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PREFACE

The development of DNA nanotechnology using the structural and
supramolecular properties of DNA was a major breakthrough in the area of bottom-up
construction of functional nanostructures.l? The unique properties of DNA double
helical structure and the simple hydrogen bonding interactions of complementary
nucleobases add extra features like stimuli responsive behaviour, information storage
and information transfer capacity to the self-assembled materials. Although great
progress has been made in the field of bottom-up self-assembly using DNA and
nucleobase derivatives, the potential of DNA in templating functional materials is not
yet completely explored. Introduction of site-specific groups, careful optimization of
non-covalent assembly conditions and more insights into the random oligonucleotide
directed assemblies are required. In this regard, the current thesis makes an effort to
use the non-covalent interaction potentials of DNA to develop supramolecularly self-
assembled metal/organic-DNA/nucleobase hybrid systems with less structural

complexity, tuneable morphological and optical properties, and biocompatibility.

The thesis is organized into four chapters. Chapter 1 gives an overview of the
self-assembled architectures constructed from DNA and DNA building blocks. The
development of DNA nanotechnology, classifications and important outcomes are
described in this chapter. Finally, we also highlight the perspectives and current
challenges in the area of DNA mediated, supramolecular self-assembly. To overcome
these challenges, we present the use of various non-covalent interaction possibilities of
DNA to construct functional materials for applications in material and biomedical

science. The results are summarized in the following chapters.

In Chapter 2, we describe a design strategy for sequence programmed, DNA
three-way junctions (DNA-3W]J), comprising of unhybridized cytosine nucleobases in
the 3W]J-center, capable of binding to silver ions and stabilizing the AgNCs. The
formations of AgNCs in these DNA-3W]Js were confirmed by various spectroscopic and
microscopic techniques. 3WJ20-C12 comprising of 12 cytosine bases in the center of
the DNA-3W], form fluorescent nanoclusters with an emission maximum around 630
nm and 12% fluorescence quantum yield. Control DNA-3W]Js with six cytosine bases in

the center (3WJ20-C6) and ones without cytosine bases (3W]J20) failed to form

xiii



fluorescent AgNCs confirming the requirement of central, unhybridized cytosine bases
for the stabilization of the nanoclusters. Further, the duplex arms of DNA-3W]s were
shown to influence the fluorescent properties of AgNCs by varying the size and stability
of the cytosine-loop structure of DNA-3W]Js. Metal ion interaction studies show the
selectivity of the 3WJ20-C12/AgNCs towards Hg2* with sensitivity in the nanomolar
range (/. Photochem. Photobiol. B, Biol., 2020, 207, 111886).

The construction of 1D supramolecular assemblies of TPE-DAT molecules and
tuning of the photophysical and morphological properties using competitive H-bonding
interactions were discussed in Chapter 3. This chapter is separated into two parts.
Chapter 3: Part A describes the H-bonding directed self-assembly of TPE-1 to highly
ordered flexible fibers in dodecane with a characteristic 307 nm absorption and 430 nm
emission band. The cooperative pathway and thermodynamic features of the self-
assembly were deduced by performing temperature dependent absorption
measurements at 307 nm. Addition of thymine derivative, T-C12 with superior
complimentary H-bonding ability with DAT units in TPE-1 and subsequent annealing
transforms the ordered blue emissive assembly in to green emissive assembly. At higher
concentrations, both these assemblies give rise to the formation of supramolecular gels
in dodecane with similar absorption, emission and morphological characteristics
observed at low concentration. Role of H-bonding in these assemblies were confirmed
by solid state FT-IR studies of xerogels. Further, we propose a plausible mechanism for
these assemblies based on the results obtained from the XRD of xerogels and energy

minimized molecular size measurements.

Literature reports on the 1D assemblies of TPE molecules with precise
mechanistic insights about the self-assembly are very rare. So, in Chapter 3: Part B we
studied the self-assembly properties of TPE-DAT in detail by changing the alkoxy
substitution with racemic (TPE-2), chiral (TPE-3) and triethylene glycol units (TPE-4).
TPE-2 and TPE-3 displayed similar 1D assembly in dodecane with characteristic 430
nm blue emission, which transforms to green emissive assemblies in presence of T-C12.
The chiral derivative, TPE-3 displayed a bisignated CD signal centered at 307 nm,
indicating the initial, ordered chiral assembly of the monomeric units in the molecular
packing. On the other hand, morphological studies using microscopic techniques did not

show any visible structural features of supramolecular chirality. Investigation of their

Xiv



gelation behaviour and characteristics of xerogels confirmed, similar H-bonding
directed columnar packing of homo-dimers in blue emissive assembly and hetero-
dimers in green emissive assembly, as observed in TPE-1. These results further validate
the mechanism of 1D assemblies of TPE, proposed in Part A and suggest the secondary
molecular packing directed masking of structural chirality in chiral TPE derivative, TPE-
3. The triethylene glycol derivative, TPE-4 was insoluble in dodecane and therefore we
conducted similar experiments in 20% THF-PB with dTzo0. In presence dT2o, the
formation of uniformly distributed spherical nanostructures of TPE-4/dTz0 was
observed instead of the flower like morphology of TPE-4 alone. All these results clearly
confirm the role of alkoxy substitutions in directing the self-assembly of TPE-DAT

molecules.

In Chapter 4, we describe the rational design and synthesis of four cationic TPE-
V molecules (TPE-V1-4), varying their chemical structure by the number of viologen
units present or by difference in the spacer length between TPE and viologen units.
Their electrostatic interaction prompted synergistic self-assembly with CT-DNA and
subsequent DNA condensation studies are explained in this chapter. The DNA-binding
process was monitored in detail by UV-visible absorption, fluorescence emission,
thermal melting, CD, EB-intercalation, CB [8] encapsulation and morphology analysis
experiments. The aggregates of TPE-V molecules in Triz buffer, interacts and dis-
assembles the long fibrous network structure of CT-DNA into weakly condensed 'beads
on a string' type assembly and completely condensed 40-50 nm sized spherical compact
structures at 1:1 and 1:2 ratios, respectively. Among the four derivatives, TPE-V2
displayed better DNA condensation abilities attributed to presence of two viologen
units and comparatively better solubility in water. Further, cytotoxicity studies reveal
the non-toxic nature of the CT-DNA condensates of TPE-V1, TPE-V2 and TPE-V3
towards both normal and cancer cell lines and hence these derivatives could be

potential candidates as biocompatible non-viral gene-delivery vectors.

References

1) Aldaye, F. A.; Palmer, A. L.; Sleiman, H. F. Assembling Materials with DNA as the Guide. Science.
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CHAPTER 1

SELF-ASSEMBLED ARCHITECTURES OF DNA
AND DNA BUILDING BLOCKS: AN OVERVIEW

SR

DNA
Nanotechnology

\ Stmctuat

1.1. ABSTRACT

Su_;nfamo(éculh

Nature follows a method of spontaneous association of constituents into well-
organized structures using non-covalent interactions to achieve complexity. For
example, hydrogen bonding, m-stacking, electrostatic and hydrophobic interactions
allow the self-association of single strand DNA into its double helical structure found in
the nucleus. DNA with its unique double helical structure and the exceptional
molecular recognition nature of nucleobases permits the programmable hierarchical
organization of functional organic and inorganic structures. The idea of using DNA as
a template introduced by Seeman in 1982 was a major breakthrough in the area of
bottom-up construction of functional nanostructures, which resulted in the entire

identity change of DNA from its common name of “Genetic blueprint of life” to the



Self-Assembled Architectures of DNA and DNA Building Blocks

building block of "DNA nanotechnology". These self-assembled structures of organic
and inorganic materials using DNA and its constituents find various applications in the
field of sensing, optoelectronics, light harvesting, drug delivery and DNA condensation.
Though there is a great progress in material DNA research, high cost of modified
nucleobases, construction of smart DNA templates with less structural complexity,
improving the specificity of supramolecular interactions and development of better
strategies for constructing random DNA templated assemblies, etc., remains as key
challenges to address. In this introductory chapter, the recent progress in the
construction of self-assembled structures using DNA and nucleobase derivatives, their
properties and applications are discussed. Finally, the chapter concludes with a
discussion on the challenges and prospects of DNA nanotechnology, origin of the

current research work and its major objectives.

1.2. INTRODUCTION

Construction of highly ordered functional structures with precision in the
nanometer scale has been one of the major intellectual searches of the research
community for the last few decades. Top-down and bottom-up approaches are the
two basic methods used for the fabrication of nano- to micro-meter scale structures
(Figure 1.1).1 A typical approach in manufacturing is the top-down method, which
finds it increasingly difficult when we go for the construction of molecular level
assemblies. However, the bottom-up approach exploits the hidden molecular level
information to self-assemble nanostructures and offers the use of enormous
chemical diversity and highly parallel synthesis.? Although numerous self-assembled
constructs were developed by this technique,3-> they lack the control over resultant

geometry and positioning of functional components. It was in this scenario, the DNA
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based self-assembly, using the nature’s perception of non-covalent interactions for
hierarchical organization of complex functional structures came into vicinity.°
Among the various biomolecules present in nature, DNA is probably the most
promising template with predictable and programmable control over the self-
assembled structures using its unique double helical structure and the simple

hydrogen bonding interactions of complementary nucleobases.

@ @ Assembly

from
Atoms/molecules
Size @ g @
Reduction to
a8 <

Nanoscale Assembly @

) O~ g
@ o o}

p——————

TOP-DOWN BOTTOM-UP

Figure 1.1. Schematic representation of the top-down and bottom-up approaches in

nanotechnology.

DNA nanotechnology is a branch of nanoscience which deals with the
construction, investigation, and applications of higher ordered DNA-structures using
the physiochemical properties of DNA. DNA-tile assembly introduced by Nadrian C.
Seeman (1982) and DNA-origami based assembly introduced by Paul W. K.
Rothemund (2006) are the two important strategies used in DNA nanotechnology.®’
Soon after, combining the programmability of DNA with the chemical diversity and
concepts of supramolecular chemistry, a new area got emerged in 2008 called

“supramolecular DNA assembly”.®8 Subsequently, organic molecules with specific
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geometries and functionalities,”19 modified single strand DNA sequences!! and
transition metal complexes!? were incorporated into DNA to achieve better control
over its hybridization, self-assembly and structure. Further, for the construction of
various DNA-organic/inorganic hybrid structures, many research groups have
employed the electrostatic,1314 hydrogen bonding,!> m-stacking and intercalative
mode of interactions.1® Another alternative method for developing self-assembled
system without losing the programmability is to use DNA building blocks such as
nucleotides,1” nucleosides!® and nucleobases!® as templates. Such self-assembled
system possesses small size, low cost compared to DNA and avoids the complexity
associated with geometry. These unique properties of the self-assembled system
with DNA and its building blocks, makes it an extraordinarily irreplaceable approach
to construct functional materials for applications in the fields of material science,

biomedical science, and optoelectronics.2021

1.3. DNA: STRUCTURE, PROPERTIES AND FUNCTIONS

DNA, deoxyribonucleic acid is the basic structural and functional unit of all
living organisms and carries the hereditary information inside chromosomes of the
cell. Ever since the discovery of DNA as a genetic carrier,22 the biological role of DNA
has been extensively investigated without much knowledge about the structure of
DNA. It was in 1953, Watson and Crick established the structure of DNA as the
double helix (Figure 1.2A).22 The ladder-like double helix comprises two
polynucleotide strands twisted around each other in an antiparallel direction
(Figure 1.2B). Polynucleotides are formed from monomeric nucleotide
monophosphate units, which contains phosphate group, 2’-deoxyribose sugar and

nucleobase (Figure 1.2C). Nucleobase attached to the sugar unit is termed as
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nucleoside, and they are connected through phosphodiester bond to form
polynucleotides. The sugar units and phosphate groups constitute the backbone of
double helix and the Watson-Crick hydrogen bonding between nucleobases from
opposite strands holds together the polynucleotides. Purines and pyrimidines are
the two types of nucleobases present in DNA. Adenine and guanine nucleobases are
derived from purines whereas cytosine and thymine are derived from pyrimidines
(Figure 1.3A). The analogue of DNA, in which the nucleobase thymine replaced with
uracil and deoxyribose sugar unit replaced with ribose is called RNA. Shapes and
hydrogen bonding sites of nucleobases prefers the binding between adenine and
thymine and between guanine and cytosine, known as the complementary
relationship, a fundamental property of double helix contributing to the

thermodynamic stability and information storage.

21 0
A) ; B) 5 " . \Io C) \P//O
Y PR O=fon o7\ o Nucleobase
~ oz \ o, 0
S /A 0
o, =/ »—/v o
] o
OH R
< f " no L
E 0'7’20 F ? -------- LY. o= (‘;o\ R=H, DNA
S R Y et R=0H, RNA
< ’1':( i ) 0.
A 3 /]
) Wetpur? ¥ .
Y Vs Nucleoside
0
']
g\—‘f:o o:fl\o\
O,
2 nm Y Y. Nucleotide monophosphate

Figure 1.2. A) Schematic representation of DNA Double helix structure, B) Watson-Crick
hydrogen bonding between antiparallel polynucleotide strands and C) representative structure
of the nucleotide monophosphate.

DNA double helix exists in three forms; A, B and Z. Common form of DNA
double helix under physiological condition is B-form with right-handed helicity. The
diameter of the B-form of DNA is ~2 nm with 10.5 base pairs in a helical turn. The
distance and angle of rotation between two base pairs in the B-form of DNA is

0.34 nm and 35.99, respectively. The helical structure of DNA gives rise to two
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grooves with unequal sizes; major grooves (1.17 nm width with sides of nucleobases
are away from sugar units) and minor grooves (0.57 nm width with sides of
nucleobases are near to sugar units).24* The major grooves are rich with chemical
information, whereas minor grooves are rich in charge density leading to differential
mode of interactions with different DNA binding ligands and biomolecules.
Nucleobases present in the DNA absorbs 260 nm UV light and therefore
absorption measurements are used to obtain the concentration of DNA. Melting
temperature (Tm) and Circular Dichroism (CD) are the two key characteristics of
double strand DNA (dsDNA). The temperature at which dsDNA separates into single
strand DNA (ssDNA) is defined as Tm, which completely depends on the structure
and sequences of dsDNA. Differential scanning calorimetry (DSC) and UV absorption
spectroscopy are used to determine Tm values. Presence of chiral sugar units and
helical twist of dsDNA leads to the differential absorption of right and left circularly
polarized light, resulting in characteristic CD signals for various dsDNA structures.
For example, CD signal of B-DNA has a positive band at 275 nm and negative band at
245 nm with a zero-crossover at 260 nm, while for Z-DNA, the CD signal is centered
at 280 nm, with a positive band at 263 nm and a negative band at 293 nm. In
addition to the above-mentioned properties, DNA is reported to have electronic
conducting properties with magnitudes ranging from semiconductor to conductor
based on its assembled structure and analyzing conditions.?> Furthermore, the
programmable self-assembly and reported conducting properties in conjugation
with other conducting polymers and metal nanoclusters project DNA as a promising
building block for nano-electronic devices. Short ssDNA sequences used for the
application in DNA nanotechnology are synthesized via solid-phase

phosphoramidite chemistry. This method is particularly very useful among the
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existing laboratory oligonucleotide synthetic strategies, as it offers easy and fast

access to custom-built DNA sequences.
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Figure 1.3. A) Structure of nucleobases and B) schematic representation of DNA and histone
packing in the formation of chromosomes (Adapted from reference 26).

The two important biological functions of DNA are DNA-replication and
transcription. The long chains of dsDNA are tightly bound over positively charged
histone proteins to form chromosomes (Figure 1.3B).26 In eukaryotes, chromosomes
are present in the nucleus of the cell. The total length of DNA in the nucleus of a cell
is around 1.8 meters. The first and foremost function of DNA is to transfer the
hereditary information and it is achieved by DNA replication process inside the
nucleus of the cell. Initially, the dsDNA in chromosomes unwinds and the resulting
ssDNA acts as templates to synthesize the corresponding complementary ssDNA
with the help of a set of enzymes including DNA polymerase. Similar to DNA
replication, the synthesis of a specific messenger RNA (mRNA) from DNA, with the
help of RNA polymerase is called transcription. The mRNA formed contains genetic
information in the form of groups of three nucleotides (codons), which represents a
specific amino acid for protein synthesis. In addition to this biological function, the

structural programmability and predictable non-covalent interactions of DNA,
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marks it as a distinctive template for the bottom-up construction of functional

materials.

1.4. SELF-ASSEMBLY OF DNA-NANOSTRUCTURES

As mentioned earlier, the first attempt to use DNA as template was
introduced by Nadrian C. Seeman and co-workers in 1980’s.® Inspired from the
naturally occurring Holliday junctions, they developed branched nucleic acid
junctions for the construction of lattices in bimolecular crystallography.6 And this
was the groundwork of a new platform called DNA-nanotechnology for developing
functional materials. Based on the strategies of constructing DNA nanostructures
from DNA, the self-assembly is classified into two: (i) DNA-tile based self-assembly

and (ii), DNA-origami based self-assembly.

1.4.1. DNA-tile based self-assembly

Branched oligonucleotide junctions with sticky ends or single complementary
strands are the basic units in DNA-tile based self-assembly to construct higher-
ordered 1D, 2D, and 3D structures. Seeman and coworkers developed artificial
branched DNA junctions by modifying the naturally occurring Holliday junction tiles
with different asymmetric strands and complementary sticky end sequences in the
arms.® Using this type of artificial branched DNA junctions, they have assembled 2D
and 3D DNA lattices (Figures 1.4A and 1.4B) for organizing biomacromolecules.2”
Subsequently, to avoid the structural flexibility and strand migration at the branch
points, more rigid DNA-tile based building blocks were constructed.?8 For example,
two DNA double helixes were joined together by two strand exchange and

developed double crossover (DX) molecules with better rigidity and stability to
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construct higher order DNA nanostructures.?° Following this development, several
research groups have assembled different types of DNA-tile based constructs like
4x4, 6x4, triangular DNA-tiles and isolated polyhedral DNA nanostructures (Figures

1.4C-E) using the idea of cross over variations.3031

Figure 1.4. Seeman’s artificial branched DNA junctions assembling into A) 2D and B) 3D lattices.
C) DX and various crossover-based DNA-tiles; 4x4, 6x4 and triangular assemblies, D)
corresponding AFM images and E) isolated polyhedral 3D DNA assemblies (Adapted from
reference 30).

Subsequently, extended 2D tiles were assembled from small DNA-tiles by
incorporating sticky ends and used for the controlled organization of proteins,32
aptamers,33 antibodies,3* and nanoparticles.3> Atomic force microscopy (AFM) is one
of the important microscopic techniques used to visualize these self-assembled
structures. Figures 1.5A-C shows the 1D and 2D-DNA tile structures, and the

corresponding AFM images reported by Seeman et al in 1990’s.31 Yan et al

demonstrated the organization of streptavidin on to biotin functionalized 2D DNA-
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tile assembly (Figure 1.5D).32 Later, from the same group, they have shown the
periodic organization of 5 nm gold nanoparticles (AuNPs) on the 2D DNA nanogrids

(Figure 1.5E) for nano-electronic applications.3>

A)

SO0x500 nm

Figure 1.5. A) Assembly of 1D and 2D DNA-tiles from DX motifs and corresponding AFM images
of B) 1D and C) 2D DNA nanostructures (Adapted from reference 31). Organization of D)
streptavidin on biotin labeled 2D DNA network structures and E) 5 nm AuNPs on 2D nanogrids
(Adapted from reference 32 and 35).

In order to address the challenge of reducing the number of DNA strands
used to construct DNA-tiles, Mao et al. in 2006 developed a DX tile from self-
complementary ssDNA and assembled into extended nanotubes,3® which was an
another important glory in the DNA-tile based self-assembly. Later using the same
concept, a T-junction DNA was assembled into Z and C-tiles, which further self-
assembled into 1D and 2D DNA nanostructures (Figure 1.6A).37 Subsequently, 3D
DNA networks were assembled by combining the cross-over tiles and single strands
in various assembly conditions.38 Combined effort of Seeman and Mao group has led

to the assembly of a 3D network of crystalline lattice using a rigid tensegrity triangle

(Figure 1.6B).3% Sleiman et al. in 2012, developed a 3D DNA cube with the least

10
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number of strands and the single strand part was hybridized with complementary
DNA block copolymers to assemble bio-hybrid cages (Figure 1.6C).#0 These bio-
hybrid cages showed enhanced resistance towards nucleases compared to bare DNA
cages. Recently, in 2017 Liu et al studied the Kkinetic and thermodynamic
parameters of DNA-tile based assemblies and found that these type of assemblies
with a higher number of sticky ends are more thermodynamically stable
accompanied by the decrease in free energy.#! Their results are inevitably important

in the future development of DNA-tile based structural DNA nanotechnology.
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Figure 1.6. A) Single stranded DNA assembling into Z and C tile motifs and extended self-
assembly into linear and 2D networks (Adapted from reference 37), B) tensegrity triangle
constructed to assemble 3D crystalline structures and the figure below shows an optical image
of crystals (Adapted from reference 39). C) Bio-hybrid cages assembled from 3D DNA cubes and
DNA block copolymers (Adapted from reference 40).

1.4.2. DNA-origami based self-assembly

Rothemund’s method of DNA-origami for the assembly of DNA

nanostructures was based on a very long genomic ssDNA (>1000 nucleotides) folded

11
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into desired shapes using small staple strands (Figure 1.7A).7 This is a one-pot
method in which the long ssDNA strand and short single strands are mixed together
to self-assemble the desired shapes with approximately 100 nm size and 6 nm
spatial resolution. This method involves two important steps. Initially, a desired
shape is constructed by raster-progression of a long ssDNA sequence, which is

further fixed in the appropriate position’s using staple strands.

Eﬂﬁﬂﬁ.’ﬂllﬂl.-.l

Figure 1.7. A) Structure of DNA-origami formed from a long ssDNA and short staple strands

(Adapted from reference 7). B) examples of few shapes; square, rectangle, star, smile face and
prismatic structures assembled using DNA-origami approach and the corresponding AFM
images (Adapted from reference 7), and C) 2D DNA-origami tiles for the precise positioning of
DNA strands as capture probes of RNA and the corresponding AFM images of assemblies
(Adapted from reference 42).

These small staple strands required for the specific designs are selected by the

careful computer programming (Cadnano Software). The cooperativity of staple

strands to assemble into complex non-periodic shapes with comparatively good

12
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yields make them a versatile strategy over the so far mentioned DNA-tile based
assemblies. Accordingly, several arbitrary structures like squares, stars, smiley
faces, etc., were constructed to demonstrate the vast applicability of DNA-origami
based self-assembly (Figure 1.7B).”

Later, Yonggang et al. in 2008 developed 2D assemblies from a DNA-origami
tile motif for the precise positioning of RNA capture probes.*? Here, a rectangular
shaped DNA-origami with three, pre-positioned dissimilar capture-DNA sequences
corresponding to three genes C-myc, [-actin and Rag-1 resulted in efficient target
binding compared to bare-templates (Figure 1.7C). Subsequently, a wide variety of
higher ordered DNA assemblies like 3D DNA box with lid, tetrahedron and elongated
prismatic structures were designed from 2D DNA-origami tiles.#3-4> Recently, in
2019 Hyungmin and coworkers published a fully automated strategy to design
staple strands to fold any free-form of 2D framework using PERDIX algorithm.#6
They have incorporated DX based staple strands instead of ssDNA sequences to
achieve better flexibility without losing control over the required geometry. And this
method eliminates the tedious design of ssDNA sequences manually.

As mentioned earlier, 3D DNA nanostructures can be constructed either from
DNA-tile based assemblies or from 2D DNA-origami based assemblies. Shih et al
reported the first DNA-origami based 3D DNA nanostructure from helixes
assembled into honey-comb lattice like structure.#’ Initially staple strands spirals
around bigger strand in an anti-parallel direction and assembles into helixes with
diameter around 2 nm. These helixes are further joined using crossover staple
sequences to make extended 3D structures (Figure 1.8A). Using this principle,
researchers were able to develop 3D objects by twisting and bending the DNA rod

like structures.4849
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Figure 1.8. A) Construction of 3D DNA-origami structures using cross over strands from DNA-
helixes and corresponding TEM images (Adapted from reference 47). B) Design of DNA walker, a
plasmonic Au nanorod moving along a 3D double layered DNA-origami structure. (Adapted from
reference 54) and C) DNA walker moving around a 3D DNA-AuNP for drug delivery (Adapted
from reference 55).

DNA-walkers are another important innovation in the field of DNA
nanotechnology.>® Seeman in 2010 reported a DNA-origami based DNA walker,
which can move around the DNA-tile and gather, transport AuNP cargos.>! Soon
after, numerous dynamic DNA nanostructures were designed to perform various
applications.5253 Liu and coworkers in 2015, designed a plasmonic nanorod which
can move along a 3D DNA-origami platform for application in smart
nanophotonics.>* Here, a 35 nm gold nanorod functionalized with ssDNA sequences
acts as the plasmonic system and a double layer 3D DNA-origami with precisely
organized complementary sequences as platforms. Upon addition of selected
blocking strands, strand displacement reaction occurs and gold nanorod starts

moving over the surface and carries the optical information along its direction of

movement (Figure 1.8B). Likewise, Feng and associates designed a DNA
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nanomachine with a DNA walker moving around a 3D DNA-AuNP construct for
efficient drug delivery.>> Initially, a AuNP of 20 nm diameter was modified with DNA
substrates (DS) to carry payloads and DNA walkers (DW). In presence of an enzyme
termed nicking endonuclease, the DNA walker moves over the 3D AuNP by cleaving
the nearest DS and thereby releasing the payloads (Figure 1.8C). In addition, they
have demonstrated the controlled delivery of payloads by introducing a

complementary sequence corresponding to DW.

1.5. SUPRAMOLECULAR DNA ASSEMBLY

Combining the programmable and predictive DNA assembly with synthetic
molecules and ideas of supramolecular chemistry, the field of supramolecular DNA
assembly got established.® This method imparts benefits to both DNA assemblies
and supramolecular assemblies by introducing functionalities on to DNA assemblies
and improved programmability to the supramolecular assemblies. As a result, the
number of DNA strands required for the construction of DNA assemblies is less
compared to the assemblies formed from DNA alone, which further reduces the
complexity in the design of DNA strands. For a better understanding, the assemblies
can be classified into two; (i) DNA strands covalently modified with synthetic
moieties and their assemblies, and (ii) assemblies formed by the non-covalent

interactions of DNA with organic or inorganic molecules.

1.5.1. Covalently modified DNA assemblies

Synthetic organic fragments, transition metal complexes, polymers and lipids
were introduced into DNA assemblies by replacing the crossover motifs used in

DNA-tile and origami assemblies. These assemblies were achieved by the covalent
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modification of ssDNA strands with synthetic motifs. The first report on this type of
assembly was from Bergstrom group, where a tetrahedral carbon is covalently
linked to two similar self-complementary strands via p-(2-hydroxyethyl)
phenylethynylphenyl units, which assembles into cyclic oligomers of various size
through hybridization (Figure 1.9A).5¢ In this strategy, the flexibility in forming

different sized cyclic structure was controlled by the use of dissimilar ssDNAs.
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Figure 1.9. Structures of synthetic vertex incorporated A) cyclic DNA assemblies (Adapted from
reference 56), B) DNA hexagon and AuNP modified DNA hexagon (Adapted from reference 57)
and C) cyclic oligomers and nanofiber formation in presence of a Tris(bipyridine)ruthenium(II)
complex (Adapted from reference 58).

Sleiman and coworkers extended this work by introducing rigid vertices and
asymmetric ssDNA strands into DNA-assemblies and established the construction of
2D DNA assemblies for organizing nanoparticles.57.58 Initially, a rigid organic moiety
like m-terphenyl system was covalently attached to two asymmetric ssDNA strands

and sequentially assembled into a DNA hexagon. Similarly, by replacing one of the

ssDNA with AuNP modified ssDNA, DNA hexagons with precisely organized AuNP
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assemblies were fabricated (Figure 1.9B) and the formation of these assemblies
were confirmed primarily using gel electrophoresis technique.5? Likewise, using
triphenylbenzene as the vertex unit, cyclic and 1D DNA nanofibers were reported by
the same group.>® Modification of two phenyl units of organic vertex lead to the
formation of three different cyclic assemblies (Figure 1.9Ca.i). Whereas, modifying
all the three phenyls groups resulted in micrometer sized 1D DNA nanofibers
(Figure 1.9Cb). Also, they have shown the guest induced selectivity and the selective
presence of the guest, Tris(bipyridine)ruthenium(II) complex is ascribed to suitable
size of cavity to accommodate the complex compared to other cyclic structures and
represent a fine example for controlling the assembly through selective host-guest
interactions.

The formation of macrocyclic oligomers was further extended into 3D
structures by inserting complementary ssDNA between these structures.>® Using
this strategy various 2D polygon assemblies were converted into 3D cage like
structures and used to encapsulate nanoparticles, proteins, drug molecules, etc.60.61
In 2010, a DNA nanotube with cages to precisely organize AuNPs and subsequent,
stimuli responsive release in presence of added ssDNA was reported (Figure
1.10A).%0 Initially, different sized trigonal 2D nanostructures were assembled into
longitudinal nanotubes with dissimilar sized cages, by linking ssDNA between these
triangular units. These cages encapsulate citrate stabilized AuNPs at specific sites
with regular spacing of 65 nm and were characterized by UV-visible absorption,
AFM and confocal imaging techniques. The selective and efficient release of
nanoparticle cargo was achieved by the addition of specific, completely

complementary ssDNA sequence to the closing ssDNA strand in nanotubes, which
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upon hybridization removes the closing DNA strand as dsDNA and triggers the

release of AuNP by leaving the partially single stranded-DNA nanotube.
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Figure 1.10. A) Encapsulation and selective release of AuNPs using 3D DNA nanotube,
corresponding AFM images (Adapted from reference 60) and B) schematic representation of the
functionalization of ssDNA onto AuNP using 3D DNA polygonal structures (Adapted from
reference 61).

Recently, in 2016 Sleiman et al. reported a method to chemically transfer the
molecular level information from 3D DNA nanostructures to AuNPs (Figure 1.10B).61
In this approach they have modified the long ssDNA sequences with hexyloxyglycol
spacers and assembled 3D nanostructures having various polygonal faces. And the
chemical information, that is the specific ssSDNA sequences were effectively
transferred into AuNPs. The success of this method was confirmed using agarose gel
electrophoresis (AGE) analysis, transmission electron microscopy (TEM), UV-visible
absorption and fluorescence emission studies. The benefit of this method over other

strategies in transferring the information are, control over the number of binding

strands, controlled spacing and regioselective positioning of strands onto
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nanoparticles. This is considered as a promising strategy, which finds remarkable
applications in the areas of information storage and biomedical technologies.

Another approach to construct functional structures using DNA is by covalent
modification of ssDNA sequences with transition metals, polymers and organic
molecules. Inspired from the transition metal complexes in biological system,
Sleiman and McLaughlin developed various branched DNA-transition metal complex
assemblies by covalently attaching transition metal complexes with ssDNA as well as
nucleobases of ssDNA.6263 Using this strategy, McLaughlin and coworkers reported
selective encapsulation of different metal ions by varying the ligand units attached
to DNA (Figure 1.11A).64 For this purpose, a ssDNA and its complementary DNA
sequences were covalently modified with terpyridine (tpy) and
diphenylphenanthroline (dpp) ligands separately. Combination of two tpy appended
dsDNA and two dpp appended dsDNA were highly selective towards Fe(II) and
Cu(I), respectively. On the other hand, dsDNA formed by the combination of tpy and
dpp was selective towards Cu(Il). This differential selectivity towards various metal
ions was accompanied by the increased stability of dsSDNA compared to the hybrids
without metal coordination. Moreover, this was an important achievement for the
selective positioning of various metal ions at specific locations of DNA-
nanostructures.

