, Tyr212, Ala213,
Leu263, Asp274, Gly276
2H3G Type Il Pantothenate -9.9 55.42 nM Asp6,Val7, Glys, Asnll, Alal2, Vall3, Arg27,
Kinase (CoaX) from Phel30, Gly131, Thrl132, Gly153, Met155,
Bacillus Anthracis 1le156, Glul59, Gly222, Leu223
3CM8 RNA polymerase subunit —8.82 342.44nM Chain A: Ser280, Lys281, Phe282, Asn466,
structure from an avian Trp577, Gly578, Met581,Arg583, Cys584,
influenza H5N1 virus GIn587, Ser644, Ser648, Leu649
Chain B: 0
2B4J] HIV-1 integrase —7.84 1.79uM Chain A: 0
Chain C:l1e359, Lys360, Leu363, Thr399,
Lys402, Arg405, Phe406, Lys407, Val408
1MP8 Cancer—related Focal -8.79 363.23nM Arga26, 11e428, GIn432, Alad52, Lys454,
Adhesion Kinase (FAK) Val484, Met499, Glu500, Leu501, Cys502,
Gly505, Glu506, leu553
2VY7 Influenza A virus —7.95 1.49 uM Chain A: Trp552, 1le554, Arg555, Asn556,
polymerase PB2 subunit Trp557,Glu558, Thr674, Leu675, 116676
2VAM FtsZ from Bacillus -8.14 1.08 uM 1le31, Glu34, Val35, Gly37, Val38, Tyr40,

subtilis

11e201, Ala202, Asn208, Phe211
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Table: A18 Permissions for re-producing the materials

Figure 1.6 Confocal microscopy fluorescence images of | Reproduced from Ref. [31]:
5 uM CPM. (a) LysoTracker Green DND-26 | Chapter 1, with permission
(1 uM) (b) co-stained in SMMC-7721 cells. | fom Royal Society of
(c) Merged image. (d) The correlation of Chemistr
CPM and LysoTracker Green DND-26 Y-
intensities (A = 0.93).

Figure 1.7 | TPM imaging of Zn(Il) ions in live NIH 3T3 | Reproduced from Ref. [43]:
cells: Chapter 1, with permission

from Royal Society of
Chemistry.

Figure 1.8 | Co-localization of fluorescence of 4d (as Zn*" | Reproduced from Ref. [43]:
sensor) with LysoTracker Deep Red in NIH | Chapter 1, with permission
3T3 cells: from Royal Society of

Chemistry.

Figure 1.9 | Figure 1.9. (a) HL-7720 cells incubated with | Reproduced from Ref. [49]:

30 M Cu®* for 30 min at 37°C, then 15 uM | Chapter 1, with permission
. . from the Elsevier.

RHAT (5b) for 15 min. (b) Addition of 50

nM Lyso-Tracker DND-26 for 10 min. (c)

Overlay of (a) and (b).

Figure 1.10 | Confocal fluorescence images of RHAT (5d) | Reproduced from Ref. [49]:
showing Cu®* ions sensing in live HL-7720 | Chapter 1, with permission
cells. from the Elsevier.

Figure 1.12 | Co-localization experiment of ERp (2.5 uM) | Reproduced from Ref. [78]:
with various organellespecific markers in | Chapter 1, with permission
Hela cells. from Royal Society of

Chemistry.

Figure 1.13 | Fluorescence images of HelLa cells using | Reproduced from Ref. [78]:
tunicamycin (40 mg ml™) treated for 3 h | Chapter 1, with permission
before ERp (2.5 puM) for 20 min. GFP- | from Royal Society of
tubulin  (C-10613; Thermo) has to be | Chemistry.
incubated overnight at 37 °C bhefore the
experiment.

Figure 1.14 | Co-localization of ELP1 with organelles | Reproduced from Ref. [81]:

trackers showing vesicle transport from ER to
Lysosomes

Chapter 1, with permission
from Royal Society of
Chemistry.
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Figure 1.23 | Molecular docking of the phthalimide | Reproduced from Ref. [131]:
derivative 1 with DNA. Chapter 1, with permission
from Springer Publishing
group.
Figure 1.24 | Molecular docking of plumbagin (1) and Reproduced from Ref. [132]:
plumbagin hydrazides (2-5) into the active Chapter 1, with permission
. . . from Elsevier.
site of p50 subunit of NF-kB protein.
Figure 1.25 | Frontier molecular orbital energy level and Reproduced from Ref. [136]:
distribution in compound 2g, Oseltamivir Chapter 1, with permission
id. and Oseltamivi from  Springer Publishing
acid, and Oseltamivir. group.
Figure 1.26 | Comparison of the frontier orbital distribution | Reproduced from Ref. [136]:
and the direction of electron transfer of Chapter 1, with permission
d 20 and oseltamivir acid from Springer Publishing
compound 2g and oseltamivir acid. group.
Figure 1.27 | The different elastic stages in the successive Reproduced from Ref. [140]:

bending in HsL.

Chapter 1, with permission
from Royal Society of
Chemistry.
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