Herrmann and coworkers reported amphiphilic self-assembly of DNA-block
copolymer micelles into rod-like aggregates, similar to the assembly of amphiphilic
polymers in aqueous solutions.®5 Afterwards, other research groups also started
exploring this assembly for applications in controlled drug delivery. Recently,
Serpell and Sleiman reported a hydrophobic polymer conjugated to 3D DNA prism

with multiplex application’s in light harvesting and controlled release and
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aggregation of substituents (Figure 1.11B).>° By changing the position, number and
length of hydrophobic polymers attached to the cage DNA, the structure and
aggregation behavior of resultant assembly was evaluated. With increase in the size
of polymer chain, dimeric and higher order assemblies were formed. After a

particular length, the assembly becomes monodisperse with micelle structures.
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Figure 1.11. A) Selective detection of different transition metals in different DNA-ligand
environment (Adapted from reference 64). B) 3D DNA-polymer conjugates used for light
harvesting and controlled release and aggregation of constituents (Adapted from reference 59).

These micellar structures are of appropriate size for targeted cancer therapy.
Therefore, they have explored the controlled release of DNA cages by strand
displacement reactions. In addition, the potential of this assembly in light harvesting
was demonstrated by modifying the outer surface of DNA cages in the micellar form

with different fluorophores which can undergo Forster resonance energy transfer

(FRET).
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Exploiting the amphiphilicity directed bottom-up self-assembly, DNA-organic
conjugates have been constructed and used as templates for organizing functional
materials. Mirkin and Herrmann's research group are pioneers in this area and have
developed several self-assembled systems from DNA-organic conjugates.6667 R.
Varghese’s research group are extensively working based on this strategy and have
shown the formation of self-assembled vesicles and 2D nanosheets from DNA-
organic chromophore conjugates.t86? Recently in 2019, they have reported the
formation of helically twisted nanoribbon like assemblies by wisely choosing the

organic part as hexaphenylbenzene (HPB).70
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Figure 1.12. A) Schematic representation of the self-assembly of DNA-HPB conjugate into
helically twisted ribbon like structures, corresponding B) AFM and SEM images, and C) TEM
images of AuNP decorated DNA-HPB assembly (Adapted from reference 70).

HPB, with propeller structure is well known for its atrop-isomerism property
associated with the hindered rotation of six C(sp?)-C(sp?) bonds attached to the
central benzene ring. As a result, a helical twist was incorporated into the

amphiphilicity driven self-assembly (Figure 1.12A). Microscopic analysis showed the

successful formation of twisted helical ribbons with approximately 12 nm thickness
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and several micrometers in length (Figure 1.12B). Further, the ability of this chiral
assembly to template the organization of nanoparticle was studied by inserting a
AuNP modified with ssDNA complementary to the strand over the surface of ribbon
and verified using UV-visible absorption, CD and TEM analysis (Figure 1.12C).
Organic chromophores can also be introduced into DNA by using
phosphoramidites of organic chromophores in solid phase oligonucleotide synthesis
or by inserting artificial nucleobases conjugated with organic moieties. Inserting
artificial nucleobases into DNA requires the post synthetic modification of
nucleobases with chromophores, which was earlier achieved using copper-catalyzed
cycloaddition reactions. Wagenknecht and Haner research groups are using this
strategy of post synthetic modification to develop self-assembled DNA-organic light
harvesting systems.”1-73 Wagenknecht et al. in 2015 reported the assembly of three
chromophores based on DNA, and demonstrated the self-assembly and
photophysical properties in the context of their applications in light harvesting.”2
The chromophores, pyrene, perylene and nile red were initially attached to
nucleobases (Figure 1.13A) using acetylene linkages and assembled into different
dsDNA using solid phase phosphoramidite chemistry (Figure 1.13B). The absorption
spectra of dsDNA with all the three chromophores covers the entire UV-visible range
compared to dsDNA with single chromophores (Figure 1.13C). Here, an energy
transfer followed by an electron transfer in the opposite direction takes place upon
excitation and results in a charge separated state. Along with this, they have studied
the efficiencies of these transfers by varying the distance between the
chromophores and showed that any wavelength between 350 and 700 nm can
accomplish this energy/electron transfer processes signifying the potential of these

assemblies in light harvesting.
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Recently, from Haner group, they have constructed a similar light harvesting
system by the self-assembly of phenanthrene polymers and DNA functionalized with
three chromophores (Figure 1.13D).73 Here, a stepwise energy transfer from light-
harvesting phenanthrene polymers to Cy5.5 chromophore occurs through Cy3 and
Cy5 intermediates via Forster resonance energy transfer (FRET), with 59%
efficiency. They have evaluated the FRET efficiencies by varying the inter
chromophore distances, which was accomplished by incorporating normal

nucleobases between chromophores.
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Figure 1.13. A) Chemical structures of Py, Pe and Nr, B) schematic representation of energy,
electron transfer processes and ds DNA sequences, and C) absorption spectra of chromophore
functionalized dsDNAs used in this work (Adapted from reference 72). D) Schematic
representation of FRET in a self-assembled system of supramolecular phenanthrene polymers
and multiple chromophore functionalized DNA (Adapted from reference 73).

Nucleic acid-based hydrogels are another promising candidate in
supramolecularly assembled functional materials. There are mainly two types of

nucleic acid-based hydrogels; i) hydrogels formed by the sequence selective

hybridization of long ssDNA sequences and ii) hydrogels derived from
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functionalized oligonucleotides. Among these, functional nucleic acid based
hydrogels with catalytic, molecular recognition, encapsulation, storage and stimuli
responsive properties are extensively used in biomedical fields.”* Functional nucleic
acids include chromophore modified oligonucleotides, siRNAs, aptamers, i-motif
structures, DNAzymes, etc.”> For example, Willner et al. demonstrated pH and ligand
responsive release of substrates from microcapsule like structures of acrylamide-
DNA hydrogels.’¢ For this study, nucleic acid functionalized CaCOs3 substrates and
polyacrylamide functionalized hairpin oligonucleotides were assembled into
microcapsule like structures via hybridization chain reactions. In the assembled
state the substrates are encapsulated in the microcapsules, which were designed
with aptamers sensitive towards pH and ATP/cocaine. As a result, the presence of
stimuli’s like ATP, cocaine or pH=5 releases the substrate via changing the DNA
hybridization pattern from hairpin structures to i-motif structures in the
microcapsule assembly (Figure 1.14). In addition, they have verified the applicability
of this strategy by performing permeability studies using microcapsules loaded with
fluorescent quantum dots and drug release using DOX-D loaded microcapsules on
MDA-MB-231 cancer cells.
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Figure 1.14. Stimuli responsive release of substrates from polyacrylamide functionalized

nucleic acid-hydrogels (Adapted from reference 76).
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1.5.2. Non-covalent interaction directed DNA assemblies

Apart from the structural modification of DNA, the available supramolecular
interaction sites of DNA were also used to assemble small organic molecules and
metal ions. Supramolecular interactions include, conventional or unconventional
hydrogen bonding, groove binding, intercalation, electrostatic and metal-base pair
interactions. These types of assemblies were usually demonstrated using short
ssDNA and dsDNA sequences with <40-50 nucleobases. The presence of multiple
interaction sites in ssDNA and its ability to assemble into helical structures are the
two driving forces used in the assembly of ssDNA with small functional organic
molecules and metal ions. In such assemblies, small functional organic molecules
interact with dsDNA through major/minor groove binding, intercalation between
nucleobases and/or electrostatic binding with sugar phosphate back-bone. Also,
such assemblies avoid the difficulties with complex structural design and covalent

modification of DNA for self-assembly.
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Figure 1.15. Different types of conventional and unconventional hydrogen bonding between

nucleobases and metal-nucleobase interactions.

Non-covalent interactions of nucleobases include, conventional or
unconventional hydrogen bonding interactions of ssDNA with small molecules

having nucleobase partners and metal-base pair interactions (Figure 1.15). For
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example, in 2015 Govindaraju and coworkers described a mutually templated helical
double zipper assembly of DNA-Perylene hybrid system by exploiting the

conventional and unconventional hydrogen bonding property of nucleobases.””
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Figure1.16. A) Chemical structure of APA, its assembly in presence of different oligonucleotides

into ordered double zipper structures followed by helical assemblies. B) AFM image of M-helical
dT20-(APA)20-dT20 assembly with width and height profile (Adapted from reference 77).

Primarily, an adenine functionalized perylenebisimide derivative (APA) was
designed and synthesized. This APA derivative in PBS (phosphate buffered saline,
pH=7) bulffer, initially self-assembles into ordered double zipper like structures and
further into helical assemblies in presence of deoxyoligonucleotides, dBn (Figure
1.16A). The anti-clockwise direction of transition moments of APA and conventional
hydrogen bonding interactions leads to the assembly of APA in presence of dT20
(10:2) into M-helical structures. On the other hand, the unconventional hydrogen
bonding between APA and dA20, APA and dG20 results in the formation of P-helix
and M-helix respectively. They have used AFM and CD studies to confirm the
formation of helical assemblies. Figure 1.16B shows the AFM image of their M-
helical dT20-(APA)20-dT20 assembly with ~22 nm helical pitch and ~5 nm height,

which was in agreement with the theoretically calculated values. Also, they have
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demonstrated the stimuli responsive (pH <6) collapse of double zipper structures
for application in delivery of therapeutic small molecules and ssDNA sequences.
There are several other reports from Schenning, lizawa, and Shimizu’s research
groups, where they have employed the different hydrogen bonding possibilities of
nucleobases in the oligonucleotides to assemble helical structures of small
molecules.”8-80

As mentioned earlier, nanoparticles can be precisely organized using the
structural programmability of DNA and in most of these cases, modified ssDNA
sequences with functional groups capable to bind with metal ions are used to locate
metal atoms in fixed positions. Apart from this strategy, a supramolecular approach
to construct DNA-inorganic hybrid assembly is by using the metal-base pair
interaction. It is well known that, the binding affinity of Hg(Il) between two
thymine’s and Ag(I) between two cytosines are high compared to other metal-base
pair interactions.8182 Exploiting this property, numerous thymine and DNA based
fluorometric and colorimetric sensors with high sensitivity were developed for
detecting Hg?* ions in aqueous medium.8384 For example, M. Pandeeswar et al
developed a DNA-organic ensemble for the detection of Hg with 0.1 nM limit of
detection (LOD).85 A DNA-organic hybrid 2D nanosheets were assembled from a
semiconducting adenine functionalized naphthalenediimide (BNA) and dTn via
conventional hydrogen bonding. Upon adding Hg(Il) to this system, BNA were
replaced by Hg and forms [dT-Hg-dT]n assemblies with lower lateral dimensions
compared to the 2D sheets of BNAn-dTn (Figure 1.17A). Further, they have
transformed this assembly in to a field effect transistor (FET) device for the sensitive

detection of Hg in water by measuring the conductivity changes.
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Figure 1.17. Schematic representation of A) the BNA and dTn self-assembly, following
transformation into [dT-Hg-dT]n assemblies, conductometric measurements of FET device with
addition of methylmercury (Adapted from reference 85), B) DNA templated fluorescent silver
nanocluster formation (Adapted from reference 86) and C) DNA detection strategy using GO and
DNA-AgNCs (Adapted from reference 87).

Similarly, the cytosine-Ag(I)-cytosine interaction is used to develop
fluorescent silver nanoclusters stabilized by cytosine rich oligonucleotides (Figure
1.17B).8286 Ever since the first report by Robert M Dickson,8¢ these label free
fluorophores were broadly used in bioimaging and sensing applications.87:88 In this
strategy, as a result of the interaction of cytosine with Ag(I), only few of the ions gets
reduced to Ag atoms upon reduction. And the reduced ions will be stabilized inside
the cytosine rich sequence, which results in fluorescent Ag nanoclusters with sub-
nanometer size. The advantages of this strategy compared to other stabilizing agents
include, the controlled reduction of Ag(I) and the stabilization of nanoclusters
formed inside the oligonucleotide template from further reduction to higher sized
non-fluorescent nanoparticles.

Using this method, Qu et al reported an efficient strategy for the detection of

multiple DNA strands using graphene oxide (GO) and DNA-silver nanocluster (DNA-

AgNC) systems (Figure 1.17C).87 The fluorescence quenching property of GO and
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monitoring the optical properties of DNA-AgNC supported the selective detection of
specific DNA strands. Though it looks simple, the importance lies in the easy
synthesis, cost effectiveness, biocompatibility and multiple target analysis. This area
of DNA templated fluorescent silver nanoclusters will be further discussed in detail
as a part of Chapter 2. In addition to the above mentioned metal-base pair
interactions, there are also reports on DNA-inorganic assemblies formed from Zn(II)

or Cu(Il)-nucleobase interactions.82.90

Threading

Groove Binding Intercalation Intercalation

Electrostatic Binding

Figure 1.18. Illustration of the different supramolecular interactions of ligand with dsDNA.

As discussed previously, small molecules and biomolecules (collectively
mentioned as ligand) interact with dsDNA through groove binding, intercalation and
electrostatic interactions (Figure 1.18). Groove binders are usually biomolecules or
small molecules, which plays important role in drug development. There are two
types of grooves in dsDNA: major and minor grooves. As the name implies the size of
grooves are different and so the binding molecules are also dissimilar. Typically,
larger molecules like sequence specific proteins, peptide nucleic acids, etc., binds to

major grooves via hydrogen bonding or by intercalative interactions and thereby
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regulates the biological processes.?192 Whereas, small molecules binding to major

groove of DNA are developed by covalently modifying the nucleobases.?3%4
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Figure 1.19. Chemical structures of A), B) major, C) minor groove binders (Adapted from
reference 95, 97 and 98), and D) DISC;(5) and the molecular modelling showing the assembly of
three DISC;(5) dimers along the minor grooves of DNA (Adapted from reference 99).

To date there are only very few reports on small molecules (For example
methyl green, Figure 1.19A) binding to major grooves of DNA without any covalent
modifications.?5-97 Recently, Kellett et al. reported a di-Cu(Il) complex, Cu2TPNap
(Figure 1.19B) which exclusively binds to major grooves without any intercalation
and displays efficient oxidative DNA damage.?” On the other hand, minor groove
binding small molecules uses electrostatic, hydrophobic, hydrogen bonding and van
der Waals forces to bind with dsDNA. Netropsin, distamycin, DAPI29 and Hoechst
33258 are examples of extensively studied DNA-minor groove binders (Figure
1.19C).?8 Armitage and coworkers in 2014 demonstrated the formation of three self-
assembled dimers of benzothiazole based symmetrical cyanine dye (DISC2(5))along
the minor grooves of dsDNA (Figure 1.19D). This was one of the first reports, which
employed the groove binding property of DNA to template the assembly of small

organic dyes.??
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Recently, our research group has shown the ordered assembly of short
dsDNA and three-way junction (TW]) DNA structures into 1D and 2D functional
materials using multiple non-covalent interactions.100101 An aniline modified
fullerene derivative (FAn) with amphiphilic structure was designed and
synthesized. FAn assembles into 3-5 nm sized fullerene clusters in 10% DMSO-PBS
and these clusters interacts with short dsDNA, primarily through DNA-groove
binding and forms micrometer long nanowires with 80-120 nm thickness and ~2
nm height (Figure 1.20A). Similarly in presence of TWJ]-DNA, micrometer sized
layered nanosheets with ~2 nm height was observed (Figure 1.20B).101 The
potential of these non-covalently assembled 2D-nanosheets to template functional
nanomaterials was also demonstrated by introducing a cytosine rich overhang into
the TWJ]-DNA structure. Successful formation of fluorescent AgNC decorated 2D

nano-networks further supports the possibility of our strategy to construct higher

order functional materials for application in nanoelectronics.
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Figure 1.20. Schematic representation and corresponding AFM, TEM images of the
supramolecular assembly of FAn nanoclusters with A) dsDNA into nanowires and B) 3W]J-DNA

into 2D nanosheets (Adapted from reference 100 and 101).
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On the other hand, insertion of the planar aromatic part of cationic molecules
between bases pairs of DNA is termed as intercalation. Intercalative binding
consumes energy to unwind, as a result the binding is comparatively stronger than
other non-covalent interactions. There are two types of intercalative binding:
classical intercalation and threading intercalation. Classical is the standard kind of
intercalation with free planar aromatic units, whereas threaded interaction involves
planar structures with two opposite side chains. These two opposite chains further
interact with DNA through groove binding and stabilizes the assembly. G/C rich
sequences are superior intercalation sites in a dsDNA, as they unstacks easily.?8
Ethidium bromide (EB), methylviologen (MV) and acridine (Acr) are some of the

extensively studied organointercalators (Figure 1.21A).
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Figure 1.21. A) Chemical structures of organo-intercalators EB, MV and Acr. B) Schematic
representation of DNA tetrahedron formation, YOYO-1 intercalation and C) electron transfer
(ET) in the DNA tetrahedron with intercalated YOYO-1 and covalently modified Cy3 acceptor
dyes (Adapted from reference 102).

Several light harvesting multi chromophore arrays have been constructed

with different DNA nanostructures using this method of DNA intercalation.16.102

Armitage et al. reported a 3D DNA-tetrahedron structure capable of templating the
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intercalation of a bis-intercalating YOYO-1 dye at defined positions.192 Around 25
YOYO-1 molecules were incorporated into the DNA-tetrahedron, with all the dye
molecules coming inside a diameter of 10 nm. The assembled structure displayed
improved optical properties and better photostability compared to the monomer
(Figure 1.21B). They have also demonstrated the efficient electron transfer (ET)
properties of this system by selectively modifying the 5’-terminus of DNA-
tetrahedron with Cy3 acceptor dyes (Figure 1.21C).

Electrostatic interactions of hard, electron rich and negatively charged sugar-
phosphate back bone of DNA with cationic molecular structures are also exploited
for the assembly of functional materials. Cationic molecular structures include
polycationic polymers and positively charged small asymmetric and symmetric
organic molecules.14103.104 Purrello et al. described a selective sensing strategy for
spermine directed Z-from of DNA using the electrostatic interactions of DNA,
spermine and a metal organic complex.l* A tetraanionic nickel(Il) porphyrin
complex was used to monitor the pH depended structural changes in DNA (Figure
1.22A). At lower pH, an organized reversible supramolecular assembly of porphyrin-
spermine-Z-DNA complex with the ability to store chemical information was
reported.

Recently, from Myongsoo Lee’s group, a pH responsive hierarchical assembly
of two small molecules with dsDNA was reported.1°4 Two bent shaped molecules
(Figure 1.22B) were synthesized and assembled into helical, hollow cylindrical
structures. These assemblies encapsulate dsDNA via simple electrostatic
interactions. Interestingly, by mixing these two molecules in a particular ratio, pH
driven switching of the helicity between B-form and Z-form of DNA was observed

(Figure 1.22C). At pH 7.4, the outer diameter of cylindrical structure is ~8 nm,
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whereas it is only 7 nm at 5.5 pH. This phenomenon was explained by the molecular
rearrangement between the protonated and deprotonated forms of two molecules in
the assembly at different pH conditions, leading to changes in the size of cylindrical
structures. As a result of fluctuations in the electrostatic interaction between DNA
and molecular assembly, the helicity of DNA also changes with the reversible helical
motion of surrounding molecular assembly. They also have demonstrated these
structural changes in DNA by taking it into the intracellular sections. In nutshell, this
was a very intriguing work, which took the simple non-covalent electrostatic
interaction of DNA and small molecules into higher levels for application in DNA-

based nanomachines.
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Figure 1.22. A) pH dependent arrangement of Ni-porphyrin complexes and structural changes

in DNA (Adapted from reference 14). B) Molecular structures and C) schematic representation of
the reversible helicity changes in the DNA incorporated molecular assembly at pH 7.4 and 5.5

(Adapted from reference 104).

1.6. SELF-ASSEMBLY DIRECTED BY NUCLEOBASE DERIVATIVES

Approaching the building blocks of nucleic acids individually and utilizing the

above-mentioned supramolecular interactions of DNA, numerous self-assembled
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materials have been fabricated. As the components of nucleic acid, nucleobases and
their derivatives also possess good recognition, organization, biocompatibility and
information storage properties. Nucleobase derivatives include nucleosides and
mono, di, tri-phosphate nucleotides. Compared to other bimolecular templates, they
are smaller in size, reasonably low cost and stable. In addition to its templating
action, they can also modulate the physical and morphological properties of
supramolecular assemblies. In the following section, we have described the latest
developments in this field by appropriately classifying the self-assembly utilizing

nucleosides and nucleobases separately.

1.6.1. Nucleotide directed assemblies

Among the other nucleobase derivatives, nucleotides with improved
biocompatibility are more employed in the construction of self-assembled materials
from small molecules and metal ions. Supramolecular polymers of small molecules,
metal encapsulated hydrogels and coordination polymer nanoparticles were
assembled from various nucleotide templates and employed for applications in
energy and/or information transfer, light harvesting, sensing, nanoelectronics and
biomedical applications.?! S. ]. George and coworkers in 2014 described the
formation of self-assembled nanofibers from naphthalene diimide (NDI) with
tunable chirality using adenosine nucleotides (AP).195 Dipicolylethylenediamine
capable of coordinating with Zn were attached to the two ends of
naphthalenediimide resulting in the formation of cationic complexes (APDI). These
cationic molecules interact with negatively charged adenosine nucleotides; ATP,
ADP and AMP in different ways and assemble into helical fibers with differential

chirality. As the number of negative charges in ATP, ADP and AMP are different, the
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equality in electrostatic interactions are also dissimilar. ATP assembles APDI into
right-handed helical fibers whereas ADP and AMP assemble into left-handed helical
fibers (Figure 1.23A). These interesting stimuli responsive chiral changes were used
to monitor the real time enzymatic hydrolysis of APs (Figure 1.23B). The same group
extended this strategy into perylenebisimide derivatives and demonstrated the AP

responsive transformation of self-assembled 2D nanosheets into 1D nanofibers.106
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Figure 1.23. A) Molecular structure of APDI and illustration of different self-assembles of helical
fibers in presence of three APs. B) Schematic representation and corresponding chiroptical
properties of helical assemblies during the enzymatic AP hydrolysis (Adapted from reference
105).

As in DNA, nucleobases in nucleotide also interacts with metals (Ag, Hg, Cu,
etc.) via coordination bonds leading to supramolecular assemblies of metal
nanoparticles.2! Apart from the reports on interactions with common metals, Liu et
al. used isothermal scanning calorimetry techniques and studied the interactions of
nucleotides with lanthanide ions.197 They suggested the pyrimidine nucleotides
interacts with lanthanide ions mainly through phosphate groups whereas purine

nucleotides use both phosphate and nucleobase interactions. Similar to this

assembly, Liang et al in 2017 described the formation of laccase imitating
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nanoenzyme metal organic frameworks (MOF) using GMP and Cu(II) ions.198 Laccase
is an enzyme commonly used for catalyzing the oxidation reactions. These MOFs are
efficient replacements for laccase enzyme (Figures 1.24A and 1.24B) with ~2400-

fold enhanced activity and better shelf-life.
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Figure 1.24. A) Schematic depiction of enzyme mimic MOF assembly from GMP and Cu(ll) ions,
and B) example of an oxidation reaction catalyzed by Cu/GMP MOF (Adapted from reference 108).
Supramolecular organo and hydrogels gels formed from nucleotides using
non-covalent hydrogen bonding, mt-m stacking and nucleobase-metal interactions are
another class of self-assembled architectures, which finds applications mainly in the
field of biomedical science.2L109 [n all such assemblies, small molecules with
hydrogen bonding motifs and metal ions are used as the guest molecules to direct
the assembly. Hao et al. in 2017 demonstrated the Ag (I) and pH modulated
enhanced gelation properties of AMP.110 They proposed, m-m stacking and
nucleobase-Ag (I) interactions as the main appealing forces for this assembly.
Rheology, atomic absorption spectroscopy and morphological analysis were
employed to support their proposed mechanism and self-assembly. More
interestingly, they have used these gels for the effective encapsulation of

biomolecules using the interaction of Ag(I) ions with guest molecules.
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1.6.2. Nucleoside directed assemblies

Nucleoside assisted assemblies yet reported mainly include nucleoside
templated fluorescent metal nanoclusters (NCs) and supramolecular hydrogels.
Metal-nucleobase interactions and canonical or non-canonical hydrogen bonding
interactions are the key driving forces in such assemblies. Wang and coworkers
prepared fluorescent metal clusters of Au, Ag and Cu.21111 They reported that
cytidine and adenosine can template the formation of fluorescent AuNCs and
AuAgNCs,21 whereas, thymidine, uridine, and guanosine failed to generate
fluorescent clusters. Later the same group, reported the formation of nucleoside
templated fluorescent water soluble CuNCs using a one-pot synthetic strategy.111
Fluorescence quantum yield obtained with different nucleoside templated CuNCs
suggested the differential binding affinity of nucleosides towards Cu. In this case,
guanosine, cytidine, and adenosine were able to assist the formation of CuNCs,
whereas thymidine failed.

Supramolecular hydrogels derived from nucleosides and nucleoside
derivatives are another important functional assembly, extensively studied and used
in therapeutic applications. Among the various nucleoside assisted supramolecular
gels,112 the ones formed from guanosine and guanosine analogues are given more
importance because of its G-quartet forming ability. Upon G-quartet formation, they
can encapsulate various biomolecules and drug molecules. Recently, Apurba K Das
and coworkers synthesized a novel G-quadruplex hydrogel from guanosine, 2-
formylphenylboronic acid (2-FPBA) and 4-arm amine-functionalized (PEG)
polyethylene glycol (Figure 1.25A).113 [nitially, G-quartet was formed in the presence

of K*ions, which results in the formation of hydrogels with G-quadruplex structure.
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The imino-borate bond formed during the gelation provides dynamic, stimuli
responsive and injectable properties to the gels. The initially formed G-quartet
further assembles into hydrogels with G4 structures through polyethylene glycol
units. The hydrogels thus formed showed self-healing properties and pH responsive
dissolution of gels and the pH dependent drug delivery was demonstrated by
incorporating anticancer doxorubicin drug into nano-fibrillar hydrogel assemblies
(Figure 1.25B). The slow and steady release of drugs from hydrogels offers the

practicability of this assembly for the controlled release of drugs into infected

tissues.
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Figure 1.25. A) Schematic illustration of the formation of G-quartet and B) corresponding

assembly into hydrogel and mechanism of drug delivery (Adapted from reference 113).

1.6.3. Nucleobase directed assemblies

Compared to nucleotides and nucleosides the use of nucleobases as building
materials is less employed. This is because of the limited non-covalent interaction

possibilities in nucleobases, thereby limiting its application in biomolecular studies.
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But still, there are some reports which describe the use of adenine as a stabilizing
agent in the formation of inorganic nanomaterials.?2! Liu and his coworkers
demonstrated the use of purine nucleobases to assemble protected chiral glutamic
acid derivatives (protection; Fmoc, N-(9-fluorenylmethoxycarbonyl)) into helical
fibers.114 They described that the chiral molecules itself cannot self-assemble, but in
presence of achiral nucleobases they self-assembles into hydrogels with helical
structures. This chirality was further transferred into achiral fluorescent guest
molecules (Figure 1.26A). Opaque gels are formed in the presence of G and
translucent gels are formed in the presence of A. However, pyrimidine nucleobases
couldn’t trigger the formation of helical assemblies. Visualization of assemblies
using AFM showed the formation of fibers with 90 nm width and 125 nm helical
pitch before the addition of achiral guest molecules (Figure 1.26B). Whereas, after
guest incorporation the width and helical pitch increased by 20 and 25 nm,

respectively (Figure 1.26C).
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Figure 1.26. A) Schematic representation of purine directed self-assembly of Fmoc-glutamic
acid molecules into chiral nanofibers, B) corresponding AFM images of helical fibers before and

C) after the addition of fluorescent guest molecules (Adapted from reference 114).

As mentioned in section 1.5.2., supramolecular functional assemblies can also

be developed by incorporating nucleobases or nucleobase analogs into organic
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molecules.115 Instead of introducing complementary ssDNA, complementary
nucleobases or nucleobase analogs were also employed to direct the self-assembly

of small molecules and polymers.116.117

1.7. PERSPECTIVES AND CHALLENGES IN SUPRAMOLECULAR DNA ASSEMBLY

Extensive diversities of hierarchically self-assembled functional architectures
for specific applications were achieved using DNA, nucleotides, nucleosides,
nucleobases, and its analogues as templates. As described in the above sections, the
interesting structural programmability, molecular recognition properties, and
supramolecular interaction possibilities are the key intriguing features, which
makes DNA and its constituents as the distinctive and promising building blocks in
the bottom-up self-assembly. These unique properties add extra features like stimuli
responsive behavior, information storage and information transfer capacity to the
self-assembled materials. The last four decades have witnessed tremendous
developments in this field and their potential applications grew substantially across
scientific disciplines. Applications include the templated synthesis of small
fluorescent nanoparticles to higher ordered self-assembled materials for practice in
biomedical, photonic, and nanoelectronic fields.

Even though great progress has been made in the field of bottom-up self-
assembly using DNA and its constituents, challenges still remain to be addressed. (i)
Modified oligonucleotides are quite costly and the synthesis yields using solid-phase
oligonucleotide synthesizer is comparatively very low. As a result, self-assembly also
becomes very expensive. In order to address this problem, instead of modifying
oligonucleotides covalently, the non-covalent interaction possibilities of DNA need

to be explored. Smart design of simple DNA nanostructures with less structural
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complexity and improved non-covalent templating properties are required. (ii) The
specificity over supramolecular interactions is less compared to covalently modified
assemblies. As a result, a combination of assemblies will be formed and at present
there are only very few reports on controlled DNA-supramolecular assembly
compared to covalently modified DNA assemblies. So, introduction of site-specific
groups and careful optimization of non-covalent assembly conditions are required in
such supramolecular approaches. (iii) More insights into the random oligonucleotide
directed assemblies are required. This can avoid the complexity with sequence
specific design and assembly. (iv) Templating action of DNA requires water as
medium. As a result, incorporation of several extended m-conjugated organic
molecules is difficult to achieve. Though there are some reports using water-organic
solvent system for constructing such assemblies, better strategies and conditions
need to be introduced. (v) Nucleobase, nucleoside and nucleotide templated self-
assemblies are in the initial stages. Therefore, a better understanding about the
fundamental aspects and mechanism of such assemblies need to be gathered.

The potential of DNA and nucleobase derivatives in templating functional
architectures are not yet completely explored and addressing the above-mentioned
challenges are the current focus of research community. Along with this, tailoring
the properties of self-assembled materials using DNA and nucleobase derivatives are
another area of research currently ongoing in this field. Beyond this, demonstrating
the applicability of these self-assembled materials into practical applications is the
main task in the current scenario. Application dependent specific alterations and
modifications are required in these assembled systems, to transfer the assembly into
real-time analysis of targeted drug or DNA delivery in biomedical field and smart

devices in nanoelectronics.

42



Chapter 1

1.8. OBJECTIVES OF THE PRESENT INVESTIGATION

A survey of the recent literatures in functional supramolecular DNA
assemblies indicate that there exist very few strategies which use the non-covalent
interaction possibilities of DNA and DNA-building blocks like nucleobase, nucleoside
and single nucleotide derivatives. In this context, we set our objective of the present
study as to employ the non-covalent interaction possibilities of DNA, which includes
the metal-base interaction, hydrogen bonding and electrostatic interactions to
construct functional assemblies. Our first objective was to develop a smart DNA
nanostructure which can be used for multifunctional applications. To achieve this
objective, we synthesized branched DNA three-way junction structures with a
central cytosine loop and used the non-covalent cytosine - Ag* interactions to
construct fluorescent DNA biolabels (Chapter 2).

The second objective of our study is to employ the non-covalent hydrogen
bonding properties of nucleobase and nucleobase analogues to get a control over the
assemblies of Tetraphenylethylene (TPE) derivatives, which typically gives rise to
the formation of random aggregated structures with aggregation induced emission
property. In order to study this objective, we synthesized four diaminotriazine
functionalized TPE molecules and their self-assembly properties were investigated
using a thymine derivative and oligo-thymidine DNA sequence (Chapter 3A and
3B). We further attempted to utilize the non-covalent electrostatic interaction
possibility of DNA backbone having negatively charged phosphate group with
positively charged TPE-viologen derivatives to achieve DNA condensation (Chapter
4). For this study, we synthesized four viologen functionalized TPE derivatives

varying in their chemical structure and investigated their interactions with long
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duplex calf-thymus DNA (CT-DNA). Detailed insights in to the strategies described in
each chapter were achieved by systematic studies using photophysical and
morphological techniques. In brief, the present thesis outlines three different
strategies using the supramolecular interactions of DNA to attain the initially-

mentioned objectives and the results of which are described in detail.
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CHAPTER 2

DESIGN AND SYNTHESIS OF DNA THREE-WAY JUNCTION
TEMPLATED FLUORESCENT SILVER NANOCLUSTERS:
SEQUENCE PROGRAMMING AND METAL ION SENSING
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2.1. ABSTRACT

Fluorescent metal nanoclusters emerged as promising candidates for sensor
and imaging applications due to their excellent photostability and tunable optical
properties. Among various metal nanoclusters, fluorescent silver nanoclusters (AgNCs)
synthesized on DNA templates are particularly attractive due to their inherent
bioconjugation onto DNA which opens up immense possibilities for applications in
diagnosis and imaging. DNA stabilized, fluorescent silver nanoclusters are reported to
exhibit sequence dependent morphological and emission properties and hence the
photophysics of these AgNCs could be easily modified by changing the sequence
structure of DNA template. Typically, certain nucleic acid sequences such as cytosine

rich regions show stabilization of AGNCs and hence are useful as fluorescent tags which
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are incorporated in DNA mainframe on the edges as overhangs or as loops on the
duplex strands. In this Chapter, we describe a new design strategy for sequence
programmed DNA three-way junctions (DNA-3W]Js), comprising of unhybridized
cytosine nucleobases in the 3W]-center, capable of binding to silver ions and stabilizing
the AgNCs. The formation of AgNCs in these DNA-3W]s were confirmed by various
spectroscopic and microscopic techniques. 3WJ20-C12 comprising of 12 cytosine bases
in the center of the DNA-3W] form fluorescent nanoclusters with an emission
maximum around 630 nm and 12% fluorescence quantum yield. Control DNA-3W]s
with six cytosine bases in the center (3W]J20-C6) and ones without cytosine bases
(3W]J20) failed to form fluorescent AgNCs confirming the requirement of central
unhybridized cytosine bases for the stabilization of the nanoclusters. Further, the
duplex arms of DNA-3W]s were shown to influence the fluorescent properties of AgNCs
by varying the size and stability of the cytosine-loop structure of DNA-3W]s. Metal ion
interaction studies show the selectivity of the 3WJ20-C12/AgNCs towards Hg?* with

sensitivity in the nanomolar range.

2.2. INTRODUCTION

Fluorescent metal nanoclusters comprising of 2-20 metal atoms in the sub-
nanometer size are emerging competitors for typical fluorophores like organic dyes,
quantum dots and fluorescent proteins.12 The smaller size and better photostability
of metal nanoclusters makes them superior over the conventional fluorophores used
for biological applications.3 The size of metals is the key factor which governs their
optical and electronic properties (Figure 2.1). Bulk metals with higher size in the
micro meter range possess high electrical conductivity and reasonable optical

reflectance, ascribed to their freely moving electrons in the overlapped valence band
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and conduction band. On the other hand, intense color of nanometer sized metal
nanoparticles is a result of surface plasmon resonance. Distinct from the
aforementioned metals, metal nanoclusters because of its small size in sub-
nanometer scale have discrete electronic energy levels like molecules and displays
distinct optical spectra, strong fluorescence emission and well separated highest

occupied molecular orbital - lowest unoccupied molecular orbital (HOMO-LUMO).

Metal
Nanoparticle Freely moving
asmon electrons

H 3 I 1
0.1 nm 1nm 10 nm 100 nm 1um 10 um

Size-quantized
electronic transitions

Figure 2.1. Energy level diagrams of metal atom, metal nanocluster, metal nanoparticle and bulk
metal (Adapted from reference 4).

Among the various metal nanoclusters (Au, Ag, Pt, Cu etc), silver nanoclusters
(AgNCs) possess low toxicity, superior water solubility, easy synthesis and suitable
photophysical properties, which make them useful candidates for various
applications in optoelectronics, catalysis, bioimaging and biosensing.>7 However,
stabilization of these metal nanoclusters, particularly AgNCs from oxidation and
aggregation to larger nanoparticles is a key challenge in this field. The reaction
conditions like temperature, stabilizing agent, reducing conditions and the molar

ratios of Ag, stabilizer, reducing agent etc play crucial roles in the synthesis of
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AgNCs. Previously, various stabilizing agents like small organic molecules,
dendrimers, inorganic matrices, synthetic polymers, biopolymers, DNA etc were
used in the construction of metal nanoclusters.?? Even though, there are many
reports on the synthesis of AgNCs, it remains difficult to generalize the reaction
conditions, since the same reaction conditions could also lead to the formation of
nanoparticles or aggregates.

Unique properties of AgNCs, including high fluorescence quantum yields and
their cluster stability also depend on the stabilizing agent used during the synthesis
of AgNCs. The largest value of fluorescence quantum yield for AgNCs (64%) was
reported in presence of DNA as stabilizing agent,1® whereas, stable AgNCs were
formed in presence of polyacrylates.!l Since the pioneering work by Dickson and
coworkers on the fluorescence emission of cytosine rich DNA stabilized AgNCs,°
numerous DNA stabilized AgNCs with tunable fluorescence emission were
developed using single strand oligonucleotides as templates.12
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Figure 2.2. A) The specific cytosine-Ag* interaction and B) cartoonic representation of the AgNC
synthesis using cytosine rich ssDNA sequence. C) Sequence dependent changes in the
fluorescence emission of AgNCs, D) a common excitation (270 nm) dependent emission spectra
of different ssDNA/AgNCs and E) near-by sequence dependent changes in the fluorescence

emission (Adapted from reference 13 and 14).
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Here, the specific non-covalent interaction of cytosine nucleobase towards Ag* ion is
employed to stabilize AgNCs inside the ssDNA sequences upon reduction (Figures
2.2A & 2.2B). Important benefits of using DNA as a template for the synthesis of
AgNC are: (i) tunability of fluorescence emission from visible to NIR region by
programming the ssDNA sequences,3 (ii) single source excitation of all the cluster
species present in the sample and (iii) the fluorescence of cluster can be color tuned
and turned on or off by changing the nearby DNA sequences (Figures 2.2C-E).1415
These important features and straightforward synthesis of DNA-AgNCs have
stimulated the use of silver nanoclusters as fluorophores in bioimaging, sensing of
DNA, RNA, proteins, metal ions, small molecules and cancer cells.16-21 In addition,
several reports have demonstrated the structural and sequence dependence of DNA

on the origin and fluorescence modulation of AgNCs.22-27

» A B) o ‘E-é D) E B @
@‘b

Figure 2.3. AgNCs stabilized inside different DNA nanostructures, A) ssDNA, B) Hairpin loop, C)

Triplex, D) overhangs at junctions and E) quadruplex (Adapted from reference 27).

The property of programmable DNA hybridization allows the construction of
various AgNCs templated by secondary DNA structures (Figure 2.3) such as
duplex,’> triplex,?8 hairpin loop,2° G-quadruplex,3? i-motifs,3? branched DNA
junctions etc.32 Among these secondary structures, branched DNA junction
templated AgNCs have been used for multifunctional applications.27.33 For example,
Libing Zhang and coworkers developed a target prompted recognition technique for

the detection of DNA, thrombin and ATP by engineering the DNA-3W]s with
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multifunctional catalytic and fluorescent properties.32 Itamar Willner et al
demonstrated the formation of fluorescent DNA hydrogels by the successful
incorporation of AgNCs in the sequence-specific hair-pin loops of the Y-shaped DNA

units with controlled fluorescence properties (Figure 2.4A).33
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Figure 2.4. AgNCs stabilized inside the A) hairpin loops and B) overhangs of DNA-3W]
structures (Adapted from reference 33 and 34).

Later in 2018, Lu Yang et al reported super AgNCs in the overhangs of X, Y
and X-Y type branched DNA structures with higher antibacterial activity and
excellent biocompatibility in 293T, SMCs and GLC-82 cells (Figure 2.4B).34 In this
line and using the self-assembly tools, recently from our group we have shown the
formation of 2D-nanonetworks by the mutually assisted self-assembly of fullerene
nanoclusters (F-An) and DNA-3W]s with AgNCs stabilized in the cytosine rich
overhang (Figure 2.5).35> A 40% enhancement in the fluorescence intensity of AgNC
was obtained as a result of the enhanced stability of AgNCs in the DNA-fullerene

assemblies.

Fullerene
3W]J-OH + AgNCs Nanoclusters 3WJ-OH/F-An + AgNCs

Figure 2.5. Pictorial representation of the formation of AgNCs stabilized in the 2D

nanonetworks of 3WJ-OH/F-An assemblies (Adapted from reference 35).
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The aforementioned reports highlight the stabilization of AgNCs either on
one of the duplex strands of DNA-3W]Js with a single strand overhang or by creating
hairpin loops on the duplex strand. The overhang or hair pin modifications in the
duplex arms, used in these strategies impose structural restrictions in building
extended multifunctional sensor conjugates and hence limit their practical
applications in biological sensing and imaging. Herein, we describe the construction
of a DNA-3W]J for templating AgNCs, without modification at the duplex branches.
Instead, a cytosine loop has been inserted at the center of DNA-3W] using mismatch
single strand DNA sequences. The DNA-3W]Js with central cytosine loops were
shown to act as efficient templates, which stabilize the formation of AgNCs. Multiple
DNA-3W] structures were used to demonstrate the sequence dependence of the
central loop region and duplex arms on the formation and stabilization of AgNCs.
Further, the fluorescence of the synthesized 3WJ20C12/AgNCs was used to probe

Hg?* ions in aqueous solutions in sub-nanomolar concentrations.

2.3. RESULTS AND DISCUSSION
2.3.1. Synthesis of short ssDNA sequences

Short ssDNA sequences used in this work (Table 2.1 in the experimental
section) were synthesized by solid phase oligonucleotide synthesis using an
automated DNA synthesizer, which follows the typical phosphoramidite chemistry
to synthesize ssDNA sequences. Each addition of single nucleotide follows a cycle of
four chemical reactions (Figure 2.6), termed as de-tritylation, coupling, capping and
oxidation. After the required ssDNA sequence was synthesized, the white powdered
sample was cleaved off from the solid support and deprotected the protecting

groups in nucleobases using 30% ammonium hydroxide solution. The samples were
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then purified using reverse phase - high performance liquid chromatography (RP-
HPLC), desalted and concentrations were calculated using the known € values of
nucleobases at 260 nm.
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Figure 2.6. Schematic representation of the solid phase oligonucleotide synthesis.
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2.3.2. Fluorescent AgNCs templated by ssDNA sequences

To standardize the conditions for AgNC synthesis using DNA templates, we
selected two ssDNA sequences (DNA 1 and DNA 2), which were reported earlier to
stabilize fluorescent AgNCs3¢ and followed the synthetic procedures in the

literatures reports of Robert M Dickson et al.?12

DNA-1: 5’- A A G A-3’

DNA-2: 5’- A A T A-3’
NaBH4 was used as the reducing agent for Ag* ions. Synthesis of AgNCs was carried
out by introducing AgNOs to a solution of ssDNA in PBS (10 mM Phosphate buffer
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and 2 mM NacCl), followed by the addition of freshly prepared NaBHa4 (Figure 2.7A). A
1:6:6 ratio of ssDNA to Ag* to NaBH4 was followed for the synthesis and along with

this a control experiment without ssDNA was carried out to verify the results.
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Figure 2.7. A) Schematic representation of the DNA templated AgNC synthesis and B) visible
light photographs of samples in the presence and absence of DNA.

After incubation of the reaction mixture in dark for 8 hrs, samples with ssDNA
displayed a slight yellow color indicating the presence of Ag nanoparticles or
clusters in the samples, whereas, the control experiment was colorless (Figure 2.7B).
In agreement with the literature report,3¢ the UV-visible absorption spectra of AgNC
templated by DNA-1 and DNA-2 showed the presence of characteristic absorption
band at 714 nm and 744 nm, and emission at 771 nm and 807 nm, respectively
(Figures 2.8A and 2.8B). Absorption spectra infers, AgNC stabilization by ssDNA
template also accompanies the formation of Ag nanoparticles with 400 nm surface

plasmon resonance band.
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Figure 2.8. A) Absorption and B) emission spectra of AgNCs templated by DNA-1 and DNA-2.
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Further, the reaction conditions for DNA/AgNC synthesis like salt
concentration, appropriate buffer system and Ag* to NaBH4 ratio required for the
synthesis were investigated. With increasing concentrations of NaCl, the
fluorescence intensity of DNA-1/AgNC was found to decrease (Figure 2.9A). This
observation implies the poor interaction of cytosine nucleobases with Ag* ions at
higher concentrations of Na* and hence the formation of fluorescent DNA-1/AgNC
will be diminished. Among the three buffer systems studied, AgNCs prepared in PBS
with pH = 7.39 displayed a relatively higher fluorescence intensity (Figure 2.9B).
Similarly, fluorescence emission spectra of DNA-1/AgNC synthesis carried out with
different ratios of Ag* to NaBHa4 (Figure 2.9C) suggested a 1:1 or 1:0.5 ratio are ideal
for the synthesis of AgNCs. Above and below these ratios of NaBH4 concentration,
fluorescence intensity of DNA-1/AgNC was comparatively weak, which could be due

to the enhanced reduction of Ag* ions to Ag atoms at higher concentrations of NaBH4
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Figure 2.9. Fluorescence emission spectra of DNA-1/AgNCs A) with increasing concentrations of

NaCl, B) in different buffer system and C) with different Ag*to NaBH4 ratios.
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leading to Ag nanoparticles or Ag aggregates, and the insufficiency of NaBH4
molecules to reduce Ag* ions at lower concentrations. In short, lower concentrations
of salt, PBS buffer and 1:1 or 1:0.5 ratios of Ag* to NaBH4 are suitable conditions for

the effective synthesis of DNA/AgNCs.

2.3.3. Design, synthesis and characteristics of DNA three-way junctions

Two different types of DNA-3W]s, 3W]N-CX and 3W]N described in this work
were assembled from corresponding ssDNA sequences (Figure 2.10A), following the
typical hybridization protocols. In the initial design, three ssDNA sequences, DNA 1,
2 & 3 (Figure 2.10B and Table 2.1), each containing 20 nucleobases with four
cytosines in the center were used, which upon hybridization form a DNA-3W] with
an unpaired, 12-cytosine loop at the center of the 3W]J (hereafter referred as 3WJ20-
C12). On the other hand, DNA 4, 5 & 6 (Figure 2.10B) hybridize to form a 3W]
without a cytosine loop at the center and is used as a control 3W] (3W]J20).37 In
general, the DNA-3W]Js with and without the central cytosine loops, used in this
work are defined as 3W]JN-CX and 3W]N, respectively, where N represents the total
number of nucleobases in one ssDNA and X represents the total number of unpaired,
cytosines in the central loop region of the 3WJ.

A) B)

7 /VV@ Mismatch sequences (3W]20-C12)
a \', \
\/\/ o S DNA 1 5-GGT GGC GAC CCC GAC GAT CC-3’
g
/-\/\ V DNA 2 5-GGA TCG TCC CCC AGT TGA CC-3’
\) DNA 3 5’-GGT CAA CTC CCC TCG CCA CC-3’

7

A
o M 1(\“@ Match sequences (3W]20)
?

DNA 4 5’-GGT GGC GAG AGC GAC GAT CC-3’
3WIN DNA 5 5’-GGA TCG TCG CAG AGT TGA CC-3’

4 DNA 6 5’-GGT CAA CTC TTC TCG CCA CC-3’
)

Figure 2.10. A) Schematic illustration of 3WJN-CX and 3W]N formations from ssDNA sequences
and B) ssDNA sequences used for preparing 3WJ20-C12 and 3W]J20.
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The ssDNA sequences, corresponding DNA-3W]s, HRMS and melting

temperature (Tm) values obtained are tabulated in Table 2.1. Thermal denaturation
properties of 3WJs were studied by monitoring the absorbance at 260 nm as a
function of temperature. 3WJ20-C12 dissociates into ssDNA at 32 °C whereas the
fully hybridized 3WJ20 melts at 41 °C. The decrease in the Tm value of 3WJ20-C12
compared to 3WJ20 (Figure 2.11A) is due to the relative destabilization of the 3W]
in the presence of the twelve unpaired cytosine nucleobases in the central loop
region. Circular dichroism analysis showed a bisignated CD signal centered at 260

nm, with a positive band at 275 nm and a negative band at 248 nm (Figure 2.11B),

which indicates the B-form duplex structure of the arms in the DNA-3W]Js.
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Figure 2.11. A) Thermal denaturation curves and B) circular dichroism spectra of 3WJ20-C12

and 3W]J20.
The duplex nature of the 3W] arms and presence of cytosine loop in 3WJ20-

C12 were further analyzed by ethidium bromide (EB) intercalation studies (Figures
2.12A & 2.12B for 3WJ20-C12, inset of B shows the schematic representation of EB
intercalation process and Figure 2.13A for 3WJ20). Upon excitation at 515 nm, an
enhancement in the monomeric fluorescence emission of EB with successive
addition of DNA-3W]s was observed. A ~30% relative enhancement in the

fluorescence emission of EB in presence of fully hybridized 3WJ20 compared to
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3W]J20-C12 (Figure 2.13B) indicates the presence of unpaired nucleobases in
3W]J20-C12. Thus, the DNA melting, CD and EB displacement studies verify the

presence of 3W] branches with duplex structures and cytosine loop in 3WJ20-C12.
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Figure 2.12. Changes in the A) absorption and B) emission spectra of EB with increasing

concentrations of 3WJ20-C12.
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Figure 2.13. Changes in the emission spectra of A) EB with increasing concentrations of 3WJ20

and B) EB, EB with 1.2 uM concentrations of 3WJ20-C12 and 3W]J20.

2.3.4. Fluorescent AgNCs templated by DNA-3W]s

To demonstrate our strategy of stabilizing AgNCs on cytosine loop inserted at
DNA-3W] center, silver ions were added to DNA-3W]Js in buffer solution, followed by
reduction using NaBH4 (Schematic illustration; Figures 2.14A & 2.14B). UV-visible
absorption spectra of 3WJ20-C12/AgNC (AgNC formed in the presence of 3WJ20-

C12) showed a characteristic absorption band at 510 nm along with the surface
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plasmonic resonance band of silver nanoparticles (AgNPs) around 400 nm.38 The
510 nm absorption band is characteristic of the DNA templated AgNCs as reported
in the literature.3? Control AgNC synthetic experiments in the absence of 3WJs or in
the presence of 3WJ20, showed only the 400 nm surface plasmonic resonance band
with no evidence of 510 nm band (Figure 2.14C). These results indicate that only the

samples with DNA templates and stabilizes Ag nanoparticles.
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Figure 2.14. Schematic illustration of the strategy for the preparation of fluorescent AgNCs in
presence of A) 3W]JN-C12 and B) 3W]JN. C) UV-visible absorption spectra and D) corresponding
fluorescence emission spectra of AgNCs prepared with 3W]J20-C12, 3WJ20 and in the absence
of DNA (Aexc = 510 nm).
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On the other hand, the one without stabilizing agent results in the formation of more
aggregated Ag nanostructures than AgNPs, responsible for the observed surface
plasmon band. In addition, fluorescence emission spectra of 3WJ20-C12/AgNC
showed characteristic emission band at 630 nm (Aexc = 510 nm), which was not
observed in the control experiments (Figure 2.14D). This distinctive absorption and
fluorescence behavior of 3WJ20-C12/AgNC indicates that efficient cytosine-Ag*
interaction takes place only in the 3W]Js with central cytosine loop leading to the
formation and stabilization of fluorescent AgNCs upon reduction, which otherwise

results in the formation of aggregated AgNPs.
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Figure 2.15. Changes in the A) absorption (inset shows the zoomed portion of absorption
spectra in 500-650 nm range), and B) emission spectra of 3WJ20-C12/AgNCs with reaction
time (inset shows plot of fluorescence intensity with time obtained by monitoring fluorescence

emission at 630 nm. Aexc = 510 nm).

69



DNA Three-Way Junction Templated Fluorescent Silver Nanoclusters

The formation of 3WJ20-C12/AgNCs was monitored by recording the time
dependent changes in UV-visible absorption and fluorescence emission spectra. The
plasmon absorption of the AgNPs around 400 nm along with a small shoulder band
around 510 nm corresponding to the AgNCs started to appear within 10 minutes of
the addition of NaBH4 to a mixture of 3WJ20-C12 and silver ions (Figure 2.15A). The
absorption band at 510 nm due to the formation of AgNCs gradually increased up to
8 hours, beyond which it got saturated (inset of Figure 2.15A). Similar to the
absorption spectra, a characteristic fluorescence emission band appeared at 630 nm
and showed significant emission within 2 hours, with slight enhancement in the

fluorescence emission up to 8 hours and gets saturated (Figure 2.15B and inset).
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Figure 2.16. A) Fluorescence emission spectra of optically matching solutions of cresyl violet
and 3WJ20-C12/AgNCs, and B) fluorescence life time profile of 3WJ20-C12/AgNCs

The observed red fluorescence compares well with the fluorescence of
AgNCs, reported with 12-cytosine as ssDNA template or as a part of ssDNA/hairpin
loop structures.?7.3940 The quantum yield (®r) of as synthesized 3WJ20-C12/AgNCs
was found to be 12% in PBS buffer at pH 7.4 (Figure 2.16A). Fluorescence lifetime
measurements of these 3WJ20-C12/AgNCs showed triexponential decay with an
average fluorescence lifetime of 1.64 ns (Figure 2.16B). Purification of 3WJ20-

C12/AgNCs from AgNPs was achieved using Ultracel®-10k centrifugal filters by the

70



Chapter 2

continuous washing of sample with buffer solution (Figures 2.17A, 2.17B and inset
of Figure 2.17A shows the cartoonic representation of AgNC purification). Purified
samples of 3WJ20-C12/AgNCs showed slight yellow color under day light and
intense red emission under 365 nm UV light (inset of Figure 2.17B). Further, the
purified 3WJ20-C12/AgNCs showed higher stability in terms of fluorescence
emission compared to the unpurified samples, as evidenced by the fluorescence

emission over 72 hours (Figures 2.18A and 2.18B).
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Figure 2.17. A) Absorption and B) emission spectra of 3WJ20-C12/AgNCs in the purification

process using 10k centrifugal filters.

A) —— 24 hours B) 6 —— 24 hours
) 81 —— 49 hours f; —— 48 hours
:E —— 71 hours i —— 72 hours
5, -
4 >
z2° 24
2 =
= [}
= 2 -
04— T T : ] 0 T T T . ]
600 650 700 750 800 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 2.18. Time dependent changes in the emission spectra of 3WJ]J20-C12/AgNCs A) before

and B) after purification.

2.3.5. Morphology and elemental analysis of 3WJ20-C12/AgNCs

HR-TEM analysis was used to visualize the size and shape of Ag nanoparticles

formed in the presence of different DNA-3W]Js. The expected diameter of 3W] center
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is approximately 2.88 nm (calculated using the distance between base pairs and
diameter of B-DNA). There can be slight variations expected in this value attributed
to the flexibility and helical twist of DNAs. The TEM image of sample drop cast
before purification showed a combination of AgNCs, AgNPs and aggregated
nanostructures (Figure 2.19A). Whereas, purified samples of 3WJ20-C12/AgNCs
showed 2-3 nm sized clusters, supporting the effective stabilization of AgNCs inside
the 3W] center (Figure 2.19B). Under similar conditions, HR-TEM analysis of the
AgNPs formed in the presence of 3WJ20 or in the absence of any DNA, showed 10-

12 nm sized AgNPs and aggregated AgNPs (Figures 2.19C & 2.19D).

Figure 2.19. TEM images of A) before (presence of different sized Ag nanostructures), B) after
purification of 3WJ20-C12/AgNCs (the presence of 2-3 nm sized 3WJ20-C12/AgNCs are
indicated by yellow arrow mark). C) AgNPs formed in the presence of 3WJ20 and D) Ag
aggregates formed in the absence of any DNA sequence.

In addition, EDAX analysis performed with purified 3WJ20-C12/AgNCs,

showed peaks corresponding to Ag and phosphorous validating the presence of

AgNCs and DNA (Figure 2.20).4! The elemental and surface composition of purified
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3WJ20-C12/AgNC were further analyzed by XPS. In agreement with the EDAX

spectrum, the XPS spectrum (Figure 2.21A) of 3WJ20-C12/AgNC confirmed the

presence of Ag, phosphorous, oxygen and nitrogen. Expanded Ag 3d region of XPS

spectrum shows two peaks at 368.29 and 374.3 eV characteristic of the AgNCs

(Figure 2.21B).38 Thus, HR-TEM and XPS analysis confirms that emissive AgNCs with

2-3 nm size are formed only in the presence of mismatched 3WJ20-C12 template

with cytosine loop and validates our proposed strategy.
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Figure 2.20. EDAX spectrum of purified 3WJ20-C12/AgNCs.

A) 4 ©n B)
S —3Wj20-C12 3.5 Ag3ds;
_ f\3743ev
3 3] - I
5, = 3.0 Ag3d;,, ,I ‘|
=~ S f136829eV | |
E > 3y g
& 21 = iy Iy
= 8 i 1 ., \S
B = [ Iy
1' — 0" —.'s -°. .|
2.0 g . p ~
L " .
1000 800 600 400 200 0 375 370 365
Binding Energy (eV) Binding Energy (eV)

Figure 2.21. A) XPS survey and B) expanded spectrum of purified 3WJ20-C12/AgNCs.

DLS measurements further confirms the size of nanoparticles formed in

presence of different DNA templates (Figure 2.22). DLS hydrodynamic size

measurements of a solution of AgNPs formed in the presence of 3WJ20 and in the
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absence of DNA, showed the existence of higher sized nanoparticles in comparison

with the 3WJ20-C12/AgNC sample.
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Figure 2.22. DLS size distribution profiles of purified 3WJ20-C12/AgNCs, AgNPs formed in

presence of 3WJ20 and in the absence of DNA.

2.3.6. Sequence programming and influence on 3WJN-CX/AgNC formation

Alterations in the formation of AgNCs and corresponding fluorescence
emission was inspected by programming the ssDNA sequences as represented in
Table 2.1. In the first instance, the duplex branch length of DNA-3W] was increased

from 8 to 13 to obtain 3WJ30-C12 and 3W]J-30, with and without the central

cytosine loop, respectively.
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Figure 2.23. Thermal denaturation curves of A) 3WJ30-C12, 3WJ30 and B) 3WJ]20-Cé6.

74



Chapter 2

In the second example, the central cytosine loop size was reduced from 12 to 6
cytosines to obtain 3WJ20-C6. DNA-3W]s were prepared from the corresponding
ssDNAs and Tm values obtained are tabulated (Table 2.1, Figures 2.23A and 2.23B).
A comparison of the Tm values of 3WJ30-C12 (51 °C) and 3WJ20-C12 (32 °C)
demonstrate the additional stability offered by the extended duplex arms in the case
of 3WJ30-C12.

AgNCs prepared in presence of 3WJ30-C12 showed a characteristic emission
at 578 nm (Aexc = 490 nm), with a blue shift and relatively enhanced emission
compared to 3WJ20-C12/AgNCs (Figure 2.24). This shift in the emission spectrum
could be attributed to the presence of higher number of nearby nucleobases and less

flexibility of 3WJ30-C12 compared to 3WJ20-C12.42
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Figure 2.24. Fluorescence emission spectra of AgNCs prepared in the presence of 3WJ]J30-C12,
3W]J-30 and 3WJ20-C6 (Aexc= 490 nm).

Control experiments with 3WJ30 doesn’t show any characteristic emission as
expected, thereby validating the requirement of cytosine loop in the 3W] center for
stabilizing AgNCs. Likewise, attempts to prepare AgNCs with 3WJ20-C6 doesn’t
show the formation of emissive AgNCs, indicating that a 6-cytosine loop is not

enough for stabilization of the emissive AgNCs. These results of fluorescence
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emission were further supported with HR-TEM analysis. 3WJ30-C12/AgNCs
showed the presence of 3-4 nm sized AgNCs whereas 3WJ30 and 3WJ20-C6 showed

the formation of AgNPs and aggregates (Figures 2.25A-C).

Figure 2.25. TEM images of A) purified 3WJ30-C12/AgNCs and AgNPs and aggregates formed
in presence of B) 3WJ30 and C) 3WJ20-Cé6.

2.3.7. Metal ion interaction studies of 3W]J20-C12/AgNCs

Interestingly, the 3WJN-C12/AgNCs exhibited highly selective and sensitive
interactions with Hg?* ions and hence can be employed in the detection of trace
amounts of Hg?* ions in aqueous solutions by a fluorescence turn-off mechanism.
For example, the fluorescence of 3WJ20-C12/AgNC, showed significant quenching
in the presence of 1-200 nM Hg?* ions as shown in Figure 2.26A. The sensitive

detection is characterized by a significantly low LOD value of 0.7 nM
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Figure 2.26. A) Quenching in the fluorescence spectra of 3WJ20-C12/AgNC (6 uM) with
increasing concentration of Hg?+ (0, 1-10, 100 and 200 nM) and B) Fo/F versus concentration

plot of fluorescence quenching of 3WJ20-C12/AgNC with increasing the Hg2* from 1-6 nM.
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calculated by monitoring the changes in fluorescence intensity as a function
concentration of Hg2* ions (Figure 2.26B). Similarly, the selectivity of 3WJ20-
C12/AgNC for Hg?* ions was analyzed using various metal ions (K*, Li*, Ca2+, Mg?+,
Cu?*, Zn?+, Cd?+, Al3+, Hg?* and Fe3+*) and the results are summarized in Figures 2.27A
& 2.27B. Other metal ions, even at 300 times higher concentrations compared to

Hg?+, failed to show significant fluorescence quenching.
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Figure 2.27. A) Fluorescence spectra of 3WJ20-C12/AgNCs in presence of various metal ions
(60 uM) in acetonitrile and B) corresponding bar diagrams of fluorescence quenching, (Fo-F)/Fo
at 630 nm.

A review of existing literature shows that the silver nanoclusters (AgNCs)
stabilized by DNA strands and other small molecules are shown to exhibit a highly
selective and sensitive interaction with Hg?+, leading to significant fluorescence
changes.4043 The leading mechanisms proposed for the selective interaction of
AgNCs with Hg?* ions are; (i) d10-d1°® metallophilic interactions and (ii) redox
reactions involving Hg?* and Ag leading to the oxidation of Ag atoms in the cluster to
Ag* ions, which perturb the fluorescence properties. The highly sensitive
fluorescence quenching of 3WJ20-C12/AgNCs in presence of Hg2* ions could be
attributed to the possible oxidation of Ag (0) to Ag* ions, which also explains the

selectivity of the interactions in this case.
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Figure 2.28. Thermal denaturation curves of 3WJ20-C12 in presence of 6 equivalents of Ag*,
corresponding reduced AgNCs and 3WJ20-C12/AgNCs with 60 uM Hg?*.

To get a better insight into the fluorescence quenching mechanism of AgNCs
by Hg?*, thermal denaturation studies of 3WJ20-C12 in presence of Ag* ions, AgNCs
and AgNC/Hg?* were conducted (Figure 2.28). The addition of 6 equivalents of Ag*
to 3WJ20-C12 stabilizes the DNA-3W] by 3 °C and the corresponding AgNCs
(obtained by reduction of the same solution using 6 equivalents of NaBH4) by 4 °C.
Whereas, subsequent addition of Hg?* to the 3WJ20-C12/AgNC resulted in the
destabilization of 3WJ20-C12/AgNC. In addition, using a metal/semiconductor/
metal planar device with silver electrodes, we monitored the conductivity changes of
3W]J20-AgNP and 3WJ20-C12/AgNCs in the absence and presence of Hg?* (Figures

2.29A & 2.29B).
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Figure 2.29. The I-V curves of A) 3W]J20/AgNP and B) 3WJ]20-C12/AgNCs in the absence and

presence of Hgz*.
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The I-V curve of 3WJ20-C12/AgNCs showed an enhancement in the conductivity in
presence of HgZ* ions,*44> whereas 3WJ20-AgNP did not display any sensible
changes. This implies Hg?* interacts only with 3WJ20-C12/AgNCs and forms Ag*
ions and Hg(0) atoms, as a result the overall conductivity increases. These results
further supports the proposed redox mechanism for the fluorescence quenching in

3W]J20-C12/AgNCs in the presence of Hg?+.17

2.4. CONCLUSIONS

In summary, we present a novel design of branched DNA-3W]J with a cytosine
loop at the center for stabilizing AgNCs, which can replace the process of modifying
DNA branches for AgNCs used in multifunctional applications. The potential of this
strategy to template AgNC is verified using a standard DNA-3W]J with a 12-cytosine
loop. The formation of AgNCs inside this loop was characterized with photophysical,
microscopic and surface analysis techniques. Sequence length and central cytosine
loop size dependent changes on the formation and fluorescence properties were also
examined. Results suggest that, AgNCs templated by DNA-3WJ with a 12-cytosine
loop is a reasonably good template with fluorescence properties compared to its 6-
cytosine analogue. The length of duplex 3W] branch shows significant influence on
fluorescence properties of AgNCs. The selectivity and sensitivity studies with metal
ions demonstrates the ability of 3WJN-C12/AgNCs to sense Hg?* ions in aqueous
solutions with detection limit in nanomolar range. Therefore, this novel design of
AgNCs templated by branched DNA structure can be used as a fluorescent nanotag,
which offers a better programmability of the duplex branches for multifunctional

applications over the normal DNA-3W] templated fluorophores reported.
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2.5. EXPERIMENTAL SECTION

2.5.1. Materials and methods

Short oligonucleotide sequences used in this work (Table 2.1) were
synthesized wusing K&A Laboratory H-6/H-8 DNA/RNA/LNA synthesizer.
Phosphoramidites used for the solid-phase DNA synthesis were purchased from
Glen Research (http://www. glenresearch.com/ index.php). Anhydrous acetonitrile
and all other reagents required for DNA synthesis were purchased from Sigma
Aldrich. The synthesized oligonucleotides sequences were purified by LC-6AD
Shimadzu Reverse Phase-High Performance Liquid Chromatography (RP-HPLC)
with an Inertsil ODS-3, 5 mm, 10 x 250 mm reverse phase column. Deprotection and
hybridization of ssDNAs were performed on IKA® dry block heater. Ammonium
hydroxide (28% NH3 in H20, 99.99%), ethidium bromide (EB), silver nitrate (AgNOs3,
99.0%), sodium borohydride (NaBH4, 98.0%), sodium chloride (NaCl, 99%), sodium
phosphate dibasic anhydrous (NazHPO4) and sodium phosphate monobasic
monohydrate (NaH2P04.H20) were purchased from Sigma Aldrich. All the metal salts
used in this work are of analytical grade and used as received without further
purification. Water used for all the experiments was de-ionized Milli Q (18.2
MQ.cm). All optical measurements were carried out in buffer solution (10 mM
sodium phosphate buffer, pH = 7.39 + 2 mM for initial ssDNA sequences, and 150
mM NaCl for DNA-3W]s) using 1 cm cuvettes at room temperature (251 °C), unless
otherwise mentioned.

The UV/Vis absorption spectra and melting temperature measurements were
performed on Shimadzu UV-2600 Spectrophotometer. Steady state fluorescence

emission spectra were recorded on SPEX FLUOROLOG-3 (FL3-221)
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Spectrofluorimeter, equipped with 450 W Xenon arc lamp and a slit width of 5 nm.
The quantum yield of 3WJ20-C12/AgNCs was measured by relative comparison
method using cresyl violet (®r = 57% in methanol) as the fluorescent standard.*¢
The fluorescence life time measurements of 3WJ20-C12/AgNCs were done using
picosecond single photon counting system (Horiba, DeltaFlex) employing 510 nm
laser as excitation source using picosecond photon detection module (PPD-850) as a
detector. The fluorescence decay profile was deconvoluted using EzTime software
and fitted with multi exponential decay of chi-square value 1+0.1.

CD spectra of DNA-3W]s were obtained at ambient temperatures using JASCO
J-810 spectropolarimeter having Peltier controlled thermostatic cell holder with an
accumulation of 2 and scan speed of 200 nm/min. The samples for TEM imaging
were prepared by drop casting 5 pL. samples on the top of carbon-coated copper grid
(400 meshes, Ted Pella). The as-prepared samples were initially dried on copper
grid by slow evaporation and subjected to vacuum drying for 2 days before analysis.
HR-TEM characterization and Energy Dispersive X-ray spectroscopy (EDAX) were
performed with JEOL-JEM0310 microscope with an accelerating voltage of 100 kV
and the samples were imaged using Hamamatsu ORCA charge-coupled device (CCD)
camera.

Particle size distributions were calculated using Zetasizer (Malvern Nano ZS)
operating with a He-Ne laser at a wavelength of 633 nm. Each analysis was
performed in triplicate and the mean value is reported. In each run, 10-15
measurements were made. Purified samples of 3WJ20-C12/AgNC, Ag nanoparticles
formed in presence of 3WJ20 (15 uM) and in the absence of DNA were used for

hydrodynamic size measurements. XPS analysis of dried samples were performed
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using PHI 5000 Versa Probe II (ULVAC-PHI Inc, USA) equipped
with microfocused (200 um, 15 kV) monochromatic Al-Ka X-Ray source (hv =
1486.6 eV). Survey scans were recorded with X-ray source power of 50 W and pass
energy of 187.85 eV. High-resolution spectrum of the Ag was recorded at 46.95 eV

pass energy.

2.5.2. Synthesis of sequence specific DNA-3W]s

The short ssDNA sequences (with 20 bases and 30 bases) used in this work
are tabulated in Table 2.1. The synthesis was carried out on a 1.0 pmol solid support,
CPG (Controlled pore-glass, 1000 A pore size) using commercial phosphoramidites.
Required oligonucleotide sequences were prepared with automated synthesis,
which follows the stepwise addition of nucleoside 3’-phosphoramidite monomers to
the 5’-end of resin bound nucleoside. The oligonucleotides were cleaved from the
solid support and deprotected using standard conditions (28% NH4OH, 10 hours at
60 °C on a dry block heater). The synthesized oligonucleotides were purified by RP-
HPLC. A binary gradient system of triethylammonium acetate (TEAA) buffer (0.05
mM, pH = 7) and acetonitrile were used as eluents. The purified oligonucleotide
samples were concentrated under vacuum, desalted using Sep-Pak C18 cartridge
and concentrations were determined by monitoring the UV absorbance at 260 nm.
The samples were then stored at below 4 °C and used as required to assemble into

corresponding DNA-3W]s.

Hybridization of ssDNA sequences into corresponding DNA-3W]s were
achieved by following the standard hybridization protocols. Equimolar mixture of
three complementary ssDNAs in buffer solution were annealed at 90 °C for 10

minutes. All of the DNA-3WJs mentioned in this work were assembled by this
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procedure and stored at 4 °C. 1 uM samples of DNA-3W]s were used for thermal
denaturation and circular dichroism studies. EB intercalation studies were
performed by sequential addition of 10 uL, 100 uM samples of DNA-3W]J into 30 uM,
1 mL EB in buffer solution.

Table 2.1. Table shows the ssDNA sequences, corresponding DNA-3W] designations, expected

and observed mass in HRMS and their melting temperature values.

Sl Oligonucleotide sequence (5°-37) Expected Observed DNA-3WJ Tm
No. Mass Mass (°C)
1 GGTGGCGACCCCGACGATCC 6104 6104
A |2 GGATCGTCCCCCAGTTGACC 6054 6053.8 3WJ20-C12 32
3 GGTCAACTCCCCTCGCCACC 5958.9 5959.3
4 GGTGGCGAGAGCGACGATCC 6158 6157.6
B |5 GGATCGTCGCAGAGTTGACC 6208.1 6208.3 3WJ20 41
6 GGTCAACTCTTCTCGCCACC 5988.9 5989.2
7 ATTACGGTGGCGACCCCGACGATCCTGTAT 9183 91835
C |8 ATACAGGATCGTCCCCCAGTTGACCATGCT 9127 91273 3WJ30-C12 51
9  AGCATGGTCAACTCCCCTCGCCACCGTAAT 9071.9 90725
10  ATTACGGTGGCGAGAGCGACGATCCTGTAT 9287.1 9287.8
D 11 ATACAGGATCGTCGCAGAGTTGACCATGCT 9231.1 92315 3WJI30 56
12 AGCATGGTCAACTCTTCTCGCCACCGTAAT 9102 91025
13 GGTGGCGAGCCCGACGATCC 6144 6144.2
3WJ20-C6
E 14 GGATCGTCGCCGAGTTGACC 6134 6134.79 38
5958.9 5959.3
15 GGTCAACTCCCCTCGCCACC

2.5.3. Synthesis of 3W]/AgNCs.

Fluorescent AgNCs were synthesized according to the modified literature
reports described by Dickson et al.?12 For the preparation of AgNCs templated by
3WJN-CX and 3W]JN, 45 pL, 2 mM AgNOs solution was added to a freshly prepared

sample of 15 uM DNA-3W]s in buffer solution to provide a DNA-3W] to Ag* molar
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ratio of 1:6 (final volume of 1 mL solution). After vortexing the sample for 10
minutes at room temperature, the mixture was reduced by quickly adding 45 pL, 2
mM of NaBH4 (freshly prepared) under vigorously shaking conditions for 2 min.
Final concentrations were fixed to 15 uM for the DNA-3W] template, 90 uM for
AgNOs3, 90 uM for NaBH4 in a molar ratio 1, 6, 6, respectively. The reaction mixture
was kept in the dark at 4 °C for another 8 hours before optical measurements. The
purification of 3WJN-CX/AgNCs from AgNPs and aggregates was achieved using
Amicon® Ultra Ultracel®-10k centrifugal filters. A similar procedure was followed for

all the AgNCs synthesis mentioned in this work.

The 3W]J-AgNCs concentration is referred to the concentration of DNA-3W]J
unless mentioned otherwise. 15 uM samples of 3WJ/AgNCs in buffer solution was
used for UV-visible absorption, fluorescence emission, quantum yield (¢) and

fluorescence lifetime measurements.

2.5.4. Selectivity and sensitivity measurements of 3WJ20-C12/AgNCs

The selectivity of 3WJ20-C12/AgNC system for various metal ions were
studied by monitoring the changes in fluorescence intensity of this system with the
addition of common cations like K*, Li*, Ca2*, Mg?*, Hg?*, Cu?*, Zn?*, Cd?*, Al3* and
Fe3+. For selectivity experiment, 10 uL, 60 uM metal ions in acetonitrile was added to
1mL, 1.5 uM 3W]J20-C12/AgNCs in buffer solution. The sensitivity of this 3WJ20-
C12/AgNCs system towards Hg2+ was studied by adding increasing concentrations
of Hg?+ (0, 1-10, 100, and 200 nM) to 6 uM 3WJ20-C12/AgNCs. Fluorescence
changes in a range of Hg?* concentrations from 0-5 nM were used for limit of
detection (LOD) calculation. LOD is determined from standard deviation of response

of the curve (Sy) and slope of calibration curve (S), according to the formula LOD =
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3.3 (Sy/S). The standard deviation of response can be determined from the standard

deviation of y-intercepts of regression lines.*”

2.6. REFERENCES

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Tao, Y.; Li, M.; Ren, ].; Qu, X. Metal nanoclusters: novel probes for diagnostic and
therapeutic applications. Chem. Soc. Rev. 2015, 44, 8636-8663.

Shang, L.; Dong, S.; Nienhaus, G. U. Ultra-small fluorescent metal nanoclusters:
Synthesis and biological applications. Nano Today. 2011, 6, 401-418.

Lin, C.-A.; Lee, C.-H.; Hsieh, ].-T.; Wang, H.-H.; Li, J.; Shen, ].-L.; Chan, W.-H.; Yeh,
H.-I1; Chang, W. Review: Synthesis of Fluorescent Metallic Nanoclusters toward
Biomedical Application: Recent Progress and Present Challenges. ] Med Biol Eng.
2009, 29, 276-283.

Mathew, A.; Pradeep, T. Noble Metal Clusters: Applications in Energy,
Environment, and Biology. Part. Part. Syst. Charact. 2014, 31,1017-1053.

Wang, N.; Hu, Y.; Zhang, Z. Sustainable catalytic properties of silver nanoparticles
supported montmorillonite for highly efficient recyclable reduction of methylene
blue. Appl. Clay Sci.. 2017, 150, 47-55.

Kondo, J.; Tada, Y.; Dairaku, T.; Hattori, Y.; Saneyoshi, H.; Ono, A.; Tanaka, Y. A
metallo-DNA nanowire with uninterrupted one-dimensional silver array. Nat.
Chem. 2017, 9,956-960.

Kumar, V.; Gundampati, R. K;; Singh, D. K;; Bano, D.; Jagannadham, M. V.; Hasan, S.
H. Photoinduced green synthesis of silver nanoparticles with highly effective
antibacterial and hydrogen peroxide sensing properties. . Photochem. Photobiol.
B. 2016, 162, 374-385.

Diez, I.; Ras, R. H. A. Fluorescent silver nanoclusters. Nanoscale. 2011, 3, 1963-
1970.

Petty, ]. T.; Zheng, J.; Hud, N. V.; Dickson, R. M. DNA-Templated Ag Nanocluster
Formation. J. Am. Chem. Soc. 2004, 126, 5207-5212.

Sharma, J.; Yeh, H.-C.; Yoo, H.; Werner, J. H.; Martinez, ]. S. A complementary
palette of fluorescent silver nanoclusters. Chem. Commun. 2010, 46, 3280-3282.
Diez, I.; Pusa, M.; Kulmala, S.; Jiang, H.; Walther, A.; Goldmann, A. S.; Miiller, A. H.
E.; Ikkala, O.; Ras, R. H. A. Color Tunability and Electrochemiluminescence of

Silver Nanoclusters. Angew. Chem. Int. 2009, 48, 2122-2125.

85



DNA Three-Way Junction Templated Fluorescent Silver Nanoclusters

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Richards, C. I.; Choi, S.; Hsiang, J.-C.; Antoku, Y.; Vosch, T.; Bongiorno, A.; Tzeng,
Y.-L.; Dickson, R. M. Oligonucleotide-Stabilized Ag Nanocluster Fluorophores. J.
Am. Chem. Soc. 2008, 130, 5038-5039.

Guo, W,; Yuan, J.; Dong, Q.; Wang, E. Highly Sequence-Dependent Formation of
Fluorescent Silver Nanoclusters in Hybridized DNA Duplexes for Single
Nucleotide Mutation Identification. J. Am. Chem. Soc. 2010, 132, 932-934.
Obliosca, J. M.; Liu, C.; Yeh, H.-C. Fluorescent silver nanoclusters as DNA probes.
Nanoscale. 2013, 5, 8443-8461.

Lin, R; Tao, G.; Chen, Y.; Chen, M,; Liu, F.; Li, N. Constructing a Robust Fluorescent
DNA-Stabilized Silver Nanocluster Probe Module by Attaching a Duplex Moiety.
Chem. Eur. ]. 2017, 23, 10893-10900.

Lu, S.; Wang, S.; Zhao, J.; Sun, J.; Yang, X. Fluorescence Light-Up Biosensor for
MicroRNA Based on the Distance-Dependent Photoinduced Electron Transfer.
Anal. Chem. 2017, 89, 8429-8436.

Morishita, K.; MacLean, ]J. L.; Liu, B, Jiang, H. Liu, ]. Correlation of
photobleaching, oxidation and metal induced fluorescence quenching of DNA-
templated silver nanoclusters. Nanoscale. 2013, 5, 2840-2849.

Feng, L.; Wu, L.; Xing, F.; Hu, L.,; Ren, J.; Qu, X. Novel electrochemiluminescence of
silver nanoclusters fabricated on triplex DNA scaffolds for label-free detection of
biothiols. Biosens. Bioelectron. 2017, 98, 378-385.

Mu, W.-Y.; Yang, R.; Robertson, A.; Chen, Q.-Y. A near-infrared BSA coated DNA-
AgNCs for cellular imaging. Colloids Surf. B: Biointerfaces. 2018, 162, 427-431.
Cheng, R; Xu, J.; Zhang, X.; Shi, Z.; Zhang, Q.; Jin, Y. A selective and label-free
strategy for rapid screening of telomere-binding Ligands via fluorescence
regulation of DNA/silver nanocluster. Sci. Rep. 2017, 7, 42629.

Ai, J; Li, J; Ga, L; Yun, G; Xu, L; Wang, E. Multifunctional near-infrared
fluorescent nanoclusters for simultaneous targeted cancer imaging and
photodynamic therapy. Sens. Actuators B Chem. 2016, 222,918-922.

Neidig, M. L.; Sharma, J.; Yeh, H.-C.; Martinez, |. S.; Conradson, S. D.; Shreve, A. P.
Ag K-Edge EXAFS Analysis of DNA-Templated Fluorescent Silver Nanoclusters:
Insight into the Structural Origins of Emission Tuning by DNA Sequence
Variations. J. Am. Chem. Soc. 2011, 133, 11837-11839.

86



Chapter 2

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

Gwinn, E. G.; O'Neill, P.; Guerrero, A. ].; Bouwmeester, D.; Fygenson, D. K
Sequence-Dependent Fluorescence of DNA-Hosted Silver Nanoclusters. Adv.
Mater. 2008, 20, 279-283.

Huard, D. ]. E.; Demissie, A.; Kim, D.; Lewis, D.; Dickson, R. M.; Petty, ]J. T,;
Lieberman, R. L. Atomic Structure of a Fluorescent Ag8 Cluster Templated by a
Multistranded DNA Scaffold. J. Am. Chem. Soc. 2019, 141, 11465-11470.

Liu, H.; Shen, F.; Haruehanroengra, P.; Yao, Q.; Cheng, Y.; Chen, Y.; Yang, C.; Zhang,
J.; Wu, B.; Luo, Q.; Cui, R; Li, ].; Ma, ].; Sheng, ]J.; Gan, ]. A DNA Structure Containing
Agl-Mediated G:G and C:C Base Pairs. Angew. Chem. Int. Ed. 2017, 56, 9430-9434.
Chen, Y.; Phipps, M. L; Werner, ]. H.; Chakraborty, S.; Martinez, ]. S. DNA
Templated Metal Nanoclusters: From Emergent Properties to Unique
Applications. Acc. Chem. Res. 2018, 51, 2756-2763.

New, S. Y.; Lee, S. T.; Su, X. D. DNA-templated silver nanoclusters: structural
correlation and fluorescence modulation. Nanoscale. 2016, 8, 17729-17746.
Feng, L.; Huang, Z.; Ren, ].; Qu, X. Toward site-specific, homogeneous and highly
stable fluorescent silver nanoclusters fabrication on triplex DNA scaffolds.
Nucleic Acids Res. 2012, 40, e122-e122.

Chen, J.; Ji, X;; Tinnefeld, P.; He, Z. Multifunctional Dumbbell-Shaped DNA-
Templated Selective Formation of Fluorescent Silver Nanoclusters or Copper
Nanoparticles for Sensitive Detection of Biomolecules. ACS Appl. Mater.
Interfaces. 2016, 8, 1786-1794.

Ai, J; Guo, W,; Li, B; Li, T; Li, D., Wang, E. DNA G-quadruplex-templated
formation of the fluorescent silver nanocluster and its application to bioimaging.
Talanta. 2012, 88, 450-455.

Sengupta, B.; Springer, K.; Buckman, ]. G.; Story, S. P.; Abe, O. H.; Hasan, Z. W.;
Prudowsky, Z. D.; Rudisil], S. E.; Degtyareva, N. N.; Petty, ]. T. DNA Templates for
Fluorescent Silver Clusters and I-Motif Folding. J. Phys. Chem. C. 2009, 113,
19518-19524.

Zhang, L.; Guo, S.; Zhu, |.; Zhou, Z.; Li, T.; Li, J.; Dong, S.; Wang, E. Engineering DNA
Three-Way Junction with Multifunctional Moieties: Sensing Platform for
Bioanalysis. Anal. Chem. 2015, 87,11295-11300.

Guo, W.; Orbach, R.; Mironi-Harpaz, I.; Seliktar, D.; Willner, 1. Fluorescent DNA
Hydrogels Composed of Nucleic Acid-Stabilized Silver Nanoclusters. Small. 2013,
9,3748-3752.

87



DNA Three-Way Junction Templated Fluorescent Silver Nanoclusters

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Yang, L.; Yao, C.; Li, F,; Dong, Y.; Zhang, Z.; Yang, D. Synthesis of Branched DNA
Scaffolded Super-Nanoclusters with Enhanced Antibacterial Performance. Small.
2018, 14,1800185.

Vittala, S. K.; Saraswathi, S. K,; Ramesan, A. B.; Joseph, ]. Nanosheets and 2D-
nanonetworks by mutually assisted self-assembly of fullerene clusters and DNA
three-way junctions. Nanoscale Adv. 2019, 1, 4158-4165.

Yuan, Z.; Chen, Y.-C; Li, H.-W.; Chang, H.-T. Fluorescent silver nanoclusters
stabilized by DNA scaffolds. Chem. Commun. 2014, 50, 9800-9815.

Benvin, A. L.; Creeger, Y.; Fisher, G. W.; Ballou, B.; Waggoner, A. S.; Armitage, B. A.
Fluorescent DNA Nanotags: Supramolecular Fluorescent Labels Based on
Intercalating Dye Arrays Assembled on Nanostructured DNA Templates. J. Am.
Chem. Soc. 2007, 129, 2025-2034.

Zhang, X,; Qian, Y.; Ma, X; Xia, M.; Li, S.; Zhang, Y. Thiolated DNA-templated silver
nanoclusters with strong fluorescence emission and a long shelf-life. Nanoscale.
2018, 10, 76-81.

Brown, S. L.; Hobbie, E. K,; Tretiak, S.; Kilin, D. S. First-Principles Study of
Fluorescence in Silver Nanoclusters. J. Phys. Chem. C. 2017, 121, 23875-23885.
O’Neill, P. R;; Velazquez, L. R,; Dunn, D. G.; Gwinn, E. G.; Fygenson, D. K. Hairpins
with Poly-C Loops Stabilize Four Types of Fluorescent Agn:DNA. J. Phys. Chem. C.
2009, 113,4229-4233.

Vittala, S. K,; Saraswathi, S. K.; Joseph, J. Fullerene Cluster Assisted Self-Assembly
of Short DNA Strands into Semiconducting Nanowires. Chem. Eur. J. 2017, 23,
15759-15765.

Li, J.; Jia, X.; Li, D.; Ren, J.; Han, Y.; Xia, Y.; Wang, E. Stem-directed growth of highly
fluorescent silver nanoclusters for versatile logic devices. Nanoscale. 2013, 5,
6131-6138.

Zhou, Y.; Wang, J.; Yang, G.; Ma, S.; Zhang, M.; Yang, ]. Cysteine-rich protein-
templated silver nanoclusters as a fluorometric probe for mercury(ii) detection.
Anal. Methods. 2019, 11, 733-738.

An, J. H; Park, S. ], Kwon, O. S.; Bae, |.; Jang, J. High-Performance Flexible
Graphene Aptasensor for Mercury Detection in Mussels. ACS Nano. 2013, 7,
10563-10571.

Zhou, G.; Chang, J.; Pu, H.; Shi, K; Mao, S.; Sui, X;; Ren, R; Cui, S.; Chen, ].

Ultrasensitive Mercury lon Detection Using DNA-Functionalized Molybdenum

88



Chapter 2

(46)

(47)

Disulfide Nanosheet/Gold Nanoparticle Hybrid Field-Effect Transistor Device.
Acs Sensors. 2016, 1, 295-302.

Brouwer Albert, M.: Standards for photoluminescence quantum yield
measurements in solution (IUPAC Technical Report). In Pure Appl. Chem., 2011;
Vol. 83; pp 2213.

Mangalath, S.; Abraham, S.; Joseph, ]. pH-Responsive Fluorescence Enhancement
in Graphene Oxide-Naphthalimide Nanoconjugates: A Fluorescence Turn-On

Sensor for Acetylcholine. Chem. Eur. J. 2017, 23, 11404-114009.

89



CHAPTER 3: PART A

1D-ORGANIZATION AND THYMINE INDUCED TRANSITION
OF MOLECULAR AGGREGATES IN A DIAMINOTRIAZINE
FUNCTIONALIZED TETRAPHENYLETHYLENE DERIVATIVE

TPE-1/T-C12

\_ R=

3A.1. ABSTRACT

A diaminotriazine functionalized Tetraphenylethylene derivative, TPE-1
capable of intermolecular hydrogen bonding was synthesized and its self-assembly in
dodecane was investigated. TPE-1 displayed concentration dependent self-assembly in
dodecane with characteristic 400 nm monomeric emission for very dilute
concentrations and the gradual formation of 307 nm absorption and 430 nm emission
band characteristic of aggregation with increase in concentration. Detailed analysis of
temperature dependent changes at the aggregate absorption for different
concentrations revealed the co-operative/nucleation-elongation pathway for TPE-1

assembly. Morphology and optical microscopic analysis of these assemblies showed the
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presence of blue emissive 1D-fibers with 4-5 nm in height, 70-80 nm in width, and
several micrometers in length. Whereas at higher concentrations, these assemblies
resulted in transparent supramolecular blue emissive gels with entangled network
structure. Further, the self-assembly of TPE-1 was tuned using a thymine derivative, T-
C12 having a higher association constant for the complementary hydrogen bonding
with diaminotriazine (DAT) unit, compared to the self-association constant of DAT. In
presence of T-C12, green emissive thin 1D-fiberous structures of TPE-1=T-C12 with
350 nm absorption maxima, 502 nm emission maxima, 2-3 nm height, 35-45 nm width
and micrometers in length were formed at lower concentrations and opaque green
emissive gels were formed at higher concentrations, instead of the blue emissive TPE-1
assemblies. FT-IR and XRD studies of xerogels revealed the role of H-bonding,
transition of molecular aggregates and molecular packing, responsible for the blue and
green emissive assemblies in TPE-1. The molecular design and self-assembly strategy
put forward here, demonstrate the potential of non-covalent hydrogen bonding
interactions of nucleobase and nucleobase analogues in constructing supramolecular

assemblies with directional control.

3A.2. INTRODUCTION

Nature practices non-covalent self-assembly as a tool to organize complex
biological systems without compromising the control over such living systems.
Inspired by this concept, biopolymers like peptides, oligonucleotides and their
building blocks were extensively employed in the construction of functional
architectures from small m-conjugated organic molecules for applications in
chemical sensing, bio-medicine, bio-imaging, optoelectronics and photonics.1-#

Among these biological templates, the high programmability and unparalleled
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precision offered by DNA and its constituents renders them as promising candidates
in organizing chemical systems.>¢ It was the invention of DNA objects by Seeman in
1991, which changed the entire identity of DNA from its biological context to
material aspect.” Later, the development of DNA nanotechnology using DNA-tiles
and DNA-origami structures created a distinct space for DNA based functional
assemblies in material science research.® In addition to complex DNA
nanostructures as templates, small ssDNA, dsDNA, branched DNA junctions, hairpin
loops, nucleotides, nucleosides and nucleobases were also used for the hierarchical
organization of nanoparticles, proteins and small organic molecules.?10

The molecular recognition property of nucleobases is governed primarily by
hydrogen bonding interactions, and assisted by other non-covalent interactions like
-1t stacking, electrostatic and groove binding interactions to form extended
assemblies in most of the DNA based nanomaterials. Other than the aforementioned
ideas of using DNA or its constituents directly as templates, the incorporation of
nucleobases or nucleobase analogues into chemical systems by the rational
molecular engineering, gives the key in our hand to predict and tune the self-
assembly properties as required for specific applications. Melamine and cyanuric
acid derivatives are the well exploited nucleobase analogues used to construct
higher ordered assemblies.11.12

m-Conjugated molecules having the structural capability to form organized
supramolecular assemblies, with tunable properties have been extensively
investigated for the construction of one-dimensional (1D), two-dimensional (2D)
and higher ordered functional materials. Well studied m-conjugated aromatic
systems include, perylene bisimide (PBI), phthalocyanine (Pcs), porphyrin (Pp),

pyrene, naphthalene, hexabenzocoronene (HBC), tetrathiofulvalene (TTF),
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triphenylene derivatives, and oligomers of thiophene (OT), fluorene (OF) and
phenylenevinylenes (OPV).1314 As a consequence, a large variety of self-assembled
morphologies with ribbon, wire, rod, cylinder, sheet and flower like structures were
developed. However, some of these fluorophores suffer from the aggregation caused
quenching (ACQ) property upon self-assembly, which affects their optoelectronic
performance.’> In order to overcome this disadvantage of conventional
fluorophores, aggregation induced emission (AIE) active fluorophores were
introduced as functional materials.1617 Restriction of intramolecular rotation (RIR)
is the key factor responsible for the AIE phenomenon in most of the AIE active

luminogens.

Restriction of

/ intramolecular .
rotation (RIR) C (%
TPE Dynamic rotation Diphenylmethylene
in solution; (DPM) intermediate RIR in aggregate;
Non-emissive Highly emissive

Figure 3A.1. Schematic representation of the AIE process in TPE. (Adapted from reference 16).

Tetraphenylethylene (TPE) and its derivatives are one among this category of
promising AIE fluorophores used in chemical and biological sensing, and
optoelectronic devices like solar cells, light emitting device and field effect
transistors.1819 TPE molecules in solution state are non-emissive, with the phenyl
rings in dynamic motion and forms intermediate diphenylmethylene (DPM, two
units) upon excitation. As a result of the friction between molecules with each other
and with solvent, the excited state relaxes through non-radiative thermal and
mechanical decay pathways. Upon aggregation of TPE, dynamic motion of phenyl

rings get restricted and so excitons relaxes through the highly preferred radiative
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decay pathways (Figure 3A.1).1¢ In line with the AIE concepts, there are several
reports highlighting the solvent dependent tuning of optical and morphological
properties of TPE-derivatives. Consequently, quite a lot morphologies including,
globules, tubes, belts, 2D-sheets and flower like structures of TPE-derivatives were
developed as required for specific applications.20-22

For example, 3D-flower like structures of amphiphilic TPE-derivatives were
reported by S. V. Bhosale and co-workers using solvophobic control over the self-
assembly and demonstrated their mechanoresponsive properties upon applying
pressure, fuming and thermal conditions.?? Recently in 2020, Myongsoo Lee and
Yanqui Wang reported 2D-chiral sheets of TPE-derivatives for selective sensing of
enantiomers.2! Here, they have synthesized two amphiphilic TPE-derivatives, by
functionalizing with tetra- and di- chiral oligoether dendrimers and demonstrated
their self-assembly in aqueous methanol. The tetra-substituted molecule self-
assembles into nonchiral 2D-sheets and the di-substituted molecule assembles into

chiral 2D-sheets with 3.8 nm and 4.6 nm thickness, respectively (Figure 3A.2A).

B) ° e

"uwuse

nonchiral sheet
(d:3.8nm)

ﬂﬂ;%

3500

: 0
chiral sheet 320 385 450 515 580
(d: 4.6 nm)

dimer helical fiber
Wavelength (nm)

Figure 3A.2. Schematic representation showing the A) self-assembly of tetra- and di- oligoether
dendrimer substituted TPE into nonchiral and chiral 2D sheets, respectively, B) selective
separation of a single enantiomer from a racemic mixture of protected diphenylalanine and C)
corresponding enhancement in the fluorescence of TPE upon separation of enantiomer (Adapted

from reference 21).
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Further, the chiral sheets were shown to selectively separate a single enantiomer
from a racemic solution of phenylalanine (Figure 3A.2B) with an enhancement in the
fluorescence emission (Figure 3A.2C), indicative of the increased RIR of TPE in
presence of phenylalanine.

Although TPE derivatives with various morphologies were broadly employed
in many applications, the directional control over the morphologies of
supramolecular assemblies of TPE and tuning of their self-assembly and optical
properties are less explored. Due to RIR in the chemical structure upon aggregation
under solvophobic conditions, most of the TPE assemblies yet reported are with
random aggregates or 2D sheets and 3D flowers like structures, without any order
or control over the assembly. There are only very few reports which show the
successful organization of TPE derivatives in to 1D nanostructures with directional
control over the self-assembly. For example, from the pioneers of AIE: Tang’s
research group have shown the H-bonding directed self-assembly of fluorescent
helical micro/nanofibers from L-leucine, L-valine and bivaline substituted chiral TPE
derivatives using intermolecular H-bonding, m-stacking and electrostatic
interactions.23-25

In 2017, the same group demonstrated the effect of stereoisomers, Z and E of
ureidopyrimidinone substituted TPE derivative (Figure 3A.3A) on the molecular
packing and supramolecular self-assembly.26 In this work, they have well explained
the synthesis, separation and characterizations of Z and E isomers, and their
aggregation properties were studied in chloroform/hexane solvent mixture. In
solution state, the isomers displayed similar optical properties. Whereas, in the
aggregate state E-isomers were blue emitting with linear fiber like structures and Z-

isomers were green emitting with small particle like structures, attributed to the
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crystalline and amorphous nature of aggregates, respectively (Figure 3A.3B). In
addition, they have exploited these distinct supramolecular assemblies of TPE-
isomers: E-isomer to fabricate fluorescent photopatterns and Z-isomers for the

selective detection of Hg2* ions inside ureidopyrimidinone cavity.

A)
HN X
= vt d ¥ e

(2)-TPE-UPy > 4 b | ‘
’ | I 1

NH O O 9gregation-induced emiss\®®

® O s . e
N (]
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Figure 3A.3. A) Chemical structure of Z and E isomers of ureidopyrimidinone substituted TPE
and B) schematic representation of E isomer forming blue emissive supramolecular fibers and Z
isomer forming green emissive particle like assemblies (Adapted from reference 26).

If we look in detail in to the aforementioned 1D-assemblies of TPE, all of them
possess hydrogen bonding moieties in the chemical structures as a common factor,
and yet there is no sufficient clear evidence for role of H-bonding in these
assemblies. Therefore, in line with this concept and due to our interest in using DNA
or nucleobase and nucleobase analogues in templating the supramolecular
functional materials, we set our objective of this present chapter as to investigate
the H-bonding directed construction of 1D-assemblies of TPE using a nucleobase
analogue, and tune its self-assembly and properties with the addition of
complementary hydrogen bonding moieties. A detailed review of literature in this
sub-topic revealed few reports of TPE-DNA assemblies used for sensing and catalytic

applications.27-29
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Xiaoding Lou et al. in 2014 reported a fluorescence turn on sensor for the
selective detection of adenine rich ssDNA from its corresponding dsDNA segment,
using the AIE property of a thymine functionalized TPE (TPE-T) derivative (Figure
3A.4A).27 Here, the free adenine units in ssDNA forms complementary H-bonding
with the thymine unit of TPE-T and results in the aggregation of TPE molecules. On
the other hand, in the case of dsDNA there is no free adenine groups to interact with
TPE-T, and fails to display AIE. Other than the external non-covalent interaction of
TPE with DNA sequences, covalently modified TPE-DNA conjugates with improved
specificity were also used for DNA sensing and construction of self-assembled

functional templates for catalytic applications.282°
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Figure 3A.4. Schematic representation of a fluorescence turn-on sensor for A) adenine rich
ssDNA and B) specific ssDNA sequences (Adapted from references 27 and 28). C) Self-assembly
of TPE-DNA amphiphiles in to nanoparticle decorated 2D-sheets and its recyclable catalytic
action (Adapted from references 29).

For example, Ruoyu Zhang and co-workers reported a fluorescence turn-on sensor

for the detection of precise ssDNA sequences by using a covalent modified TPE-
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ssDNA conjugate (Figure 3A.4B).28 Here, initially the ssDNA sequence
complementary to the target sequence is covalently modified on to TPE by click
chemistry and upon hybridization with target, TPE aggregates and displays AIE.

N. Krishnan et al reported the amphiphilicity driven self-assembly of
covalently modified TPE-DNA conjugates in to 2D nanosheets, which was further
decorated with gold nanoparticles and demonstrated its recyclable catalytic activity
(Figure 3A.4C).2° Here, the common aggregation tendency of nanoparticles with
increase in concentration was avoided by specifically positioning the nanoparticles
through complementary hydrogen bonding between ssDNA pointing outward of the
2D sheet and ssDNA functionalized on the nanoparticles. In addition, they have
proved that the catalytic activity to convert 4-nitrophenol to 4-aminophenol of 2D-
sheet densely decorated with nanoparticle was rationally very high with fifteen
times recyclability, compared to the non-assembled single ssDNA modified
nanoparticle conjugate.

Therefore, with the above understanding of the possible TPE-DNA
interactions and assemblies in different solvent systems yet reported, we put
forward the strategy of incorporating nucleobase or nucleobase analogues on to TPE
chromophore to construct H-bonding directed functional 1D assemblies of TPE. In
this chapter, we discuss the design, synthesis and self-assembly studies of a
diaminotriazine (DAT) functionalized TPE derivative (TPE-1). Random aggregates
of TPE-1 were observed in THF-water solvent system, whereas intensely blue
emissive self-assembled 1D-fibers were formed in dodecane solvent. Further, the
self-assembly and properties were tuned using a complementary H-bonding
thymine derivative (T-C12), which changes the self-assembly of TPE-1 to green

emissive thin fibrous structures with a different monomeric repeating unit. At
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higher concentrations, these 1D assemblies of TPE-1 forms supramolecular gels.
Detailed photophysical and morphological studies, and gel characterizations were
performed to deduce the H-bonding directed self-assembly mechanism of the 1D

constructs of the TPE derivative.

3A.3. RESULTS AND DISCUSSION

3A.3.1. Synthesis of TPE-1 and T-C12

The molecule TPE-1 was synthesized by following a four-step synthetic
scheme starting with McMurry coupling between 4,4’-Dihydroxybenzophenone and

4-Bromobenzophenone as shown in Scheme 3A.1.

o o T1C14, Br
: o
HO OH Br Dry THF O O
HO OH
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Br 33%
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(1) > |
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Scheme 3A.1. Synthesis of bis(dodecyloxy) substituted TPE-DAT derivative, TPE-1.
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Initially, the cross product of McMurry coupling 4,4'-(2-(4-bromophenyl)-2-
phenylethene-1,1-diyl)diphenol (1) was obtained in 33% yield, which upon O-
alkylation reaction with 1-bromododecane gave 84% of (2). Subsequently, (2) was
converted into its cyano-derivative using CuCN to give (3), followed by the
aromatization reaction with dicyandiamide in presence of KOH base to obtain the
final product, TPE-1 in 57% yield. The thymine derivative, T-C12 was synthesized
by the N-alkylation reaction of thymine using 1-Bromododecane as shown in
Scheme 3A.2. All the intermediates and final products were characterized using 1H
NMR, 13C NMR and HRMS-ESI analysis techniques. Detailed synthetic procedures
and characterization data are provided in the experimental section.

0
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Scheme 3A.2. Synthesis of dodecyl substituted thymine derivative, T-C12.

3A.3.2. Aggregation induced emission properties of TPE-1

Initially, the UV-visible absorption and emission characteristics of TPE-1
molecule in soluble solvents like THF, acetonitrile and chloroform were studied. At a
20 uM concentration, TPE-1 displayed an absorption band around 350 nm
corresponding to the m-m* transition of TPE chromophore (Figure 3A.5A) and the
corresponding weakly emissive fluorescence maxima in the 400-450 nm range
(Figure 3A.5B) in all the prior mentioned solvents with solvatochromic properties.
Whereas, the UV-visible absorption and emission studies of TPE-1 in different THF-
water fractions clearly indicated the solvophobic aggregation property with

decrease and broadening in the 350 nm absorption band along with gradual shift
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Figure 3A.5. A) Absorption and B) corresponding fluorescence emission spectra of TPE-1 in
THF, acetonitrile and chloroform.

and slight enhancement in fluorescence emission from 400 nm to 450 nm with
increasing the water fraction (Figures 3A.6A & 3A.6B). Above 60% water fraction,
TPE-1 started to make larger aggregates and eventually precipitates with a
reasonably red shifted yellow emission (around 530 nm) for the resulting
suspension. Figure 3A.7A shows the images of fluorescence changes of TPE-1 in
THF-water solvent mixtures with increasing fractions of water, under UV light (365

nm) illumination conditions.
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Figure 3A.6. A) Absorption and B) corresponding emission spectra of TPE-1 (20 puM) in
different THF-water mixtures.

The morphological changes associated with the aggregation process was

studied using AFM. Random spherical and sheet like structures with nano to
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micrometer sized aggregates of TPE-1 were observed in different fractions of THF-
water solvent system (Figures 3A.7B-F). Morphology changes indicate the typical
hydrophobicity driven, uncontrolled random aggregation tendency of TPE with
increasing fractions of water content, which is responsible for the observed UV-

visible absorption and fluorescence changes.

A) C) 70 % THF

. 15.4 nm 1.5 nm

THF Water

N -7.4 nm -2.3nm

Height 20mm

E) 10 % THF

5.6 nm 1.8nm ¥ 16.4nm

-3.0 nm -2.0 nm -9.0 nm

Height 2.0 ym Height 2.0 ym Height 2.0 ym

Figure 3A.7. A) Images of fluorescence changes of TPE-1 under UV-light (365 nm) illumination
and B-F) AFM images of TPE-1 (20 pM) in different THF-water fractions.

3A.3.3. Self-assembly of TPE-1

The photophysical properties of TPE-1 in a non-polar solvent like dodecane
were analyzed to understand the hydrogen bonding directed controlled assembly of
TPE molecules. Concentration dependent UV-visible absorption studies in dodecane
showed the gradual formation of a new absorption band at 307 nm along with the
352 nm m-1t* absorption band (Figure 3A.8A). At lower concentrations (<10 uM), the
fluorescence emission spectra, when excited at 350 nm or 327 nm showed mostly
the characteristic monomer emission centered around 400 nm (Figures 3A.8B and

3A.8C). At higher concentrations, the emission spectra of TPE-1 gradually shift to
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lower energy (~430 nm) and became broad and featureless with an enhancement in
the fluorescence intensity indicating the possibility of AIE. Further, the absorption
spectra of 10 uM TPE-1 at 298 K and 363 K revealed the existence of monomeric
and assembled states with absorption maxima of 345 nm and 352 nm, respectively,

even at very low concentrations (Figure 3A.8D).
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Figure 3A.8. Concentration dependent changes in the A) UV-visible absorption and

corresponding fluorescence emission spectra with B) Aexe: 350 nm & C) Aexc: 327 nm of TPE-1 in

dodecane. D) Temperature dependent absorption spectra of 10 uM TPE-1.

Based on these preliminary concentration dependent studies of TPE-1 self-
assembly, we choose a fixed TPE-1 concentration of 3 x 104 M for performing
detailed self-assembly studies. The UV-visible absorption spectra of chloroform and
dodecane solutions of TPE-1 at 298 K displayed the monomeric absorption band

corresponding to molecularly dissolved state at 352 nm and aggregate absorption

band at 307 nm, respectively (Figure 3A.9A). As indicated, the 307 nm blue shifted
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absorption band implies the aggregation behavior of TPE-1 in dodecane.
Corresponding fluorescence emission spectra (Figure 3A.9B) of TPE-1 recorded at
298 K displayed the presence of weakly emissive monomeric state in chloroform at
447 nm (®r = 0.04%) and highly emissive aggregates with an emission maximum of

430 nm in dodecane (®r=32%)
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Figure 3A.9. A) UV-visible absorption and B) fluorescence emission spectra of TPE-1 (3 x 10
M) in dodecane and chloroform (Aexc = 350 nm and inset of B shows corresponding photographs
under 365 nm UV light).

To get further insight into the aggregation behavior, temperature dependent
absorption and emission studies of dodecane solutions of TPE-1 were conducted.
Upon heating, a gradual decrease in the aggregate band at 307 nm was observed
with a concomitant enhancement of monomeric absorption band at 345 nm, with an
isosbestic point at 327 nm, indicating the temperature assisted dissociation of
aggregates into monomers (Figure 3A.10A). Similarly, a gradual quenching in the
fluorescence emission band at 430 nm upon excitation at the isosbestic point (Figure
3A.10B) supported the dissociation of aggregates upon heating. Further, the self-
assembly pathway was monitored by recording the changes in absorption and
emission spectra by cooling the corresponding dodecane solutions of TPE-1 from

363 Kto 293 K.
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Figure 3A.10. Temperature dependent changes in A) absorption and B) fluorescence emission

spectra (Aexc= 327 nm) of 3 x 10-4+M TPE-1 upon heating from 298 K to 363 K.

Upon cooling from 363 K to 303 K, the absorption spectra showed a slight
enhancement in the 307 nm band (Figure 3A.11A). The absorption band at 346 nm
also showed a slight enhancement and a red shift to 352 nm, upon initial cooling to
303 K. Further cooling to 293 K caused a sudden enhancement in the aggregate
absorption at 307 nm and a concomitant decrease in the absorption at 352 nm (inset
of Figure 3A.11A). The corresponding fluorescence emission spectra displayed the
formation of aggregates with 430 nm emission band at 303 K and a sudden

enhancement upon further cooling to 293 K (Figure 3A.11B), indicative of the

cooperative pathway for the self-assembly of TPE-1 in dodecane.
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Figure 3A.11. Temperature dependent changes in the A) absorption (inset shows changes in
absorption at 307 nm and 346 nm) and B) emission spectra of 3 x 104+ M TPE-1 in dodecane

upon cooling from 363 Kto 293 K.
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3A.3.4. Thermodynamic and morphological features of TPE-1 self-assembly

Detailed analysis of TPE-1 self-assembly pathway was carried out by
monitoring the temperature dependent changes at the aggregate absorption band
(307 nm) for different concentrations, by keeping a fixed cooling rate of 1 K min-1.
Upon cooling, plot of fraction of aggregates (aagg) with respect to temperature for a
concentration range of 4 x 104 M to 7 x 10-* M solutions of TPE-1 resulted in the
cooling curves with non-sigmoidal nature (Figures 3A.12). All these cooling curves
were well fitted with the cooperative equilibrium model (EQ),3° suggesting the
‘nucleation-elongation’ pathway for the self-assembly of TPE-1 in dodecane. The
elongation temperatures (Te) for the cooling curves were found to increase with
concentration; 294.6 K for 4 x 104 M, 295.2 Kfor 5 x 104 M, 299.4 K for 5.9 x 104 M
and 301.6 K for 7 x 104 M. These results further support the low temperature-

sudden enhancement observed in the aggregate absorption band of TPE-1.
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0.8 .
. 5x10%Mm
4
ggO.6- «+ 59x10 'M
S . 7x10%M

Fit equilibrium model
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Figure 3A.12. Plots of fraction of aggregates (aag) against temperature for different
concentrations of TPE-1 in dodecane. The plots were fitted using the individual EQ model of

cooperative polymerization.30

Thermodynamic (TD) parameters of this self-assembly were derived using
the van’t Hoff plot (Figure 3A.13) constructed from the reciprocal of Te, (1/Te)

against logarithm of reciprocal concentration, In(1/C). From the linear fits of van’t
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Hoff plot, standard enthalpy (AH°) and standard entropy (AS°) for the assembly
were obtained as -55.99 k] mol! and -125.23 ] mol-! K-1, respectively. From these
parameters, the standard Gibbs free energy (AG°) for the self-assembly at 298 K was
calculated to be -18.6 k] mol-1. The obtained TD values were in line with the reported
literatures on H-bonding directed nucleation-elongation supramolecular assemblies,

which further confirms the cooperative pathway of TPE-1 self-assembly.31.32
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Figure 3A.13. van’t Hoff plot constructed from the reciprocal of Te, (1/T¢) versus logarithm of
reciprocal concentration (In(1/C)).

The morphology of TPE-1 self-assembly were explored using Transmission
Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) techniques. TEM
images of as-prepared and heat-cooled samples of TPE-1 assemblies in dodecane
revealed the presence of individual and bundled nanofibers, respectively, with 70-80
nm in width and several micrometers in length (Figures 3A.14A & 3A.14B). In
agreement with TEM, individual and less bundled fibres were observed in the AFM
images of as-prepared TPE-1 (Figure 3A.14C), while highly bundled fibres with 80-
120 nm width and 4-5 nm in height were observed for completely assembled
samples drop-casted from the temperature-controlled, heat-cooled TPE-1 (Figures
3A.14D & 3A.14E). The height profiles for the bundled fibres obtained from the AFM

image is given in Figure 3A.14F.
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Figure 3A.14. TEM and AFM images of A), C) as such and B), D) heat-cooled samples drop-
casted from 3 x 104 M TPE-1 in dodecane. E) zoomed image of D and F) corresponding height
profile (blue line in E shows the area of height profile).

3A.3.5. T-C12 directed changes in the TPE-1 self-assembly

Competitive molecular recognition directed tuning of the optical and
morphological properties of TPE-1 1D-assemblies in dodecane solutions were
studied by introducing a thymine derivative, T-C12, which can form stronger H-
bonds with DAT. Sequential addition of T-C12 to the self-assembled TPE-1 (3 x 104
M) showed the dissociation of aggregates as indicated by a gradual decrease in the
307 nm aggregate absorption band and increase in the 350 nm monomer absorption
band (Figure 3A.15A). Similarly, the emission spectra showed quenching of 430 nm
aggregate band with the sequential addition of T-C12 and the changes follow a 1:1
equivalent ratio of TPE-1 to T-C12 (Figure 3A.15B). Above this ratio, negligible
changes were observed in the absorption and emission spectra. These results
suggest that, the introduction of a competitive complementary H-bonding molecule

perturb the homo-assembly of TPE-1 leading to either monomeric units or H-
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bonded TPE-1=T-C12 assemblies. Further, heating of a solution of TPE-1 and T-
C12 (1:1) from 298 K to 363 K resulted in the complete disappearance of 307 nm
aggregate band with concomitant increase in the 345 nm monomer absorption band
(Figure 3A.16A). Correspondingly, the emission spectra showed complete quenching

of the 430 nm emission band, supporting the changes in absorption spectrum

(Figure 3A.16B).
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Figure 3A.15. Changes in the A) absorption and B) emission spectra with the sequential

addition of T-C12 (0-1.2 equivalent) into the 3 x 10-#M TPE-1 in dodecane (Aexc= 327 nm).
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Figure 3A.16. Temperature dependent changes in A) UV-visible absorption and B) fluorescence

emission spectra (Aexc = 327 nm) of a mixture of TPE-1 and T-C12 (3 x 10-4 M, 1:1) in dodecane
upon heating from 298 Kto 363 K.

Upon controlled cooling of this solution from 363 K to 293 K, an

enhancement in the absorption around 346 nm with a 4 nm red shift of the
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maximum to 350 nm was observed (Figure 3A.17A). Notably, the absorption around
307 nm remains unchanged, indicating that the heat-cool process didn’t lead to the
formation of (blue emissive) aggregates of TPE-1. Instead, a strongly green emissive
aggregate with a 10% fluorescence quantum yield was formed in presence of T-C12,
as indicated by the corresponding emission spectra (Figure 3A.17B and inset shows
the corresponding photograph under UV-light). Thus, the results of the temperature
dependent absorption and emission studies of TPE-1 in presence of T-C12 suggest
that, T-C12 can effectively perturb the homo-assembly of TPE-1 (blue emissive
aggregates), leading to the formation of TPE-1=T-C12 hetero-assembly with

characteristic green emission.
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Figure 3A.17. Temperature dependent changes in the A) absorption and B) emission spectra of
TPE-1=T-C12, upon cooling from 363 K to 293 K (Aexc = 327 nm). Inset of B shows the
corresponding fluorescence image of sample under UV light (365 nm) illumination.

The association constant for the formation of DAT-thymine complex via
complementary H-bonding is two order higher compared to self-association
constants of DAT.33 As a result, the formation of complementary H-bonded TPE-
1=T-C12 units in the presence of T-C12 may dominate the formation of
intermolecular H-bonded TPE-1 molecules. Therefore, detailed investigations of

their molecular packing arrangements in these assemblies are required to
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understand the distinct blue and green emissive assemblies formed in the absence

and presence of T-C12, respectively.

3A.3.6. Morphological studies of TPE-1=T-C12 assembly

Distinct from the bundled fiber like morphology of TPE-1, TEM images of
TPE-1=T-C12 assembly displayed thin and stiff fibrillar structures, with 30-40 nm
width and few micrometers in length (Figures 3A.18A & 3A.18B). The length and
width of nanofibers in TPE-1=T-C12 assembly was less than that in the blue
emissive 1D-assemblies of TPE-1. Similarly, in strong agreement with TEM, the AFM

morphology of TPE-1=T-C12 also displayed the presence of thin nano-fibrillar

44.7 nm 34.4 nm

-20.7 nm

Figure 3A.18. A), B) TEM and C), D) AFM images of TPE-1=T-C12 (3 x 10-* M, 1:1) drop-casted

from dodecane and inset of D shows the height profile of a single fiber in D (below the blue line).

structures with 2-3 nm height and 35-45 nm width (Figures 3A.18C & 3A.18D, inset
shows the height profile of a very thin fiber observed in Figure 3A.18D). Thus, the
TEM and AFM morphologies of TPE-1 and TPE-1=T-C12 clearly show the structural

transition from bundled nanofibers to thin nano-fibrillar structures. This reduced
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length and entirely different fibrous morphologies observed for TPE-1 in the
presence of T-C12, further suggest the possibility of having different molecular

arrangements in these two types of assemblies.

3A.3.7. Fluorescence lifetime and optical microscopic analysis

The fluorescence decay profiles of TPE-1 in the absence and presence of T-
C12 were analyzed using picosecond, time correlated single photon counting
(TCSPC) techniques to understand the perturbations in the photophysical
properties, accompanying the molecular self-assembly. The monomer emission of
TPE-1 in chloroform displayed mono-exponential decay (Aem = 447 nm) with a
lifetime of 3.52 ns, whereas 1D-assemblies in dodecane (Aem = 430 nm) displayed

biexponential decay with lifetimes of 2.45 ns (90%) and 0.76 ns (10%) (Figure

3A.19A).
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Figure 3A.19. Fluorescence decay profiles of A) TPE-1 in chloroform and dodecane (3 x 104 M),
and B) heat-cooled samples of TPE-1 and TPE-1=T-C12 (3 x 10* M, 1:1) samples in dodecane.

Similar to the TPE-1 1D assemblies in dodecane, the heat-cooled solutions of TPE-
1=T-C12 also fits to a biexponential decay with slightly enhanced lifetimes 2.86 ns
(77%) and 0.86 ns (22%) (Figure 3A.19B). This difference in the lifetime values

could be attributed to the formation of complementary H-bonded TPE-1=T-C12
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hetero-molecular assemblies in presence of T-C12, instead of the homo-molecular
assemblies of TPE-1.

To get more insight into the self-assembly process, we also recorded the
concentration dependent changes in fluorescence decay profiles of TPE-1 and time
resolved emission spectra (TRES) of TPE-1 and TPE-1=T-C12 assemblies. At
relatively lower concentrations of TPE-1 (10 pM) in dodecane, a biexponential
decay with lifetimes of 3.6 ns (74%) and 1.02 ns (26%) was observed and the longer
fluorescence lifetime of 3.6 ns was closer to the lifetime value of TPE-1 monomer in
chloroform (Figure 3A.20). Yet there is evidence for aggregation even at this
concentration, which justifies the biexponential behaviour. At higher concentrations
of 1 x 104 M (2.45 ns; 74% and 0.15 ns; 14%) and 5 x 104 M (2.4 ns; 91% and 0.7
ns; 9%), fluorescence decay profiles were similar to that obtained for 3 x 104 M
solutions in dodecane, which infers the concentration dependent self-assembly of

TPE-1, as observed in UV-visible absorption and fluorescence emission studies.
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Figure 3A.20. Concentration dependent changes in the fluorescence decay profiles of TPE-1 in

dodecane.

TRES analysis of TPE-1 and TPE-1=T-C12 dodecane solutions using a 375

nm laser excitation (<200 ps pulse width) are shown in Figures 3A.21A and 3A.21B,
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which shows the spectral evolution during the 200 ps - 9.5 ns window. The TRES
spectra show independent emission spectral evolution for the two assemblies and
there is no evidence for exciton migration or excimer formation in both cases.
Moreover, in the case of heat-cooled samples of TPE-1=T-C12 assemblies, there is
no contribution observed from the blue emitting component of TPE-1 homo-

assembly indicating a complete transition to a competitive hetero-assembly (TPE-

1=T-C12).
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Figure 3A.21. Time resolved emission spectra of A) TPE-1 and B) TPE-1=T-C12 in dodecane
obtained by excitation at 375 nm laser source shown for a spectral delay time from 0.2 to 9.64 ns
for Aand 0.17 ns to 12.17 ns for B.

Optical fluorescence microscopic studies of solid samples prepared by drop-
casting solutions over glass plates, followed by air drying revealed the presence of
blue emissive bundled fiber like structures in TPE-1 (Figure 3A.22A) and green
emissive thin fibrous structures in TPE-1=T-C12 (Figure 3A.22B). Moreover, the
morphologies observed in both fluorescence and polarization microscopic images of
TPE-1 and TPE-1=T-C12 (Figures 3A.22C & 3A.22D) were similar to the structures
visualized in TEM and AFM analysis. These solid-state visual fluorescence changes of
1D-fibers further support the T-C12 induced transition of blue to green emissive

molecular assemblies, as observed in the photophysical studies.
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Figure 3A.22. Optical fluorescence and polarization microscopic images of A) and C) TPE-1 (3 x

104 M) and B) and D) TPE-1=T-C12 (3 x 10* M, 1:1), respectively.

3A.3.8. Organogels of TPE-1 and TPE-1=T-C12

As discussed in previous sections, dodecane solutions of TPE-1 show the
formation of bundled nanofibres at lower concentrations. Very remarkably, higher
concentrations of TPE-1 in dodecane upon heat-cool conditions showed the
formation of transparent gels with characteristic blue emission (Figure 3A.23A). We
investigated the gelation behavior of TPE-1 in various organic solvents and the
results are tabulated (Table 3A.1). The critical gelator concentration (CGC) of TPE-1
in dodecane is 10 mM, which was comparatively lower than the CGC values in other
solvents examined. In addition, a lower CGC value of 3.8 mM for TPE-1 was obtained

by controlled cooling of the samples.

Figure 3A.23. Photographs of A) TPE-1 and B) TPE-1=T-C12 (10 mM in dodecane) hot solution

and cooled gel under normal and UV light.
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On the other hand, the hetero-assemblies of 1:1 TPE-1=T-C12 in dodecane at higher
concentrations (10 mM each) resulted in opaque gels with characteristic green
emission (Figure 3A.23B) with a CGC of 2 mM under temperature-controlled cooling

conditions.

Table 3A.1. Critical gelator concentration (CGC) of TPE-1 in different solvents. Tr-transparent,

Th-thixotropic, PG-partial gel and S-soluble.

Dodecane n-decane | Cyclohexane | n-hexane | Toluene | Chloroform

8.12 mg 10.06 mg 19.23 mg 7.84 mg 16 mg 20 mg
(10 mM, (124 mM, | (23.7mM, | (9.68 mM, (S) (S)
Tr, stable) | Tr, stable) Tr, Th) PG)

These observations of blue to green emissive transition of the supramolecular gels
in presence of T-C12 is in agreement with the results obtained at lower
concentrations of TPE-1. We have carried out further characterization of the
photophysical and morphological properties of the TPE-1 and TPE-1=T-C12 gels,
using solid state UV-visible absorption, fluorescence emission and Scanning Electron
Microscopic (SEM) analysis to understand the hierarchical evolution of the

supramolecular assemblies with concentration.
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Figure 3A.24. Solid state A) absorption and B) emission spectra of the dried xerogel samples

prepared by drop-casting the hot solutions of TPE-1 (4 mM) and TPE-1=T-C12 (4 mM each,

1:1) in dodecane.
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Solid-state absorption and emission studies of dried xerogels of TPE-1
displayed an absorption maximum of 314 nm and broad emission band around 456
nm (Figures 3A.24A and 3A.24B, blue spectra). On the other hand, xerogels of TPE-
1=T-C12 showed an absorption maximum of 356 nm and slightly broad emission
band with maxima around 495 nm (Figures 3A.24A and 3A.24B, pink spectra). These
results of solid-state absorption and emission spectra of both the xerogel samples
agree well with the low concentration (3 x 104 M) solution state UV-visible
absorption and emission spectra of TPE-1 and TPE-1=T-C12, indicating an intact

primary self-assembly in these gels.

Figure 3A.25. SEM images of A) TPE-1 and B) TPE-1=T-C12 dried xerogel samples.

In order to understand the morphological features of the higher order
assemblies in these gels, the morphologies of TPE-1 and TPE-1=T-C12 gels were
inspected using SEM. The SEM image of dried xerogels of TPE-1 displayed the
presence of individual as well as bundled fibers (Figure 3A.25A), while TPE-1=T-
C12 displayed stiff and thin fibrous structures (Figure 3A.25B). This result is also
consistent with the observations from AFM, TEM and optical microscopic studies at
lower concentrations, which further confirms that the basic molecular assembly
process in these two systems (TPE-1 alone and TPE-1=T-C12) and the blue to
green emissive transition are the same at different concentrations. With this general

understanding about the photophysics and morphology, we went ahead with
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additional gel characterizations like FT-IR, rheology and XRD to find out the self-

assembly mechanism of TPE-1 in the absence and presence of T-C12.

3A.3.9. Gel characterizations: FT-IR and rheology

FT-IR measurements of xerogels were performed to understand the
involvement of H-bonding in the self-assembly of TPE-1 and TPE-1=T-C12, and the
results were analyzed in comparison with FT-IR values reported in literatures for
similar studies.34-3¢ Solution state FT-IR studies of TPE-1 and T-C12 in chloroform-d
showed two characteristic IR peaks of NH2 at 3538 cm-1(non-bonded, asymmetric
stretching), 3422 cm' (non-bonded, symmetric stretching) and characteristic
stretching peak of NH at 3394 cm-1, respectively (black and violet lines in Figure

3A.26A and expanded FT-IR in 3100-3600 cm-1, Figure 3A.26B).34
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Figure 3A.26. A) FT-IR spectrum and expanded spectra in the B) 3100-3600 cm! and C) 1400-
1800 cm! regions of T-C12 and TPE-1 in chloroform-d and xerogels of TPE-1 and TPE-1=T-

C12.

Whereas, FT-IR spectrum of xerogel of TPE-1 displayed two representative bands of
bonded NH2 at 3464 and 3327 cm-1, accompanied by 3202 cm-! band (overtone band
of the N-H bending at 1598). Similarly, in xerogels of TPE-1=T-C12, these

vibrational bands were observed at 3449, 3334 and 3232 cm-! (blue and red lines in
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Figures 3A.26A and 3A.26B). In both cases, the vibrational bands were broadened
and shifted towards lower wavenumber/frequency compared to the monomeric FT-
IR spectra recorded in chloroform-d. The broadening and shift in frequencies imply
the presence of intermolecular H-bonding in the self-assembly pathways of TPE-1
and TPE-1=T-C12.3%¢ In addition, the difference observed in the vibrational
frequency values of TPE-1 (3464 and 3327 and 3202 cm) and TPE-1=T-C12
(3449, 3334 and 3232 cm) xerogels in the 3100-3600 cm! region indicate that the
hydrogen bonding units involved in these assemblies are of different nature.

Further, analysis of FT-IR spectra in the 1400-1800 cm™! region gives more
information about changes in C=0 stretching, N-H bending and ring stretching
vibrations (Figure 3A.26C). The characteristic non-bonded C=0 stretching
vibrations, 1704 and 1682 cm! in the monomeric T-C12 was found to be shifted to
1688 cm! in xerogels of TPE-1=T-C12.34 Similarly, the N-H bending and ring strain
stretching vibrations of TPE-1 in monomeric state was observed at 1598 and 1550
cml. In xerogels of TPE-1 these bands were shifted to 1605, 1544 cm,
accompanied by 1659, 1635 cm-! bands associated with the H-bonded amino
groups).3* Thus the FT-IR studies confirm the role of complementary H-bonding in
the 1D-assemblies of TPE-1 and TPE-1=T-C12 and highlight the differential H-
bonding in these two systems.

Rheology studies were carried out to understand the mechanical strength of
gels. Dynamic frequency sweep measurements of TPE-1 and TPE-1=T-C12 gels
showed a higher value of storage modulus (G’) than that of its corresponding loss
modulus (G”), confirming the soft solid like elastic behavior of gels (Figure 3A.27).
Nearly parallel values obtained for storage and loss modulus in the linear

viscoelastic region (LVR) of transparent TPE-1 and opaque TPE-1=T-C12 gels
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indicate, the capacity to store and dissipate energy are almost similar for these

bundled and thin fibrous assemblies.

4
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Figure 3A.27. Plot of storage modulus and loss modulus against angular frequency of TPE-1 (4
mM) and TPE-1=T-C12 (4 mM each, 1:1) dodecane gels at 298 K.

3A.3.10. Mechanism of self-assembly

Wide angle X-ray scattering (WAXS) analysis was performed to understand
the molecular packing in TPE-1 and TPE-1=T-C12 assemblies. Figure 3A.28 shows
the WAXS pattern of TPE-1 xerogel films with characteristic long-range ordering of
molecules. The reflections (20) observed in the WAXS pattern were at 2.43, 4.23 and
4.81 corresponding to the d-spacings of 36.32, 20.53 and 18.39 A, which follows a
reciprocal ratio of 1: V3 : 2. This ratio represents the (100), (110) and (200) planes
of hexagonal columnar packing with inter-columnar distance (a) of 41.93 A.3738 The
broad reflections in the WAXS pattern corresponding to the d-spacing of 4.5 A and
3.86 A indicate the ordered arrangement of dodecyl side chains and m- 1 stacking of
aromatic units in columnar packing.3® On the other hand, the WAXS pattern of TPE-
1=T-C12 xerogel displayed reflections at 3.68, 5.27 and 7.57 corresponding to d-
spacings of 23.99, 16.76 and 11.66 A (Figure 3A.29). These d-spacing values at lower
reflection regions represent the (100), (110) and (200) planes in 1: V2 : 2 ratio,

characteristic of tetragonal columnar packing with 23.06 A intercolumnar
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distance.#041 Similar to TPE-1, broad reflections characteristic of alkyl chains and m-
T stacking of aromatic units were observed at d spacings of 4.42 A and 3.91 A.

Based on the experimental results of FT-IR, XRD and energy optimized
structures of TPE-1 and TPE-1=T-C12, we propose a self-assembly mechanism for
the formation of long range ordered 1D-assemblies of TPE-1 as shown schematically
in Figure 3A.28. The monomers of TPE-1 initially assemble into dimers through
hydrogen bonding interactions between DAT units, which further packs into
hexagonal columnar structure by the m-m stacking of TPE units with an
intercolumnar distance perpendicular to the molecular axis of TPE-1 dimer. The
TPE chromophores in these long range hexagonal columnar assemblies shows
characteristic blue emission, and at higher concentrations this orderly packed 1D-
assemblies gives rise to the formation of transparent supramolecular gels with blue

emission.

3632 A°
—— TPE-1 xerogel

Hexagonal columnar
a=41.93 4

Monomer

Intensity (counts)

4.54° o
20530° 3.86 A
18.39 A

0 6 12 18 24 30 36
20 (degrees)
Homo-dimer
Flexible-
bundled fibers

41934

Figure 3A.28. WAXS pattern of TPE-1 xerogel and the schematic representation of the proposed
TPE-1 self-assembly in the absence of T-C12.
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While in presence of T-C12, instead of forming the homo-dimers of TPE-1,
hetero-dimers of TPE-1=T-C12 will be formed upon a complete heat-cool cycle. The
TPE-1=T-C12 dimers further pack through m-m stacking interactions into tetragonal
columnar arrangement with an intercolumnar distance of 23.06 A, as shown
schematically in Figure 3A.29. This intercolumnar distance is obtained only when
TPE-1=T-C12 dimers are arranged as in Figure 3A.29. The fluorescence emission
transition from blue to green could be attributed to the change in monomeric units
of assembly and could originate from the changes in relative planarity of the

monomeric units and intermolecular distance between the TPE chromophores.*2

23.99 A°

o
7234 3.91A°

’5 —— TPE-1=T-C12 xerogel
=
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-
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Figure 3A.29. WAXS pattern of TPE-1=T-C12 xerogel and the schematic representation of
proposed TPE-1 self-assembly in the presence of T-C12.

The hetero-dimer TPE-1=T-C12 with higher association constant may prefer to be
more planar compared to TPE-1 dimers, which results in better n-m stacking and a
corresponding shift in the fluorescence emission to lower energy. Additionally, in

such a tetragonal packing mode, the alkyl substituents are randomly distributed
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compared to the ordered hexagonal columnar assemblies of TPE-1. As a result, TPE-
1=T-C12 tetragonal columns will no longer undergo bundling to achieve long-range
order and the random arrangement of initially formed fibers could lead to opaque

gels. 4344

3A.4. CONCLUSIONS

In summary, to achieve control over self-assembly and the random
aggregation tendency of tetraphenylethylene derivatives, we employed the non-
covalent hydrogen bonding ability of a nucleobase analogue, diaminotriazine (DAT)
for imparting directionality and order to the self-assembly. A diaminotriazine
functionalized tetraphenylethylene derivative, TPE-1 was successfully synthesized
and its detailed photophysical properties and hydrogen bonding directed self-
assembly in dodecane were investigated. TPE-1 self-assembles into blue emissive
(430 nm) 1D-fibers at low concentration and entangled supramolecular transparent
supramolecular gels at higher concentration, with homo-dimers of TPE-1 as the
basic self-assembly units. Further, using a complementary thymine derivative T-
C12, the basic monomeric units of assembly was transformed to TPE-1=T-C12
hetero-dimer, which forms green emissive (502 nm) 1D fibrous structures at low
concentration and supramolecular opaque gels at higher concentration (Figure
3A.30 shows the schematic representation of overall process). Detailed
photophysical and morphological studies, gel and xerogel characterizations and the
corresponding self-assembly mechanisms of TPE-1 in the absence and presence of
T-C12 are described in this chapter. Moreover, to verify the proposed strategy and
mechanism to construct 1D self-assemblies of TPE by functionalizing with

nucleobase analogues, three more TPE-DAT derivatives, vary in their chemical
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structure by different alkoxy-substitutions were synthesized and the results of

which are described in the next part, Chapter 3B.

T-C12 Directed
Transition of
Molecular
Aggregates
Flexible- Rigid-
bundled fibers random fibers

Figure 3A.30. Cartoonic representation of the overall T-C12 directed transition of blue (TPE-1)

to green (TPE-1=T-C12) emissive supramolecular assemblies explained in this chapter.

3A.5. EXPERIMENTAL SECTION

3A.5.1. Materials and methods

All reagents and chemicals used for synthesis were purchased from Sigma-
Aldrich, TCI chemicals and used without any additional purification. Moisture and
oxygen sensitive reactions were carried out under argon atmosphere in dried
solvents purchased from Merck and Sigma-Aldrich chemical suppliers. Thin Layer
Chromatography (TLC) analysis was performed using aluminum plates coated with
silica gel, purchased from Merck. 100-200 and 230-400 mesh silica gels were used
for column chromatography. 1H NMR (500 MHz) and 13C NMR (125 MHz) analysis
were achieved using Bruker Avance DPX spectrometer, with TMS as the internal
standard (6 = 0 ppm and 8¢ = 77 ppm). Dimethyl sulphoxide-ds and Chloroform-d
were used as solvents for NMR analysis. High resolution mass spectra (HRMS) were
obtained from Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap
electrospray ionization mass spectrometer (ESI-MS). Stuart melting point apparatus

SMP30 was used for melting point measurements. Molecular size measurements

125



1D-Assemblies of a Tetraphenylethylene-Diaminotriazine Derivative

were performed on the energy minimized molecular structures obtained from
GaussView 6.0.16.

Shimadzu UV-2600 UV-vis spectrophotometer equipped with Peltier
controlled thermostatic cell holder was used for ambient and temperature
dependent absorption spectral measurements. SPEX Fluorolog-3 (FL3-221) and
FluoroMax-4 (Fluoromax-4c) spectrofluorometers were used for ambient
temperature fluorescence emission, solution state absolute quantum yield (QY) and
temperature dependent fluorescence emission spectral measurements, respectively.
Solution state optical measurements were carried out in 1 and 0.1 cm quartz
cuvettes. Solid state absorption spectra were recorded using PerkinElmer
UV/VIS/NIR spectrophotometer (Lambda 950). Clean Quartz plate was used as
reference and absorption spectra were deconvoluted from % transmittance spectra.
Fluorescence lifetime measurements were performed using picosecond single
photon counting system (Horiba, Delta Flex) employing 330 nm laser as excitation
source and picosecond photon detection module (PPD-850) as a detector. The
lifetime decay profiles were deconvoluted using EzTime software and fitted with

chi-square value 1 £ 0.1.

3A.5.2. AFM/TEM/OFM sample preparations

HR-TEM analysis was performed with JEOL-JEM0310 microscope with an
accelerating voltage of 100 kV and the samples were imaged using Hamamatsu
ORCA charge-coupled device (CCD) camera. Samples for TEM studies were prepared
by drop-casting 10-30 pL samples over carbon-coated copper grid (400 meshes, Ted
Pella) and dried by slow evaporation at room temperature followed by vacuum

drying for 24 hours before imaging. AFM images under ambient conditions were
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recorded using Bruker multimode AFM Nano Scope instrument operating under
tapping mode. Micro-fabricated TiN cantilever tips (Model: TESP) with a resonance
frequency of 320 kHz and a spring constant of 42 Nm-! was used. AFM samples were
prepared by drop-casting (5 pL) samples over silicon wafer and then air dried
overnight before measurements. Fluorescence microscopic images of samples were
obtained from Leica DM2500P Optical Microscope equipped with UV excitation
(330-380 nm), violet excitation source (379-420 nm) and DFC 490 camera. Samples
for fluorescence microscopic studies were prepared by drop casting 10-20 pL

samples over cover slips followed by air drying.

3A.5.3. Gelation studies and xerogel sample preparations

Weighed amount of TPE-1 was taken in different glass vials and solvents of
known volume was added to check the gelation properties. Afterwards, these
solutions were heated to dissolve the solute and the hot solutions were allowed to
cool to room temperature. The formation of gel was confirmed by inverted vial
experiment. In which the sample will not flow down when the sample vial is in
inverted position. Following this procedure, the gelation behaviour of TPE-1 in non-
polar solvents like dodecane, n-decane, n-hexane, cyclohexane and toluene were
tested and CGC values were tabulated. Depending upon the nature of solvent,
gelation, clear solution and precipitation were observed. Similarly, gelation
behaviour of self-assembled TPE-1=T-C12 was studied by dissolving equimolar
ratios of TPE-1 and T-C12 in dodecane under heating and cooling. Rheology
characteristics of gels were obtained using Anton Paar modular compact (MCR 102)

rheometer, fitted with a parallel plate geometry of 20 mm diameter.
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FT-IR spectra was recorded on Shimadzu IR Prestige-21 FT-IR
spectrophotometer using demountable plates for solution and KBr plates for film
state studies. Measurements were performed at room temperature and dry air
environment. Solution state IR studies of TPE-1 was carried out in chloroform-d and
film state studies of xerogel samples were performed by drop casting hot solutions
of gel on aluminium foil, followed by air drying. Xerogel samples for SEM were
prepared by drop casting hot solutions of sample over aluminium foil and then air
dried. The SEM images were recorded after sputtering with gold using Zeiss EVO
18cryo SEM Special Edn., operating with an accelerating voltage of 20 kV. WAXS
analysis of xerogels were performed on XEUSS SAXS/WAXS system using a Genix
micro source from Xenocs and the generator was operated at 0.6 mA and 50 kV.
FOX2D mirror and two pairs of scatter-less slits from Xenocs were used to collimate
the Cu Ka radiation with A = 1.54 A. A mar345dtb image plate detector and Fit2D
software were used to obtain the 2D-WAXS patterns. Samples for WAXS analysis
were prepared by vacuum drying of solvents followed by air drying of the gels for 3

days.
3A.5.4. Synthetic procedures and characterizations

3A.5.4.1. Synthesis of 4,4'-(2-(4-bromophenyl)-2-phenylethene-1,1-diyl) di
phenol, (1)4°

McMurry Coupling: Into a 250 mL two-necked RB flask 4,4’-dihydroxybenzophenone
(2.0388 g, 9.336 mmol), 4-Bromobenzophenone (2.4427 g, 9.336 mmol) and zinc dust
(5.5821 g, 84.024 mmol) were added. The flask was vacuumed and purged with
Argon for three times. Afterwards, 120 mL of dry THF was injected into the flask,

followed by cooling down to lower temperature. TiCls (4.6 mL, 42.012 mmol) was
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added. Then reaction was refluxed overnight under Argon conditions. After cooling
to rT, the reaction mixture was extracted with ethyl acetate and dried with
anhydrous sodium sulphate. The crude product was purified by silica column
chromatography using 20% ethyl acetate-hexane as the eluent to give a pale-yellow

solid. Yield = 33% (1.4 g).

TiCl,,

o o Br
Zn powder O O
HOOH ' Br Dry THF > . O | O N

1H NMR (500 MHz, DMSO-ds), § (ppm): 9.412 (s, 1H), 9.368 (s, 1H), 7.324 (d, ] = 8.5

Hz, 2H), 7.153-7.123 (m, 2H), 7.099-7.085 (m, 1H), 6.937 (d, ]/ = 7 Hz, 2H), 6.864-
6.847 (d, J = 8.5 Hz, 2H), 6.758-6.720 (m, 4H), 6.540-6.477 (m, 4H). 13C NMR (125
MHz, DMSO-ds), § (ppm): 155.76, 144.06, 143.71, 141.57, 136.88, 134.90, 132.62,
131.35, 129.68, 127.69, 126.01, 119.59, 114.84. HRMS (ESI): m/z calcd., for

C26H19Br02, 442.06 [M]; found, 442.05 [M]*.

3A.5.4.2. 4,4'-(2-(4-bromophenyl)-2-phenylethene-1,1-diyl)bis((dodecyloxy)

benzene), (2)

Br Br
O O 1-bromododecane O O
| > |
O O K,C0O3/18-crown 6 O O
HO OH Dry DMF Ao o\

1 (0.9934 g, 2.262 mmol) and K2C03 (1.6461 g, 11.31 mmol) were taken in a

250 mL two-necked RB flask. The flask was vacuumed and purged with Argon for
three times. To this mixture, 1-bromododecane (2.172 mL, 9.048 mmol) and DMF

(10 mL) were added. The reaction was stirred at 70 °C overnight under Argon
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condition. After the mixture cooled to rT, it was extracted with ethyl acetate and
washed with distilled water several times. The organic part was separated and dried
with anhydrous sodium sulphate. The crude product was purified by silica column
chromatography using 1% ethyl acetate-hexane as the elusion solution to give a

pale-yellow viscous oil. Yield = 84% (1.5 g).

1H NMR (500 MHz, CDCl3), § (ppm): 7.217 (d, J = 8 Hz, 2H), 7.105-7.058 (m, 3H),
7.000 (d, J = 7 Hz, 2H), 6.914-6.870 (m, 6H), 6.634-6.598 (m, 4H), 3.899-3.846 (m,
4H), 1.736-1.709 (m, 4H), 1.426-1.412 (m, 4H), 1.260 (m, 32H), 0.893 (t, ] = 6.5 Hz,
6H). 13C NMR (125 MHz, CDCls), § (ppm): 157.86, 143.89, 143.41, 140.95, 137.64,
135.81, 133.07, 132.56, 130.83, 127.80, 126.24, 119.93, 113.69, 67.87, 31.94, 29.62,
26.08, 22.71, 14.15. HRMS (ESI): m/z calcd., for CsoHe7BrOz, 778.43 [M]; found,

779.15 [M+1]*.

3A.5.4.3. 4-(2,2-bis(4-(dodecyloxy)phenyl)-1-phenylvinyl)benzonitrile, (3)

Br CN
A" eo QD
| T |
SacINET N on >
Ao oty Hho ot

11

Into a 100 mL two-necked RB flask containing 2 (1.4924 g, 1.917 mmol),
CuCN (0.5152 g, 5.751 mmol) was added. The flask was vacuumed and purged with
Argon for three times. The mixture was heated to reflux with dry DMF (15 mL) for
60 hrs under Argon atmosphere. Afterwards, the reaction mixture was suspended
into 68 mL water. Ethylenediamine (2.2 mL) was added, and the resulting mixture
was stirred at 100 °C for 1 h and filtered. The filtrate was extracted with ethyl

acetate, washed with distilled water several times and dried with anhydrous sodium
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sulphate. The crude product was purified by silica column chromatography using

hexane as the eluent to give a pale-yellow viscous oil. Yield = 57% (0.8 g).

1H NMR (500 MHz, CDCls), § (ppm): 7.357 (d, 2H), 7.115-7.091 (m, 5H), 6.985 (d, ] =
6.5 Hz, 2H), 6.906-6.873 (m, 4H), 6.648-6.606 (m, 4H), 3.898-3.852 (m, 4H), 1.731-
1.565 (m, 4H), 1.426-1.414 (m, 4H), 1.262 (s, 32H), 0.892 (t, ] = 6.5 Hz, 6H). 13C NMR
(125 MHz, CDCls), § (ppm): 158.12, 140.95, 135.81, 133.65, 132.55, 132.03, 131.49,
131.34, 128.03, 126.57, 119.83, 113.59, 109.45, 67.87, 31.92, 29.60, 29.35, 26.06,
22.69, 14.12. HRMS (ESI): m/z calcd., for CsiHe7NO2, 726.08 [M]; found, 749.50

[M+Na+*]*.

3A.5.4.4. 6-(4-(2,2-bis(4-(dodecyloxy)phenyl)-1-phenylvinyl)phenyl)-1,3,5-

triazine-2,4-diamine, (TPE-1)

HoN NH» _
on M g
Ve QT
l |

11

KOH,
Aho O O ot 2-methoxyethanol O O o~
" 11 1

Into a 100 mL two-necked RB flask containing 3 (1.106 g, 1.531 mmol) and
dicyandiamide (0.2571 g, 3.062 mmol), KOH (0.3150 g, 4.593 mmol) was added. The
flask was vacuumed and purged with Argon for three times. 2-methoxy ethanol (11
mL) was added into the mixture and heated at reflux for 60 hrs under Argon
atmosphere. It was then extracted with ethyl acetate, washed with distilled water
several times and dried over anhydrous sodium sulphate. The crude product was
purified by silica column chromatography using 20% ethyl acetate-hexane as the

eluent to give TPE-1 as a pale yellow solid. Yield = 57% (0.7 g).
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Melting point: 115-120 °C. 1TH NMR (500 MHz, CDCls), § (ppm): 8.035-8.020 (d, J =
7.5 Hz, 2H), 7.262-7.085 (m, 4H), 7.013-7.000 (d, / = 6.5 Hz, 2H), 6.928-6.916 (m,
4H), 6.626-6.588 (m, 4H), 5.098 (s, 4H), 3.878-3.835 (m, 4H), 1.724-1.617 (m, 4H),
1.412-1.400 (m, 4H), 1.258 (s, 32H), 0.877 (t, ] = 6.5 Hz, 6H). 13C NMR (125 MHz,
CDCls), 6§ (ppm): 172.31, 167.55, 157.90, 157.81, 141.29, 140.95, 135.94, 132.63,
131.56, 131.48, 127.71, 126.17, 113.62, 113.52, 67.83, 31.93, 29.58, 29.36, 26.07,
22.70, 14.14. HRMS (ESI): m/z calcd., for Cs3H71Ns02, 809.56 [M]; found, 810.59

[M+1]*.

3A.5.4.5. 1-dodecyl-5-methylpyrimidine-2,4(1H, 3H)-dione, (T-C12)

T-C12 was synthesized by following a modified literature procedure.#¢ To a
mixture of thymine (2 g, 15.8 mmol) and activated K2CO3 (2.4 g, 17.4 mmol) in 100
mL RB flask, DMF (40 mL) was added. The mixture was stirred at rT for 10 minutes
and 1-bromododecane (4 mL, 17.4 mmol) was slowly added to this suspension. The
mixture was heated at 45 °C for 48 hrs. Afterwards, water was introduced into this
reaction mixture and extracted with diethyl ether (2 x 100 mL). Organic layer was
separated and washed with brine solution and dried over sodium sulphate. The
crude product was purified using silica column chromatography with 15 % ethyl

acetate-hexane as eluent to yield T-C12 as white powder. Yield = 61% (2.3 g).

0 0
_H 1-Bromododecane N/H
N —a
N” o K,CO3, DMF N0
| 45°C
) L

1H NMR (500 MHz, CDCls), § (ppm): 8.149 (s, 1H), 6. 974 (s, 1H), 3.694-3.664 (m,
2H), 1.926 (s, 3H), 1.668-1.656 (m, 2H), 1.316-1.257 (m, 18H), 0.894 (m, ] = 7 Hz,

3H). 13C NMR (125 MHz, CDCl3), § (ppm): 163.7, 150.8, 139.2, 110.9, 50.5, 31.9, 30.3,

132



Chapter 3A

29.6,29.3,26.7, 22.7, 14.1, 12.4. HRMS (ESI): m/z calcd., for C17H30N202, 294.30 [M];

found, 295.23 [M+1]".
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CHAPTER 3: PART B

C
EFFECT OF DIFFERENT ALKOXY SUBSTITUTIONS ON THE

SELF-ASSEMBLY PROPERTIES OF TETRAPHENYLETHYLENE
-DIAMINOTRIAZINE DERIVATIVES: PHOTOPHYSICAL
AND MORPHOLOGICAL STUDIES
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3B.1. ABSTRACT

Three TPE-DAT derivatives analogues to TPE-1 were synthesized by changing
the alkoxy substitutions and the mechanism of intermolecular hydrogen bonding
directed self-assembly of TPE-1 put forward in chapter 3A was verified. The three
TPE-DAT derivatives include, (i) TPE-2 with racemic, (ii) TPE-3 with chiral and (iii)
TPE-4 with triethylene glycol, alkoxy substitutions. In dodecane, TPE-2 and TPE-3
self-assembles via cooperative pathway and forms 1D fibers, with characteristic
307 nm absorption maxima and 430 nm emission maxima, as observed in the case of
TPE-1 at lower concentrations. On the other hand, at higher concentration, this

assembly results in the formation of opaque supramolecular gels, which is distinct
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from the transparent gelation behaviour of TPE-1. The chiral derivative, TPE-3
showed an induced CD signal upon self-assembly, yet failed to show any chiral
morphology indicating a primary chiral organization of the monomeric units with
secondary molecular packing assisted masking of the structural chirality. Moreover,
the T-C12 assisted transition of molecular aggregates in the TPE-2 and TPE-3 self-
assembly, to green emissive 1D-fibrous structures at lower concentration and opaque
gel formation at higher concentrations were studied, and the detailed mechanism of
self-assembly in the absence and presence of T-C12 were deduced using the FT-IR and
XRD features of xerogels. The triethylene glycol substituted derivative, TPE-4 was
designed to study the self-assembly properties in aqueous solvent systems, and the
reported self-assembly properties are different from TPE-1/2/3 due to the changes in
the amphiphilic nature of the molecule. The nucleic acid interaction studies of TPE-4
with dTzo in 20% THF-water system revealed the formation of uniformly distributed
TPE-DNA condensates with 40-50 nm in size, instead of the expected 1D assemblies.
As demonstrated, molecular engineering of the TPE amphiphiles having a H-bonding
recognition unit such as DAT could be useful for the construction of functional
materials with directional control over morphologies and hence can be used as

required for specific applications.

3B.2. INTRODUCTION

Hierarchical and programmable self-assembly of small t-conjugated organic
molecules in to one, two or higher dimensions with precise control over the
morphology offers the construction of smart functional materials, which finds
potential applications in bio-medical field and, electronic and photonic devices.1->

Molecular design plays key role in supramolecular self-assembly and tuning of their
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optical and morphological properties.t-8 Changes in the chemical structure such as
position of atoms, cis-trans isomers or differences in substituent groups etc., has
significant impact on the molecular packing and self-assembly.%1> The impact
includes, either a complete change in the mechanism of self-assembly resulting in
entirely different properties from the former or a validation for the existing self-
assembly with similar results. Supramolecular chemists are using these tools
wisely to explore the potential of non-covalent interactions in constructing ordered
functional assemblies of small organic chromophores.16-18

It has been demonstrated that a change in the side-chain substitution can
change the entire morphology of perylene bisimide (PBI) self-assembly from zero-
dimensional nanoparticle to one dimensional nanobelt.1? Similarly, Shiki Yagai and
coworkers reported the formation of 1D assemblies of numerous PBI dyads in THF
by varying the alkyl substitution and the morphology tuning by varying the water
fraction in THF-water solvent system.20-22 For example, they have shown the
formation of various morphologies from an amphiphilic PBI-3 dyad, having both

hydrophobic alkyl and hydrophilic polyethylene glycol chains as substituents in to

Self—ussembly in aqueous medm
PBI-3 Dyad

Figure 3B.1. Chemical structure of PBI-3 dyad, schematic representation of different

morphologies obtained by varying temperature and water fraction, and the corresponding TEM
images of (a) hollow vesicles, (b) nanofibers, (c) nanocoils and SEM image of (d) nanorings self-

assembled from PBI-3 (Adapted from reference 20).
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1D nanofibers in THF, hollow vesicular structures in 50% THF-water solvent
mixture, and formation of nanoring like structures in the same solvent system
using a micro-flow device.2? Under temperature and entropy control, the vesicular
structures formed in 50% THF-water further transforms to thermodynamically
stable hexagonally packed nanofibers and kinetically trapped nanocoils (Figure
3B.1).

The H-bonding directed supramolecular assemblies of many organic
chromophores by changing the alkyl substitution with chiral isomers were
established.23-26 Subi ]. George et al. demonstrated the formation of supramolecular
gels from oligo(p-phenylenevinylene)s (OPVs) with coiled helical structures by a
chiral substitution on the chemical structure, which otherwise will result in the
formation of achiral lamellar 1D assemblies.2526 Here, upon gelation, the initially
formed chiral aggregates stacks to form left-handed helical assemblies, which
further undergoes twisting by itself to form rope like 1D fibers (Figure 3B.2A).25
From the same group, they have reported a chiral guest induced helical assembly of

an achiral OPV derivative, functionalized with ureidotriazine unit (OPVUT).27
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Figure 3B.2. A) Chemical structure of OPV, schematic representation of the self-assembly, and
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corresponding TEM and AFM images of the coiled helical fibers (Adapted from reference 25).
B) Chemical structures of OPVUT and guest molecules, chiroptical properties and schematic
representation of the chirality induction and amplification process (Adapted from reference

27).
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R and S isomers of citronellic acid (CA) was used as the chiral regulators, which can
interact with OPVUT dimer through complementary H-bonding interaction. Cooling
a mixture of OPVUT and R/S-CA gives rise to the formation of corresponding M and
P helical assemblies of OPVUT decorated with CA, having characteristic chiroptical
and morphological features (Figure 3B.2B). Moreover, they have also investigated
the co-operative self-assembly pathway in detail, and verified the role of elongation
temperature and concentration of chiral regulators in the chirality induction and

amplification.

A)

ST A

1483 >
Self-Assembly 5T

B)

: :?:‘:5.
%eﬁAssembly LR

Figure 3B.3. Schematic representation of the self-assembly, optical fluorescence microscopic

images and corresponding gel photographs of A) achiral linear alkyl and B) chiral branched
alkyl substituted PE (Adapted from reference 28).

Recently, G. Das et al reported the effect of alkyl substitutions in the
terminal position of phenyleneethynylene (PE) derivatives on their fluorescence
properties.2® A linear achiral alkyl and a branched chiral alkyl substituted, amide
functionalized PE molecules were self-assembled into 1D fibers through H-bonding

and their supramolecular gelation properties at higher concentrations were
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established in detail. Using the characteristics of gels, they have deduced a suitable
mechanism for self-assembly. Here, as a consequence of the chiral substitution, the
ordered lamellar packing (Figure 3B.3A) in achiral PE changes to helical lamellar
packing (Figure 3B.3B), and the chirality of assembly was proven by using optical
and morphological studies.

Distinct from the above reports, there are few works demonstrating the
effect of chiral substituents on self-assembly without displaying any visible
chirality in the morphologies.??30 For instance, Takuho Saito and Shiki Yagai
showed the ordered self-assembly of two scissor shaped, chiral azobenzene
derivatives (varying in their structure by position of NH and CO in amide group), 1
and 2 in to toroids and nanotubes.2? In methylcyclohexane, the molecular structure
undergoes folding through m-m stacking and the folded structures further assemble
into toroid through inter or intra molecular H-bonding. These toroids upon aging
results in the formation of 1D-nanotubes with fibrous morphologies (Figure
3B.4A). Though assembled toroids and nanotubes were CD active (Figures 3B.4B &
3B.4C), as a consequence of the secondary molecular packing they didn’t display

any structural chirality.
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Figure 3B.4. A) Chemical structure of the azobenzene derivatives, assembled morphologies at

different temperatures and B) & C) corresponding CD spectra (Adapted from reference 29).
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We have demonstrated the self-assembly and supramolecular gel formation
of a Tetraphenylethylene-Diaminotriazine (TPE-DAT) derivative, TPE-1 in Chapter
3A and proposed a mechanism for the hierarchical supramolecular assembly. In
order to understand the effect of alkoxy substitution in TPE-DAT self-assembly and
to verify the proposed mechanism in chapter 3A, we have synthesized three TPE-
DAT molecules by changing the dodecyloxy substituent in TPE-1 with 3,7-
dimethyloctane (TPE-2), (S)-3,7-dimethyloctane (TPE-3) and triethylene glycol
(TPE-4), alkoxy substitutions. In this chapter, we describe the optical and
morphological characteristics of AIE and self-assembly studies of TPE-2/3/4 in
detail. Using the properties of self-assembly, a suitable mechanism was deduced

and the results were correlated with mechanism of TPE-1 assemblies.

3B.3. RESULTS AND DISCUSSION

3B.3.1. Design and synthesis of TPE-DAT derivatives

To verify our proposed mechanism of TPE-DAT and TPE-DAT=T-C12 self-
assembly described in chapter 3A, we designed three novel TPE-DAT molecules,
TPE-2 (racemic), TPE-3 (chiral) and TPE-4 (triethylene glycol), varying their
chemical structure by different alkoxy substitutions. The molecules were
synthesized by following similar synthetic procedures detailed in Chapter 3A and
as shown below in Scheme 3B.1. The final molecules TPE-2, TPE-3 and TPE-4 were
obtained in 71%, 64% and 34% yields, respectively. The mono-bromo alkyl
derivatives, (3) and (4) used in the second step of TPE-3 and TPE-4 synthesis,
respectively were prepared separately from the corresponding commercially

available parent molecules as shown in Scheme 3B.2. (S)-Citronellyl bromide was
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reduced in presence of Pd-C to give (S)-1-bromo-3,7-dimethyloctane (3) in 97%
yield and triethylene glycol was brominated with 48% HBr in toluene to give 2-(2-
(2-bromoethoxy)ethoxy)ethan-1-ol, (4) in 50% yield. Synthetic procedures and
characterization data for all the intermediates and final molecules are noted in the

experimental section.
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Scheme 3B.1. Synthetic scheme for different alkoxy-substituted TPE-DAT derivatives, TPE-2,
TPE-3 and TPE-4.
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Scheme 3B.2. Synthetic scheme of mono-bromo alkyl derivatives, (3) and (4).
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3B.3.2. Photophysical properties

Basic photophysical properties like UV-visible absorption and fluorescence
emission of TPE-DAT derivatives, TPE-2, TPE-3 and TPE-4 were initially analyzed
in soluble organic solvents. TPE-2 and TPE-3 displayed similar characteristics to
that of TPE-1 in THF, acetonitrile and chloroform, with weakly emissive
monomeric emission maxima at 408 nm, 431 nm and 447 nm, respectively (Figures
3B.5A & 3B.5B, the chiral derivative TPE-3 also displayed similar properties). On
the other hand, the triethylene glycol derivative TPE-4 was soluble in polar solvent

like methanol with similar absorption maxima as that in THF (Figure 3B.6A).
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Figure 3B.5. A) UV-visible absorption and B) emission spectra of TPE-2 in THF, acetonitrile

and chloroform.
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Figure 3B.6. A) UV-visible absorption and B) emission spectra of TPE-4 in THF, acetonitrile

and methanol.
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Notably, TPE-4 displayed considerable solvatochromism with a distinct red shifted,
weakly emissive 466 nm fluorescence emission band in methanol (Figure 3B.6B),
which implies the stabilization of the excited state in polar solvents. The triethylene
glycol derivative, TPE-4 was comparatively more soluble in polar solvents than
TPE-2/3 and hence it could be useful for studying the interaction with nucleic acid

derivatives via complementary H-bonding in aqueous solvents.

3B.3.3. Aggregation: optical and morphological properties

The aggregation features of TPE-2 and TPE-4 molecules were studied in

THF-water solvent system using UV-visible absorption, fluorescence emission and

AFM analysis.
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Figure 3B.7. A) UV-visible absorption and B) emission spectra, C) photographs of solution
under UV light and D-H) AFM images of TPE-2 (20 uM) in different THF-water fractions.
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TPE-2 molecule displayed a gradual decrease and broadening in the absorption
around 345 nm (Figure 3B.7A) and red shift in the fluorescence emission (Figure
3B.7B) from 400 nm to 450 nm, up to 70% of water in solvent system. Afterwards,
with increasing water fraction, the samples started to form agglomerates and
precipitated out (Figure 3B.7C, photographs of 20 uM TPE-2 samples in different
THF-water fractions under UV-light). An enhanced emission band corresponding to
the solid suspensions was observed at 540 nm, as seen in the case of TPE-1 in
Chapter 3A. These results were further supported by the presence of random
spherical aggregates in the AFM images of samples drop-casted from different THF-

water solvent fractions (Figures 3B.7D-H).
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Figure 3B.8. A) UV-visible absorption and B) emission spectra, C) photographs of solution
under UV light and D-H) AFM images of TPE-4 (20 uM) in different THF-water fractions.
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In contrast to TPE-2/3 and in agreement with the typical AIE property of
TPE, TPE-4 with higher polarity displayed clear changes in the UV-visible
absorption and fluorescence emission with increasing fractions of water (Figure
3B.8A-C). The samples were miscible in all solvent fractions and didn’t display any
tendency to precipitate as observed in case of TPE-1/2/3 even at higher fractions
of water, and random aggregates were observed in the AFM images of TPE-4 in
THF-water mixtures (Figures 3B.8D-G). However, different from TPE-1/2/3, TPE-
4 displayed the formation of uniformly distributed spherical aggregates in water
(Figure 3B.8H), which further suggests the enhanced solvophobic interaction

directed aggregation of TPE-4 in water.

3B.3.4. Self-assembly of TPE-2 and TPE-3

Based on the concentration dependence of the self-assembly of TPE-1
established and detailed in Chapter 3A, we choose an appropriate concentration of
4 x 104 M and 6 x 10-* M for TPE-2 and TPE-3, respectively to analyze the self-
assembly process in dodecane. TPE-2 in chloroform displayed the presence of
weakly emissive monomers with 452 nm absorption band (blue spectrum in
Figures 3B.9A & 3B.9B). Whereas, the absorption spectra in dodecane exhibited
307 nm absorption maxima along with 452 nm shoulder band, and a strong
fluorescence emission band at 430 nm corresponding to the assembled state (pink
spectrum in Figures 3B.9A & 3B.9B). Further, temperature dependent cooling of
TPE-2 in dodecane from 363 K to 283 K displayed the gradual formation of 307 nm
absorption band up to a temperature of 293 K, followed by a sudden enhancement
upon cooling to 283 K (Figure 3B.10A). Similarly, the corresponding fluorescence

spectra displayed the formation of assembled state with an intense blue (430 nm)
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emission band, intensity of which is significantly enhanced below 298 K (Figure

3B.10B). These results suggest the cooperative pathway for TPE-2 self-assembly in

dodecane.
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Figure 3B.9. A) UV-visible absorption and B) fluorescence emission spectra of TPE-2 (4 x 10
M) in chloroform and dodecane at 298 K (Aexc = 350 nm).
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Figure 3B.10. Temperature dependent changes in the A) absorption and B) emission spectra of
4 x 10* M TPE-2 in dodecane upon cooling from 363 K to 293 K, and inset of B shows the
photograph of TPE-2 in dodecane at 298 K under 365 nm UV light.

We investigated the changes in the self-assembly in detail and the
photophysical properties of TPE-2 in presence of a competitive H-bonding
derivative, T-C12. With the sequential addition of T-C12 to the assembled TPE-2, a

decrease in the 307 nm absorption band along with gradual formation of 350 nm

band was observed in the absorption spectra (Figure 3B.11A). These changes
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indicate the perturbation of TPE-2 homo-assembly in presence of T-C12, and is
additionally supported by the observed quenching of the fluorescence emission
band at 430 nm (Figure 3B.11B). Further, controlled cooling of a hot dodecane
solution of TPE-2 in presence of T-C12 (1:1 equivalent) from 363 K to 283 K
showed significant enhancement in the 350 nm absorption band and formation of a

broad emission band at 460 nm (Figures 3B.12A & 3B.12B).
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Figure 3B.11. Changes in the A) absorption and B) emission spectra with the sequential

addition of T-C12 (0-1.2 equivalent) into 4 x 10-4M TPE-2 in dodecane (Aexc= 327 nm).
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Figure 3B.12. Temperature dependent changes in the A) absorption and B) emission spectra of
TPE-2=T-C12, upon cooling from 363 K to 293 K (Aexe = 327 nm and inset of B shows the
photograph of TPE-2=T-C12 at 298 K under UV-light).

This newly formed, green emissive assembly of TPE-2 in presence of T-C12,

suggest the presence of a different monomeric unit in the assembly, which is
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distinct from the blue emissive TPE-2 homo-assembly in the absence of T-C12.
These results of photophysical properties of TPE-2 self-assembly were in
agreement with the properties of dodecyloxy-substituted TPE-1 self-assembly
described in chapter 3A. Except the 40 nm blue shift observed in the fluorescence
emission of TPE-2=T-C12 (460 nm) from 502 nm of TPE-1=T-C12 assembly. This
blue shift in TPE-2=T-C12 emission was also noticeable from the whitish green
color of UV-light images of sample at 298 K (inset of Figure 3B.12B), in place of the
pure green color observed for TPE-1=T-C12.

The self-assembly of chiral alkoxy substituted TPE-DAT derivative, TPE-3
were also initially analyzed in dodecane and chloroform solvents. Unlike TPE-1 and
TPE-2, and even with a higher concentration of 6 x 10-* M TPE-3 in dodecane, the
characteristic 307 nm absorption band of assembly was not prominent at 298 K
with a comparatively weak fluorescence emission band at 430 nm (pink spectra in
Figures 3B.13A & 3B.13B). Whereas, TPE-3 was completely soluble in chloroform
with 352 nm absorption and a weak 450 nm emission band, as expected (blue

spectra in Figures 3B.13A & 3B.13B).
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Figure 3B.13. A) UV-visible absorption and B) fluorescence emission spectra of TPE-3 (6 x 10-
4 M) in chloroform and dodecane at 298 K (Aexc = 350 nm).
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The temperature-controlled cooling of 6 x 10-# M TPE-3 in dodecane from 363 K to
283 K showed an initial slow formation of the 307 nm aggregate absorption band
up to 293 K, followed by a fast formation below 293 K along with corresponding
enhancement in the 430 nm emission band. These observations are indicative of

the cooperative pathway for TPE-3 self-assembly (Figures 3B.14A & 3B.14B).
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Figure 3B.14. Temperature dependent changes in the A) absorption and B) emission spectra of
6 x 104 M TPE-3 in dodecane upon cooling from 363 K to 283 K. Inset of B shows the
photograph of TPE-3 in dodecane at 298 K under 365 nm UV light.
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Figure 3B.15. Changes in the A) absorption and B) emission spectra with the sequential

addition of T-C12 (0-1.2 equivalent) into the 6 x 10-*M TPE-3 in dodecane (Aexc= 327 nm).

Similar to TPE-2, the UV-visible absorption and emission studies indicate
the dissociation of TPE-3 self-assembly in presence of T-C12 (Figures 3B.15A &

3B.15B) and formation of green emissive assemblies with 350 nm absorption and
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480 nm fluorescence emission maxima upon cooling from 363 K to 283 K (Figures
3B.16A & 3B.16B). In addition, the UV-light images of TPE-3=T-C12 samples
displayed whitish green emission (inset of Figure 3B.16B) with characteristic 22
nm blue shift from the green emissive assemblies of TPE-1=T-C12. These
similarities in the photophysical properties of TPE-2 and TPE-3 assemblies with
the results observed in the case of TPE-1, partially verifies our proposed

mechanism of self-assembly in chapter 3A.
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Figure 3B.16. Temperature dependent changes in the A) absorption and B) emission spectra of
TPE-3=T-C12, upon cooling from 363 K to 283 K (Aexc = 327 nm and inset of B shows the
photograph of TPE-3=T-C12 at 298 K under UV-light).

3B.3.5. Thermodynamic and chiroptical properties of self-assembly

Detailed investigation of the TPE-DAT self-assembly pathway of TPE-2 and
TPE-3 were conducted by monitoring the temperature dependent changes in the
307 nm absorption band, characteristic of the assembly as a function of different
concentrations. Figures 3B.17 and 3B.18 show the plot of fraction of aggregates
versus temperature for TPE-2 and TPE-3, respectively. The non-sigmoidal nature
of cooling curves well fitted with the co-operative equilibrium model reported in

the literature,3! which implies the nucleation-elongation self-assembly pathway for
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both TPE-2 and TPE-3 self-assembly. Elongation temperatures (Te) of self-
assembly for different concentrations were obtained from the cooling curves and
van’t Hoff plot was constructed for TPE-2 and TPE-3, separately as shown in
Figures 3B.19A & 3B.19B. From the linear fits of van’t Hoff plot, thermodynamic
parameters (TD) of self-assembly like standard enthalpy (AH°), standard entropy
AS° and standard Gibbs free energy AGe at 298 K for TPE-2 and TPE-3 were

calculated.
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Figure 3B.17. Plots of fraction of aggregates (aqyy) against temperature for different
concentrations of TPE-2 in dodecane; 294.9 K for 5.69 x 104 M, 295.5 K for 7.05 x 104 M and
296.8 K for 7.84 x 104 M.

104 TPE-3
e 52x10M
0.8 1 v 66x107M
o o 727x10°*M
S 0.6 Fit equilibrium model
3
0.4
0.2
0.0 s

285 290 295 300 305 310
Temperature (K)

Figure 3B.18. Plots of fraction of aggregates (aqyy) against temperature for different
concentrations of TPE-3 in dodecane; 295.3 K for 5.2 x 104 M, 296.2 K for 6.6 x 104 M and
299.8 K for 7.27 x 104 M.
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Figure 3B.19. van't Hoff plot constructed from the reciprocal of T, (1/T.) versus logarithm of
reciprocal concentration (In(1/C)) for A) TPE-2 and B) TPE-3.

The values of AH°, AS° and AGe obtained for TPE-2 self-assembly are -115.21 k]
mol-l, -328.82 ] mol! K1 and -17.22 kJ mol-, respectively, and for TPE-3 self-
assembly are -61.8 k] mol1, -147.33 ] mol! K1 and -17.89 k] mol-, respectively.
The obtained AGe values of TPE-2 and TPE-3 self-assembly were almost near to the
AGe (-18.6 k] mol1) value of TPE-1 self-assembly with H-bonding assisted
cooperative nucleation-elongation pathway as explained in chapter 3A.

To check the role of chiral substituent in the TPE-3 self-assembly and to
verify the proposed general self-assembly mechanism of TPE-DAT in dodecane, the
chiroptical properties of TPE-2 and TPE-3 were analyzed by CD studies.
Interestingly, the CD spectrum of TPE-3 in dodecane exhibited Cotton effect with a
bisignated CD signal having a zero crossing at 307 nm (Figure 3B.20). Whereas, the
dodecane solution of TPE-2 and chloroform solutions of TPE-2 and TPE-3 didn’t
showed any characteristic CD signal. To get more insight in to the chirality transfer
from individual TPE-3 molecule to the self-assembled state, temperature
dependent changes in the CD spectrum were analyzed by cooling a hot solution of
TPE-3 from 343 K to 283 K. Upon cooling, the formation of a bisignated CD signal in
the characteristic absorption range of self-assembly was observed below 300 K,
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which was additionally verified by recording the corresponding CD intensity
variations at 266 nm (Figures 3B.21A & 3B.21B). On the other hand, similar
experiment performed with TPE-3=T-C12 didn’t display any characteristic
changes (red spectrum in Figures 3B.21B). These results suggest the initial ordered

chiral assembly of the monomeric units in the molecular packing of TPE-3 and loss

of chirality in the presence of T-C12.
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Figure 3B.20. CD spectra of 4 x 104 M TPE-2 and 6 x 10* M TPE-3 in dodecane and

chloroform.
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Figure 3B.21. A) CD spectra of 6 x 10-* M TPE-3 in dodecane recorded by cooling from 343 K
to 283 K, with 10 K difference between each spectral measurement and B) CD spectral intensity

variations at A= 266 nm for TPE-3 and TPE-3=T-C12.

3B.3.6. Microscopic studies

The morphology changes associated with the above-mentioned racemic

TPE-2 and chiral TPE-3 assemblies, in the absence and presence of T-C12 were
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studied using AFM, TEM and optical fluorescence microscopic (OFM) techniques.
AFM images of TPE-2 and TPE-3 displayed individual and bundled fiber like
structures (Figures 3B.22A & 3B.22D) with ~11 nm height and 120-150 nm width
(Figure 3B.22C, height profile of TPE-2). Whereas in the presence of T-C12, the
assembly changes to fibrous structures with a reduced height of 2-3 nm, as

observed for TPE-1 (Figures 3B.23B, 3B.23E & 3B.23F).
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Figure 3B.22. AFM images of A) TPE-2 (4 x 104 M), B) TPE-2=T-C12 (4 x 10+ M, 1:1), D)
TPE-3 (6 x 10-* M) and E) TPE-3=T-C12 (6 x 10- M, 1:1). C) & F) Height profiles of a very thin
fiber in A & B, respectively. (The area of height profiles is marked as blue line in A and B).

In agreement with AFM morphologies, the TEM images of respective
samples also displayed individual and bundled 1D-fiber like structures in the
absence of T-C12 (Figures 3B.23A & 3B.23C, left panel) and thin fibrous structures
in the presence of T-C12 (Figures 3B.23B & 3B.23D, left panel). Even though TPE-3
assemblies were CD active with Cotton effect, the corresponding AFM and TEM
morphologies didn’t display any visible structural features of supramolecular
chirality in the 1D-bundled or individual fibers. These conflicting results of CD and
morphology studies suggests the secondary molecular packing directed masking of

structural chirality in TPE-3 assemblies.2930
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Figlire 3#.23. 'fEM (left [;anel) and OFM (right panel) images of samples drop-casted from A)
TPE-2 (4 x 10-+ M), B) TPE-2=T-C12 (4 x 10- M, 1:1), C) TPE-3 (6 x 10-* M) and D) TPE-3=T-
C12 (6 x 104 M, 1:1).

The solid-state fluorescence properties of the 1D assemblies of TPE-2 and
TPE-3 inspected using optical fluorescence microscope showed the presence of
long coiled blue emissive fibers of TPE in the absence of T-C12 (Figures 3B.23A &
3B.23(C, right panel) and green emissive short fibrous structures in the presence of
T-C12 (Figures 3B.23B & 3B.23D, right panel). These results of morphology and
fluorescence changes from blue to green emissive assemblies, similar to the 1D-
supramolecular assembly of TPE-1 demonstrated in chapter 3A, suggest the

possibility of similar mechanism and gelation behaviour for TPE-2 and TPE-3.

3B.3.7. Self-assembly of TPE-4 with dTzo template

Due to the insolubility of triethylene glycol substituted TPE-4 in dodecane,
the self-assembly properties were investigated in 20% THF-PBS solvent system.
The template, T-C12 used for tuning the self-assembly properties of other
derivatives was insoluble in 20% THF-PBS. Therefore, we choose a better template,
dT20 (polydeoxythymidine with 20 thymine nucleobases) with enhanced solubility

in 20% THF-PBS to study the interactions with TPE-4. The UV-visible absorption
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and emission spectra of 5 x 10# M TPE-4 in 20% THF-PBS exhibited a 350 nm
absorption band and a 468 nm broad emission band, respectively (blue spectra in
Figures 3B.24A & 3B.24B). This reasonably high fluorescence intensity implies that
TPE-4 exist as aggregates in 20% THF-PBS and they are different from the
assemblies formed in the case of other TPE-DAT derivatives in dodecane with 307

nm absorption and 430 nm fluorescence emission.
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Figure 3B.24. A) Absorption and B) corresponding emission spectra of 5 x 10+ M TPE-4 at 298
K and the heat-cooled samples of TPE-4/dTzo (5 x 10* M, 20:1) at 278 K. C) Fluorescence
emission spectra of TPE-4 at 298 K, the annealed samples of TPE-4, TPE-4/dAzo (20:1) and
TPE-4/thymidine (1:1) at 278 K. All these experiments were carried out in 20% THF-PBS.

To check the complementary H-bonding abilities of the TPE-4 aggregates, a
1:20 ratio of dTz0 to TPE-4 mixture was heated to 363 K, followed by cooling back

to 278 K. Upon cooling to 278 K, a broadening of the absorption spectra with a tail

end absorption extending up to 600 nm and a fluorescence enhancement with 10
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nm red shift in the fluorescence emission maxima (from 468 nm to 478 nm) were
observed (pink spectra in Figures 3B.24A & 3B.24B). To verify these observations,
control experiments were carried out under similar conditions with TPE-4 alone
and TPE-4 in presence of dA2o (1:20 ratio) and thymidine (1:1 ratio), which failed
to show any significant changes in the fluorescence emission (Figure 3B.24C).
These results suggest that TPE-4 interacts with dT20 primarily through
complementary H-bonding interaction, and the resultant assembly/aggregate is
responsible for the spectral changes.
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Figure 3B.25. TEM images of A) TPE-4 (5 x 104 M) in THF and B) in 20% THF-PBS, and
annealed samples of C) TPE-4/dT2¢ & D) TPE-4 in 20% THF-PBS. E) EDAX spectrum of TPE-
4 /dT2 recorded with D and F) schematic representation of the mechanism of assembly.

Morphology changes accompanying the absorption and fluorescence
spectral changes of TPE-4 in presence of dT20 was monitored by drop-casting the
samples for TEM analysis. TEM images of TPE-4 displayed random aggregates in
THF and growing flower like morphology in 20% THF-PBS (Figures 3B.25A &
3B.25B). Whereas, the heat-cooled samples of TPE-4/dTz0 (20:1) displayed

uniformly distributed spherical nanostructures with 40-50 nm in size (Figure
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3B.25C). This distinct observation was further checked by examining the TEM
images of heat-cooled samples of TPE-4 alone, which displayed fused flower like
structures (Figure 3B.25D) with resemblances to the TEM images in Figure 3B.25B
of TPE-4 without heat treatment. Further, the occurrence of phosphorous atom in
the EDAX spectrum recorded over the TEM samples of TPE-4/dTzo0 confirms the
presence of dTzo in the uniformly distributed spherical nanostructures (Figure
3B.25E). In short, as a result of the poor H-bonding possibility of TPE-4 in the
solvophobic environment of 20% THF-PBS, TPE-4=dT20 interactions result in
condensation of dTzo strands (Figure 3B.25F shows the cartoonic illustration of
morphology changes), instead of forming 1D-assemblies as observed in the case of

other TPE-DAT molecules.

3B.3.8. Supramolecular gels of TPE-2 and TPE-3

As the important results helped to understand the mechanism of TPE-DAT
self-assembly proposed in Chapter 3A was obtained from the gel characterizations,
we have investigated the gelation properties of TPE-2 and TPE-3 in dodecane to
verify the proposed mechanism. As expected, higher concentration of TPE-2 and
TPE-3 in dodecane upon annealing lead to the formation of blue emissive gels,

which transformed to green emissive gels in the presence of an equivalent amount
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TPE-3 —)
\

Figure 3B.26. Photographs of A) TPE-2 and B) TPE-3 gels in the absence and presence of T-
C12 under normal and UV light (6 mM, 1:0 and 1:1 ratio of TPE-2/3 to T-C12 in dodecane).

of T-C12 (Figures 3B.26A & 3B.26B).
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Both racemic TPE-2 and chiral TPE-3 derivatives formed opaque gels in contrast to
the transparent gels formed by TPE-1. The CGC values for both TPE-2 and TPE-3
was ~6.1 mM, which can be reduced to 2.5 mM by the addition of an equivalent
amount of T-C12.

SEM and solid-state absorption and emission measurements of xerogels
were performed to verify the resemblances of supramolecular gels with low
concentration solution state studies. The absorption spectra of the xerogels of TPE-
2 and TPE-3 displayed a broad spectrum with absorption maxima around 300 nm
in the absence of T-C12 and 355 nm in the presence of T-C12 (Figure 3B.27A), as
observed in solution state photophysical studies. Whereas, the emission spectrum
of TPE-2 and TPE-3 displayed slightly red shifted 445 nm emission maxima
(Figure 3B.27B) in the absence of T-C12 and almost similar emission maxima of
500 nm in the presence of T-C12 compared to the solution state studies. This red
shift of 15 nm from 430 to 445 nm in the solution and solid-state studies can be
attributed to the formation of opaque gels, as a consequence of the changes in
molecular arrangement of TPE-2/3 assemblies. These results further validate the
observation of blue and green emissive fibers in the solid-state optical fluorescence

microscopic studies.
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Figure 3B.27. Solid state A) absorption and B) emission spectra of the xerogel samples of TPE-
2, TPE-3, TPE-2=T-C12 and TPE-3=T-C12 prepared from dodecane.
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SEM images of TPE-2 and TPE-3 xerogel samples displayed the presence of
highly cross-linked bundled fiber like structures (Figures 3B.28A & 3B.28C), On the
other hand, TPE-2=T-C12 and TPE-3=T-C12 xerogels displayed randomly
distributed stiff and thin fibrous structures (Figures 3B.28B & 3B.28D). These
results of SEM analysis are in agreement with morphologies observed in AFM and
TEM studies performed at lower concentrations, and therefore suggests a similar

mechanism for assemblies in both solution and gel state.

B) TPE-2/T-C12

D) TPE-3/T-C12

Figure 3B.28. SEM images of the xerogel samples prepared from A) TPE-2, B) TPE-2=T-C12,
C) TPE-3 and D) TPE-3=T-C12 gels in dodecane.

3B.3.9. FT-IR and rheology studies of xerogels

The bonding nature and strength of TPE-2, TPE-2=T-C12, TPE-3 and TPE-
3=T-C12 gels were analyzed using FT-IR and rheology measurements. The FT-IR
spectrum of TPE-2, TPE-3 and T-C12 monomers in chloroform-d displayed the
presence of free -NHz vibrational bands at 3535 & 3423 cm1, and N-H stretching
band at 3394 cm-!, respectively.2832.33 These bands were shifted to 3488, 3318 and
3203 cm! for TPE-2 and TPE-3 xerogels and 3449, 3329 and 3233 cm! for TPE-

2=T-C12 and TPE-3=T-C12 xerogels, characteristic of bonded -NH: (Figure
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3B.29A). This shift of vibrational peaks towards lower frequency and broadening
with respect to monomers indicate intermolecular H-bonding in xerogel samples.
In addition, the difference in the vibrational peak values implies existence of
different type H-bonded units in TPE-2/ TPE-3 xerogel and TPE-2=T-C12/TPE-

3=T-C12 xerogels.
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Figure 3B.29. FT-IR spectrum of TPE-2 and TPE-3 (monomer and xerogel), T-C12
(monomer), TPE-2=T-C12 (xerogel), and TPE-3=T-C12 (xerogel) samples in the A) 3100-
3600 cm?, B) 3100-2700 cm-! and C) 1400-1800 cm-! regions.

Similarly, the FT-IR spectrum in the 2700-3100 cm! region of monomers
displayed vibrational bands at 2960 cm-! (asymmetric -CHs stretching), 2925 cm-!
(asymmetric -CHz- stretching) and 2871 cm! (symmetric -CHs stretching). These
vibrational frequency values were found to be shifted to lower frequency in the
case of TPE-2 and TPE-3 xerogels, and remained unaltered for TPE-2=T-C12 and
TPE-3=T-C12 xerogels, with respect to monomeric spectra (Figure 3B.29B). This
shift in the stretching vibrational frequency implies the presence of interdigitated

alkyl chains in the molecular packing of TPE-2 and TPE-3 xerogel samples.
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Moreover, the C=0 stretching, N-H bending and ring stretching vibrations in the
1400 to 1800 cm! region of all the xerogel samples were complex with additional
peaks compared to the monomeric spectrum (Figure 3B.29C). These spectral
differences could be attributed to the changes in vibrational frequencies of
aforementioned vibrations upon gelation, which further confirms the presence of
H-bonding in the TPE-DAT self-assembly.

Dynamic frequency sweep measurements of all the gel samples performed
using rheometer showed higher values of storage modulus (G’) than loss modulus
(G”) with a linear viscoelastic region (LVR) indicative of the viscoelastic nature of
gels, as observed in the case of TPE-1 gels in Chapter 3A. Lower values of G’ and G”
for TPE-2 and TPE-3 compared to corresponding TPE-2=T-C12 and TPE-3=T-
C12 suggests the improved capacity of the latter to store and disperse energy
(Figures 3B.30A & 3B.30B). This implies, the gel strength of TPE-2=T-C12 and
TPE-3=T-C12 are relatively high compared to gels in the absence of T-C12. In
addition, the lower values of G’ and G” for TPE-2 and TPE-3 gels (1-10 range)
compared to transparent TPE-1 gel (10-100 range in Figure 3A.27 of Chapter 3A)

could be ascribed to the dis-ordered molecular packing leading to gels.

A) 10*, B) 10°;
——G' (TPE-2) —e—G' (TPE-3)
—o—G" (TPE-2) —a—G" (TPE-3)
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Figure 3B.30. Plot of G’ and G” against angular frequency of A) TPE-2 and TPE-2=T-C12, and
B) TPE-3 and TPE-3=T-C12 dodecane gels at 298 K (2.5 mM and 1:1 ratio).
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3B.3.10. XRD and mechanism of self-assembly

To verify the mechanism of 1D-assemblies of TPE-1 proposed in Chapter 3A
of TPE-DAT molecules in dodecane, and to summarize the above experimental
results of TPE-2 (racemic) and TPE-3 (chiral), WAXS analysis of the four xerogel
samples were carried out. WAXS patterns of the xerogel films displayed reflections
with d spacing of 34.75, 19.7 & 17.45 A for TPE-2 and 34.61,19.88 & 17.78 A for
TPE-3 (Figure 3B.31A). These d values with 1: V3: 2 ratio represents the (100),
(110) and (200) planes of hexagonal columnar packing, giving rise to an

intercolumnar distance of 39.96 A for TPE-2 and 40.12 A for TPE-3.

A) ) Hexagonal columnar B) o Tetragonal columnar
34614 a=39.964 2e1oa a=23.46A
a=40.12A a=22914A
—
—~ 3475 A° ——TPE-2 xerogel = 27 & A0 —— TPE-2/T-C12 xerogel
g — TPE-3 xerogel S5, —— TPE-3/T-C12 xerogel
- o
=
2 G
2 =) 15714°
|5 FEJ 1133A° 72840 4 73 40
= — 392 A°
726A° 466A°
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26 (degrees) 26 (degrees)

Figure 3B.31. WAXS patterns of A) TPE-2 and TPE-3, and B) TPE-2=T-C12 and TPE-3=T-
C12 xerogel samples.

Similarly, significant reflections with d spacing of 22.5, 16.59 and 11.57 A for TPE-
2=T-C12 and 22.18, 15.71 and 11.33 A for TPE-3=T-C12 were observed in the
WAXS patterns. These d spacings in 1: V2: 2 represents (100), (110) and (200)
planes of tetragonal columnar packing with intercolumnar distance of 23.46 A for
TPE-2=T-C12 and 2291 A for TPE-3=T-C12 (Figure 3B.31B). In addition,

reflections with d spacing around 4.42 A and 3.91 A were observed in all the cases,
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which represents the arrangement of alkyl chains and m- m stacking of aromatic
units in the self-assemblies.

Further, the structural details obtained from the energy minimized
structures of TPE-2/3 dimer and TPE-2/3=T-C12 were correlated with XRD, FT-
IR and CD results to propose a possible mechanism of self-assembly. An
intercolumnar distance of 39.96 A or 40.12 A for a hexagonal molecular packing is
obtained only when, dimers of TPE-2/3 molecules are arranged in a hexagonal
manner with interdigitated alkyl chains (Figure 3B.32A). This type of molecular
arrangement is also supported by the alkyl chain interdigitation observed in FT-IR
studies of TPE-2/3 xerogels. As a result, the theoretical intercolumnar distance of
48.4 A (molecular size of a dimer) can be reduced to 39.96 A or 40.12 A in
hexagonal columnar packing.

In addition, from the literature knowledge,3435 we can envisage that in the
case of the TPE-3 with a single isomer (S), the molecular stacking will take place in
a specific direction and impart chirality to the columnar packing, displaying CD
signal with Cotton effect in the TPE-3 assemblies (Figure 3B.32B). Whereas, the
racemic TPE-2 dimer stacks in random directions and result in a CD inactive
molecular packing. With the above inferred mechanism of self-assembly, many of
the discrepancies observed in the experimental studies can be clarified. For
example, the absence of helicity in the morphology studies of TPE-3 could be
ascribed to the masking of structural chirality by the secondary molecular packing
of the hexagonal columnar structures to form 1D-fibers. Similarly, compared to the
orderly packed hexagonal columnar TPE-1 assemblies described in Chapter 3A,
TPE-2/3 assemblies are structurally crowded due to presence of interdigitated

alkyl chain in the columnar packing. As a result, increase in concentration of the
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sample leads to the random arrangement of 1D assemblies resulting in opaque

supramolecular blue emissive TPE-2/3 gels (Figure 3B.32C).

TPE-2/3 TPE-2/3 =T-C12
Dimer Dimer

T-C12 assisted
transition
of molecular
aggregates

Opaque Blue Opaque Green
Supramolecular Gels Supramolecular Gels

Figure 3B.32. Schematic representation of the TPE-2 and TPE-3 self-assembly in the A), B) &
C) absence (left side) and D), E) & F) presence of T-C12 (right side).

In case the of TPE-2/3=T-C12 assemblies, XRD, molecular size of
monomeric unit in the assembly and FT-IR results were analogues to that observed
in TPE-1. Which suggests similar mechanism for TPE-DAT self-assembly in the
presence of T-C12, without much variations in the molecular packing. From the FT-
IR results, it is clear that the monomeric unit in TPE-2/3=T-C12 assemblies are
different from TPE-2/3 assemblies, leading to the transition of blue to green
emissive assemblies. And the theoretical tetragonal intercolumnar distance of
23.06 A is obtained only when H-bonded TPE-2=T-C12 unit or TPE-3=T-C12 are
tetragonally arranged as shown in Figure 3B.32E. In addition, due to the structural
asymmetry of this monomeric unit, we can also expect randomness in the direction
of chiral substituent upon m-m stacking Figure 3B.32D. Further, at higher
concentrations, the structurally stressed tetragonal columnar packs of TPE-
2/3=T-C12 tends to be randomly arranged, which results in opaque green

emissive supramolecular gels (Figure 3B.32F).
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3B.4. CONCLUSIONS

In summary, to achieve directional control over the morphologies of
tetraphenylethylene derivatives and to prove the proposed mechanism of H-
bonding directed self-assembly in TPE-1, three more TPE-DAT derivatives with
varying alkoxy substitution were synthesized and their self-assembly properties
were investigated. TPE-2 and TPE-3 in dodecane displayed the formation of 1D
fibers at lower concentrations and supramolecular gels with entangled network
structure at higher concentrations. The tuning of self-assembly from blue to green
emissive assemblies was demonstrated using a complementary H-bonding T-C12,
thymine derivative. Mechanism of self-assembly for both these assemblies were
deduced using gel characteristics, mainly FT-IR & XRD results, and confirmed the
proposed mechanism of TPE-1 self-assembly for TPE-DAT type molecules in
dodecane. Whereas, TPE-4 with triethylene glycol substituent was insoluble in
dodecane and so we tested the H-bonding directed self-assembly with dT20 in 20%
THF-water. Distinct from the TPE-2/3 and the expected 1D assemblies, interaction
of TPE-4 with DNA resulted in TPE-DNA condensates with 40-50 nm spherical
nanoparticles. In short, these results verify the role of alkoxy substitutions and
solvent system in directing H-bonded self-assemblies, and put forward a facile
strategy of using nucleobase and nucleobase analogues to construct
supramolecular functional materials of small organic chromophores with control

over the morphology.
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3B.5. EXPERIMENTAL SECTION

3B.5.1. Materials and methods

The poly(dT) sequence; dT2o, poly(dA) sequence; dAzo and thymidine used
as template in the TPE-4 self-assembly studies were purchased from Sigma
Aldrich. DNA samples were diluted with milli Q deionized water (18.2 M) and,
concentrations were calculated by measuring the absorption and using the known
€ values of nucleobases at 260 nm. HPLC grade THF was purchased from Merk and
used as received for spectroscopic studies. All the experiments involving dT20 were
carried out in 20% THF-PBS solvent system. Circular dichroism studies were
performed in 0.1 cm quartz cuvette using JASCO ]-810 spectropolarimeter
equipped with Peltier controlled thermostatic cell holder. All other materials and

methods applied in this chapter are same as that described in Chapter 3A.
3B.5.2. Synthetic procedures and characterizations
Synthesis of 1,3¢ 2.(2-4),37 3.(2-4)3% and TPE-(2-4)3° follows similar

synthetic procedures as detailed in experimental section, page 128 of chapter 3A.

3B.5.2.1. Synthesis of 4,4'-(2-(4-bromophenyl)-2-phenylethene-1,1-diyl)bis

(((3,7-dimethyloctyl)oxy)benzene), (2.2)

o /\)\/\)\ o
O LT = AL
I > I
O QL " A d T Tl
HO OH Dry DMF o o
1

(2.2)

1 (1.0045 g, 2.262 mmol), K2C03 (1.5883 g, 11.310 mmol), 1-bromo-3,7-
dimethyloctane (1.87 mL, 9.048 mmol) and DMF (10 mL) were used to synthesize

2.2.Yield = 63% (1.04 g, pale-yellow viscous oil).
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1H NMR (500 MHz, CDCls), § (ppm): 7.200 (d, 2H), 7.104-7.075 (m, 3H), 7.001-
6.987 (m, 2H), 6.916-6.872 (m, 6H), 6.654-6.602 (m, 4H), 3.933-3.892 (m, 4H),
1.802-1.764 (m, 2H), 1.633-1.573 (m, 2H), 1.531-1.522 (m, 4H), 1.306 (d, 6H),
1.256 (m, 6H), 1.146-1.135 (m, 6H), 0.973-0.917 (m, 12H). 13C NMR (125 MHz,
CDCls), § (ppm): 157.85, 143.88, 143.40, 140.94, 135.81, 132.51, 131.36, 130.82,
129.68, 127.78, 126.22, 119.93, 113.53, 66.18, 39.23, 35.49, 37.32, 29.82, 27.97,
24.65, 22.66, 21.06. HRMS (ESI): m/z calcd., for CasHsoBrOz, 722.39 [M]; found,

761.33 [M+K*]*.

3B.5.2.2. Synthesis of 1-bromo-4-((E)-2-(4-(((S)-3,7-dimethyloctyl)oxy)
phenyl)-2-(4-(((S)-3,7-dimethyloctyl)oxy)phenyl)-1-phenylvinyl)benzene, (2.

3)

B /\J\/\)\ o
O LT =6 O
| y |
DRSS Y PN O O WS P
Ho OH Dry DMF © (o) 0 s)
(1)

(2.3)

1 (0.3815 g, 0.86 mmol), K2€C03 (0.477 g, 3.45 mmol), (S)-1-bromo-3,7-
dimethyloctane (0.477 mL, 2.16 mmol) and DMF (10 mL) were used to synthesize

2.3.Yield = 77% (0.47 g, pale-yellow viscous oil).

1H NMR (500 MHz, CDCl3), 8 (ppm): 7.216-7.201 (d, ] = 5.5 Hz, 2H), 7.105-7.075 (m,
3H), 7.002-6.987 (d, J = 7.5 Hz, 2H), 6.917-6.872 (m, 6H), 6.654-6.602 (m, 4H),
3.934-3.892 (m, 4H), 1.777-1.612 (m, 4H), 1.532-1.334 (m, 4H), 1.329-1.32 (m, 6H),
1.319-1.134 (m, 6H), 0.933-0.902 (m, 6H), 0.875-0.857 (m, 12H). 13C NMR (125
MHz, CDCl3), § (ppm): 157.88, 143.90, 143.41, 140.98, 137.68, 135.83, 133.05,

132.53, 130.83, 127.78, 126.23, 119.94, 113.74, 66.17, 39.24, 37.31, 36.26, 29.85,
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27.97, 24.64, 22.70, 19.71. HRMS (ESI): m/z calcd for CasHsoBrOz: 722.39 [M];

found, 722.37 [M]*.

3B.5.2.3. Synthesis of 2. 4.
0 " e s¥eg

O O K,C03/18-crown 6 O O
o oH Dry DMF HO o ™~O™g 0O OH
(1

(2.4)

1 (0.3534 g, 7.99 mmol), K2€03 (0.5524 g, 3.99 mmol), 2-(2-(2-
bromoethoxy) ethoxy)ethan-1-ol (0.5084 g, 2.39 mmol) and DMF (15 mL) were

used to synthesize 2.4. Yield = 21% (0.12 g, pale yellow viscous oil).

1H NMR (500 MHz, CDCls), § (ppm): 7.219 (d, ] = 8.5 Hz, 2H), 7.202-6.993 (m, 3H),
6.915 (m, 2H) 6.901-6.880 (m, 5H), 6.863 (s, 1H), 6.680-6.627 (m, 4H), 4.092-4.045
(m, 4H), 3.849-3.809 (m, 4H), 3.742-3.687 (m, 12H), 3.683-3.601 (m, 4H). HRMS

(ESI): m/z calcd., for C3sH43BrOs, 706.21 [M]; found, 729.20 [M+Na*]*.

3B.5.2.4. Synthesis of 4-(2,2-bis(4-((3,7-dimethyloctyl)oxy)phenyl)-1-phenyl

vinyl)benzonitrile, (3. 2)

Br CN
A A
| » I
S A JT O SA®
o o) )\/\/k/\o O/\)\/\/k

(2.2) (3.2)

2.2 (1.0418 g, 1.442 mmol), CuCN (0.388 g, 4.326 mmol), dry DMF (15 mL),
water (30 mL) and Ethylenediamine (1.6 mL) were used to synthesize 3. 2. Yield =

50% (0.49 g, pale-yellow viscous oil).

1H NMR (500 MHz, CDCls), § (ppm): 7.39 (d, 2H), 7.094 (m, 5H), 6.988 (d, ] = 6 Hz,

2H), 6.910-6.878 (m, 4H), 6.654-6.613 (m, 4H), 3.933-3.885 (m, 4H), 1.793-1.769
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(m, 4H), 1.636 (m, 2H), 1.578-1.786 (m, 4H), 1.539-1.527 (m, 6H), 1.310-1.257 (m,
6H), 1.149 (m, 6H), 0.935-0.875 (m, 12H). 13C NMR (125 MHz, CDCls), 8 (ppm):
158.28, 149.66, 143.32, 142.83, 137.12, 135.22, 132.56, 132.04, 131.49, 128.03,
126.58, 119.21, 113.83, 109.25, 66.25, 39.24, 37.32, 36.21, 29.85, 27.98, 24.66,
22.72, 19.69. HRMS (ESI): m/z calcd., for Ca7HsoNO2, 669.45 [M]; found, 670.46

[M+1]*

3B.5.2.5. Synthesis of 4-((E)-2-(4-(((S)-3,7-dimethyloctyl)oxy)phenyl)-2-(4-((

(S)-3,7-dimethyloctyl)oxy)phenyl)-1-phenylvinyl)benzonitrile, (3. 3)

Br CN
A Cucn 2.3
| > [
[OME SO 7 © 0" M)

(2.3) (3.3)

2.3 (0.4757 g, 0.658 mmol), CuCN (0.236 g, 2.6 mmol), dry DMF (10 mL),
water (20 mL) and Ethylenediamine (1 mL) were used to synthesize 3. 3. Yield =

61% (0.25 g, pale-yellow viscous oil).

1H NMR (500 MHz, CDCls), § (ppm): 7.373 (d, ] = 8 Hz, 2H), 7.094 (m, 5H), 7.130-
7.093 (m, 2H), 6.989-6.876 (m, 4H), 6.653-6.612 (m, 4H), 3.933-3.899 (m, 4H),
1.793-1.769 (m, 2H), 1.636 (m, 2H), 1.578-1.786 (m, 4H), 1.539-1.527 (m, 6H),
1.310-1.257 (m, 6H), 1.149 (m, 6H), 0.935-0.875 (m, 12H). 13C NMR (125 MHz,
CDCl3), § (ppm): 158.12, 149.65, 143.32, 142.85, 137.14, 135.10, 132.54, 132.02,
131.48, 128.02, 126.57, 119.17, 113.86, 109.29, 66.28, 39.24, 37.32, 36.22, 29.87,
27.97, 24.64, 22.64, 19.68. HRMS (ESI): m/z calcd., for Ca7HsoNO2z, 669.45 [M];

found, 692.44 [M+Na*]*.
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3B.5.2.6. Synthesis of 4-(2,2-bis(4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)

phenyl)-1-phenylvinyl)benzonitrile, (3. 4)

Br CN
A cucn A
! E— |
O O Dry DMF O O
HO g O g OO OH HO o~ O 0O OH

2.4) (3.4)

2.4 (0.449 g, 0.635 mmol), CuCN (0.1139 g, 1.27 mmol), dry DMF (10 mL),
water (15 mL) and Ethylenediamine (1 mL) were used to synthesize 3. 4. Yield =

73% (0.3 g, pale-yellow viscous oil).

The product 3. 4 was not stable, so could not able to characterize by NMR
techniques. HRMS (ESI): m/z calcd., for C39H43NOs, 653.30 [M]; found, 676.27

[M+Na]*.

3B.5.2.7. Synthesis of 6-(4-(2,2-bis(4-((3,7-dimethyloctyl)oxy)phenyl)-1-

phenylvinyl)phenyl)-1,3,5-triazine-2,4-diamine, (TPE-2)

)N\Hz
H,N__NH, N/‘N
CN Y N
A ” QL
N
SN
| — > |
)\/\/k/\ O O /\)\/\/k KOH, W O O /\)\/\/L
(¢} (¢] 2-Methoxy o o
(3.2) ethanol (TPE-2)

3. 2 (0.51 g, 0.76 mmol), dicyandiamide (0.1285 g, 1.519 mmol), KOH
(0.1488 g, 2.277 mmol) and 2-methoxyethanol (6 mL) were used to synthesize

TPE-2. Yield = 71% (0.41 g, yellow powder).

Melting point: 95-100 °C. 1H NMR (500 MHz, CDCIs3), § (ppm): 8.037 (d, / = 8 Hz,
2H), 7.26-7.09 (m, 5H), 7.014 (d, ] = 6.5 Hz, 2H), 6.924 (d, ] = 4 Hz, 4H), 6.632-6.593
(m, 4H), 5.098 (s, 4H), 3.914-3.883 (m, 4H), 1.795-1.756 (m, 2H), 1.613 (m, 4H),
1.566-1.510 (m, 8H), 1.32-1.26 (m, 6H), 1.15-1.14 (m, 6H), 0.92 (m, 12H). 13C NMR

(125 MHz, CDCl3), 6 (ppm): 172.31, 167.53, 157.88, 148.39, 144.04, 141.29, 138.37,
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135.94, 135.81, 133.82, 132.65, 131.56, 127.72, 126.18, 113.63, 66.14, 39.24, 37.32,
36.26, 29.82, 27.98, 24.66, 22.73, 19.70 ppm; HRMS (ESI): m/z calcd., for

C49H63Ns502, 753.50 [M]; found, 754.50 [M+1]*.

3B.5.2.8. Synthesis of 6-(4-((E)-2-(4-(((R)-3,7-dimethyloctyl)oxy)phenyl)-2-
(4-(((S)-3,7-dimethyloctyl)oxy)phenyl)-1-phenylvinyl)phenyl)-1,3,5-triazine-
2,4-diamine, (TPE-3)

3.3 (0.25 g, 0.37 mmol), dicyandiamide (0.078 g, 0.933 mmol), KOH (0.073
g, 1.3 mmol) and 2-methoxyethanol (6 mL) were used to synthesize TPE-3. Yield =

64% (0.17 g, yellow powder).

A
H,N.__NH, N/‘N
a2 S Qv
\\N
| —> |
J AT QA A, ke S A JTO
) (0] (0] D) 2-Methoxy () (9] &) (s)

(3.3) ethanol (TPE-3)
Melting point: 95-100 °C. 1H NMR (500 MHz, CDCIs3), § (ppm): 8.039 (d, J = 8 Hz,
2H), 7.113-7.084 (m, 5H), 7.014 (d, ] = 6.5 Hz, 2H), 6.939-6.914 (m, 4H), 6.631-
6.592 (m, 4H), 5.103 (s, 4H), 3.915-3.883 (m, 4H), 1.795-1.624 (m, 2H), 1.537-1.510
(m, 4H), 1.324-1.245 (m, 8H), 1.161-1.136 (m, 6H), 0.919-0.906 (m, 6H), 0.873-
0.853 (m, 12H). 13C NMR (125 MHz, CDCI3), & (ppm): 172.32, 167.60, 157.82,
148.36, 144.05, 141.3, 138.41, 135.96, 135.83, 133.85, 132.62, 131.52, 127.71,
126.15, 113.67, 66.11, 39.24, 37.32, 36.25, 29.85, 27.96, 24.64, 22.69, 19.69. HRMS

(ESI):m/z calcd., for C49H63Ns502, 753.50 [M]; found, 754.50 [M+1]*.

3B.5.2.9. Synthesis of TPE-4
3.4 (0.3 g, 0.459 mmol), dicyandiamide (0.115 g, 1.377 mmol), KOH (0.0773

g, 1.377 mmol) and 2-methoxyethanol (6 mL) were used to synthesize TPE-4. The

177



Effect of different alkoxy substitutions on the TPE-DAT self-assembly

crude product was purified by silica column chromatography using 3% methanol-
chloroform as the eluent to give TPE-4 as a pale-yellow solid. The product was
further purified by dissolving in chloroform and re-precipitation using pentane.

Yield = 34% (0.115 g yellow powder).

H,N__NH, N)\N
cN i ‘
| N
N N NH,
\\\N O O
| g \
0 o T T o on KO SRS
SN NN N 1o i e S g 2-Meth0xy HO\/\O/\/O\/\O o/\/O\/\O/\/OH
(3.4) ethanol (TPE-4)

Melting point: 130-135 °C. 1H NMR (500 MHz, DMS0-dé6), § (ppm): 7.911 (d,/ = 8.5
Hz, 2H), 7.092-7.077 (m, 2H), 7.055-7.040 (m, 1H), 6.962-6.907 (m, 4H), 6.801 (d, ]
= 8.5 Hz, 4H), 6.644 (d, ] = 8 Hz, 8H), 4.528-4.498 (m, 2H), 3.927 (s, 4H), 3.631-
3.604 (m, 4H), 3.497-3.478 (m, 4H), 3.462-3.445 (m, 4H), 3.417-3.400 (m, 4H),
3.353-3.325 (m, 4H). 13C NMR (125 MHz, DMSO-d¢), 6 (ppm): 170.38, 167.83,
157.61, 147.16, 143.91, 141.11, 138.85, 135.99, 132.53, 131.25, 128.42, 127.65,
126.89, 114.17, 72.81, 70.39, 69.37, 67.43, 60.68. HRMS (ESI): m/z calcd., for

C41H47Ns0s, 737.34 [M]; found, 738.35 [M+1]*.

3B.5.2.10. Synthesis of (S)-1-bromo-3,7-dimethyloctane, (3)#°

< H,/Pd-C
\M\/Br Methanol $ Br
W
Room T

A mixture of (S)-8-bromo-2,6-dimethyloct-2-ene (3.0187 g, 13.84 mmol)
and Pd-C (0.327 g) in methanol (35 mL) was stirred under Hz atmosphere for 24
hrs. Afterwards, the mixture was filtered through celite and the filtrate was

concentrated under reduced pressure to give the product as pale-yellow oil. Yield =

97% (2.96 g).
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1H NMR (500 MHz, CDCl3), § (ppm): 3.417-3.308 (m, 2H), 1.828-1.791 (m, 1H),
1.618-1.538 (m, 2H), 1.484-1.431 (m, 1H), 1.232-1.204 (m, 3H), 1.195-1.178 (m,
3H), 0.915-0.861 (m, 9H). 13C NMR (125 MHz, CDCl3), § (ppm): 39.10, 38.18, 35.73,
31.11, 30.68, 26.94, 23.53, 21.66, 17.96. HRMS (ESI): m/z calcd., for CioHziBr,

220.08 [M]; found, 221.09 [M+1].

3B.5.2.11. Synthesis 2-(2-(2-bromoethoxy)ethoxy)ethan-1-ol, (4)%!

HBr,

0 oH Toluene 0 Br
(4)

To a solution of 2,2'-(ethane-1,2-diylbis(oxy))bis(ethan-1-0l) (5 g, 33.3
mmol) in toluene (80 mL), concentrated HBr (4 mL of 48% aqueous solution, 41.7
mmol) was added. The mixture was refluxed for 72 hrs and cooled to room
temperature. After phase separation, the aqueous layer was removed and organic
layer was diluted with 100 mL of DCM; then extracted with 1M NaOH, dried over
with MgS04 and concentrated. The crude product was purified by silica column
chromatography using 50% ethyl acetate- hexane as eluent to give a pale-yellow

oil. Yield = 50% (3.54 g).

1H NMR (500 MHz, CDCl3), § (ppm): 3.840-3.815 (m, 2H), 3.756-3.738 (m, 2H),
3.693 (s, 4H), 3.634-3.616 (m, 2H), 3.502-3.478 (m, 2H). 13C NMR (125 MHz, CDCl3),
§ (ppm): 72.72, 71.13, 70.49, 70.26, 61.84, 30.58. HRMS (ESI): m/z calcd., for

CéH13BrOs, 212 [M]; found, 234.99 [M+Nal*.
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CHAPTER 4
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TETRAPHENYLETHYLENE-VIOLOGEN
DERIVATIVES: SYNTHESIS AND STUDY OF THEIR
DNA INTERACTION AND CONDENSATION PROPERTIES
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4.1. ABSTRACT

Gene Transfection is a method of delivering nucleic acids into cell and is the key
step in gene therapy. Usually, gene transfection is achieved by condensing DNA into
neutral compact structures with the aid of positively charged condensing agents. In
this chapter, we synthesized four novel viologen functionalized tetraphenylethylene
(TPE-V) derivatives; differing in the number of viologen units or spacer length between
TPE and viologen units, as condensing agents for DNA. Their binding interactions with
calf-thymus DNA (CT-DNA) and subsequent concentration dependent condensation
process were investigated using photophysical and morphological techniques.
Preliminary photophysical and morphological studies revealed the existence of TPE-V

derivatives as random aggregates in Tris buffer. With the addition of CT-DNA to these
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random aggregates of TPE-V derivatives, a characteristic decrease in the 315 nm
absorption band and weak enhancement in the 260 nm absorption band was observed,
indicative of the interaction of TPE-V with CT-DNA. Corresponding morphology change
analyzed by reverse titration, displayed the transformation of CT-DNA from its fibrous
network structure to partially condensed “beads on a string” like arrangement. Upon
further increasing the concentration of TPE-V, the “beads on a string” type assembly of
TPE-V/CT-DNA complex changes to completely condensed compact structures with
40-50 nm in diameter. In addition, compared to the other TPE-V derivatives, the
presence of di-viologen units in TPE-V2 reduces the concentration of sample required
to initiate the interaction with CT-DNA, which suggests the electrostatic mode of
binding between TPE-V derivatives and CT-DNA. Enhancement in the melting
temperature of CT-DNA, quenching in the fluorescence emission of ethidium
bromide/CT-DNA complex and the formation of induced CD signal in the presence of
TPE-V derivatives agrees with the observed morphological changes and thereby
verifies the DNA-condensation abilities of TPE-V derivatives. Further, decrease in the
hydrodynamic size and increase in the zeta-potential value with the addition of TPE-V
derivatives to CT-DNA, and the failure of TPE-V/Cucurbit[8]uril complex to condense
CT-DNA confirmed the importance of positively charged viologen units in DNA
condensation process. The practical applicability of our DNA condensing agents was
tested by performing the initial cytotoxicity studies on A549 cancer and WI-38 normal
cells, which revealed the non-toxic nature of TPE-V1, TPE-V2 and TPE-V3 derivatives.
Moreover, these results imply the potential of TPE-V derivatives as non-viral vectors
for gene transfection and development of such smaller fluorophores with DNA
condensation abilities via non-covalent interactions can replace the clinically unsafe

conventional condensing agents like viral vectors.
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4.2. INTRODUCTION

DNA condensation is the process of converting elongated, negatively charged
double helical random coils of DNA into smaller, charge neutralized micro- or nano-
sized compact structures with the help of condensing or compaction agents.2 The
general strategies for inducing DNA condensation include, developing attraction
between individual DNA double strands by charge neutralization process or by
creating unfavorable interaction between DNA strands and the solvent.3* Common
DNA condensing agents are multivalent counter-ions of metals, polyamines,
peptides, cationic polymers, dendrimers, surfactants, nanoparticles, carbon
nanotubes and small molecules (Figure 4.1A).5-1* There are mainly three important
pathways for in vitro DNA condensation (Figure 4.1B). The first type is all-or-none
DNA compaction, usually takes places in the presence of small multi-valent counter
ions or as a result of the unfavorable interaction between the solvent and DNA.
Second type involves the progressive transition from long-coiled structure to
compact DNA structure, which usually occurs in presence of poly-cations and the
third type is the adsorption of DNA on condensing agents, followed by wrapping
around it to form compact structures similar to the compaction of DNA to chromatin

in eukaryotic cells.3.1516
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Figure 4.1. A) Different DNA condensing agents and B) three important pathways of DNA

condensation process (Adapted from reference 3).
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Among the above-mentioned different DNA condensing agents, cationic
surfactants are the most commonly employed non-viral gene delivery vectors,
because of their highly cooperative binding behavior with DNA.17-1° [n 2017, Yaxun
Fan and coworkers demonstrated the calf-thymus DNA condensation induced by a
star-shaped hexameric cationic surfactant, PAHB.10 With the addition of PAHB in to
CT-DNA, conformational changes in the DNA structure from long coil to partially
condensed cluster aggregates, globules on a string structure and subsequent
formation of completely condensed globule like structures were reported (Figure
4.2). Here, the electrostatic interaction between multiple positively charged PAHB
and negatively charged phosphate back-bone of CT-DNA is the key factor, which
promotes the DNA condensation process. In general, in the case of surfactants the
condensation abilities were found to increase with increase in the size of
hydrophobic apolar tails or in the presence of a co-solute which promotes the

surfactant aggregation.20.21
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Figure 4.2. A cationic surfactant, PAHB induced DNA condensation process (Adapted from

reference 10).

Small cationic or amphiphilic organic molecules and their self-assembled

supramolecular structures also got significant attention because of their unique
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interactions with nucleic acids via groove binding, - m stacking and/or electrostatic
interactions and subsequent condensation capabilities.?2-27 Functionalized fullerene
derivatives are one among this category, which is well explored for in vivo gene
delivery applications. Nakamura and coworkers are pioneers in this field, who
developed several fullerene derivatives and demonstrated their applicability in in
vitro DNA condensation and in vivo gene delivery process.2829

Inspired from these works and due to our interest in the area of developing
DNA templated functional materials, recently we have demonstrated a fullerene
cluster assisted self-assembly of short DNA double strands in to nanowires, DNA
three-way junction structures into nanosheets and 2-dimensional nanonetworks,
and the chiral organization of fullerene clusters on CT-DNA templates followed by

concentration dependent DNA condensation process.30-32

Py
.

Nanonetwork

Figure 4.3. Chemical structure of F-An, formation of F-An nanoclusters in 10% DMSO-PBS and
the AFM and TEM morphologies of CT-DNA: (a) and (b) in the absence and (c) and (d) in
presence of F-An nanoclusters (Adapted from reference 32).

Here, we employed the unique hydrophilic-hydrophobic balance in the molecular
structure of an aniline functionalized fullerene derivative, F-An in 10% DMSO-PBS
solvent system to prepare 3-5 nm sized fullerene nanoclusters and their interactions

with different DNA structures were demonstrated.3? In the case of CT-DNA, the

highly fibrous networked structure with ~250 nm width breaks down into 50-100
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nm sized small fibrous structures and subsequently into compact structures as a
result of the F-An - DNA groove binding directed condensation process (Figure 4.3).
As mentioned earlier, carbon-based nanostructures like fullerenes and
carbon nanotubes are well exploited candidates in non-viral gene delivery
applications. On the other hand, organic chromophores with unique photophysical
and self-assembling properties are not much explored for DNA condensation studies
because of their poor aqueous solubility, and hence lesser biocompatibility for gene
delivery applications. Recently, ]. H. Mondal et al. demonstrated the use of a water-
soluble ethyl viologen functionalized tetra-cationic Perylenediimide derivative
(PDEV) for effective CT-DNA condensation process using spectroscopic,
morphological and imaging techniques (Figure 4.4).2* Here, the fluorescence
changes in the PDEV chromophore as a result of the conformational changes in
PDEV/CT-DNA complex were well probed to study the DNA condensation process.
As in this example, development of organic chromophores with improved water
solubility, and significant changes in the absorption and fluorescence properties
upon interaction with DNA can be utilized for absorption/fluorescence-based
monitoring of the DNA condensation process and turns out to be promising

compaction agents in non-viral gene delivery.
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Figure 4.4. Chemical structure of PDEV and the proposed mechanism of CT-DNA interaction and

condensation process (Adapted from reference 24).
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Tetraphenylethylene (TPE) chromophores are well known for its aggregation
induced emission (AIE) property and there are few reports on TPE-DNA conjugates
for sensing and catalytic applications.33-37 In this chapter, we describe the design,
synthesis, CT-DNA interaction and condensation properties of four novel viologen
functionalized TPE derivatives. Random aggregates of these molecules in Tris buffer
interacts with CT-DNA through electrostatic modes and forms “beads on a string”
type assembly, which further transforms into completely charge neutralized
compact DNA structures at higher concentration of TPE derivatives. The process of
DNA condensation was probed with photophysical and morphological analysis
techniques. Further, we also demonstrate the applicability of these small organic
chromophores by performing cytotoxicity studies on A546 cancer and WI-38 normal

cells using MTT assay.

4.3. RESULTS AND DISCUSSION

4.3.1. Molecular design and synthesis

Tetraphenylethylene derivatives possess unique aggregation properties in
solvent mixtures characterized by significant changes in their photophysical
properties. In order to study the DNA interactions and induced DNA condensation
properties with TPE chromophores, we have designed four viologen appended TPE
derivatives, named as TPE-V derivatives (TPE-V1, TPE-V2, TPE-V3 and TPE-V4;
Scheme 4.1-4.3), varying the number of viologen units or the spacer group between
the TPE and viologen units. For example, TPE-V1 has one viologen group separated
by a methylene spacer, whereas TPE-V2 has two viologen units separated by

methylene spacers from the TPE chromophore. TPE-V3 and TPE-V4 have one

191



DNA Interaction and Condensation by Tetraphenylethylene-Viologen Derivatives

viologen unit each, separated from TPE chromophore via spacer groups of different
length. The quaternary amine groups in viologen moiety impart moderate aqueous
solubility to the hydrophobic TPE core and are known to bind strongly with DNA via
groove binding and electrostatic interactions with negatively charged sugar-
phosphate backbone of DNA.38-40 Further, the interaction of the viologen moiety with
DNA could alter the aggregation properties of the hydrophobic TPE core leading to
perturbations in the morphology of the complex.
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Scheme 4.1. Synthesis of 1-hexyl-([4, 4’-bipyridine]-1-ium)bromide, (1) and TPE-V1.

The TPE-V derivatives were synthesized by following multistep synthetic
procedures (Scheme 4.1, 4.2, and 4.3), starting from McMurry coupling reaction
between appropriately substituted benzophenone derivatives. The free nitrogen in
1-hexyl-([4, 4’-bipyridine]-1-ium)bromide, (1) is linked to TPE core via different
alkyl and alkoxy spacers to synthesize the TPE-viologen D-A molecular systems

developed in this work. (1) was synthesized by following Scheme 4.1A (N-alkylation
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reaction of 4,4’-bipyridine) and selectively separated from a mixture of (1) and di-
alkylated product formed in the reaction by dissolving in hot DMF. The synthesis of
mono-viologen functionalized TPE derivative, TPE-V1 was achieved by following
Scheme 4.1B. McMurry coupling reaction between Benzophenone and 4-
Methylbenzophenone afforded the cross product (2) in 73% yield, followed by
bromination with N-bromosuccinimide (NBS) gave (2-(4-(bromomethyl)phenyl)
ethene-1,1,2-triyl)tribenzene, (3) in 28% yield. Further, quaternization of the
remaining nitrogen in (1) using (3) resulted in TPE-V1 with 79% yield. The di-
viologen functionalized TPE molecule, TPE-V2 was obtained by following a similar
synthetic protocol as shown in Scheme 4.2. In this case, 4-Methylbezophenone
undergoes self-coupling McMurry reaction to give (4), followed by bromination, and

quaternizes the free nitrogen in (1) to give TPE-V2.

o Zn dust O O
T1C14 NBS CC]4
|
dry THF O O Reﬂux
Reflux 24 hrs
48 hrs (4),53% (5), 12%

O 7=
/%9\+ =
’d
2] [ )
Br ' X = /N\H/ «
. lN O O 5 CH;3CN, Reflux, 24 hrs
.
Br

TPE-V2
83%

Scheme 4.2. Synthesis of di-viologen functionalized TPE-V2.

The synthesis of molecules, TPE-V3 and TPE-V4 with -O(CH2)3- and
-O(CHz2)6- spacer units, respectively between TPE and (1) were obtained by
following Scheme 4.3. Here, Benzophenone and 4-Hydroxybenzophenone were

taken as ketones to undergo McMurry coupling reaction, which afforded a mixture of
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homo and cross-coupled products. From this mixture, the cross-product (6) was
separated out with 31% yield, and upon O-alkylation reaction with 1-bromopropane
and 1-bromohexane, in presence of base resulted in (7) and (8), respectively. And in
the last step quaternization of (1) with (7) and (8), afforded TPE-V3 and TPE-V4,
respectively in quantitative yields. Chemical structure characterization data of all
the compounds are provided in the experimental section.
~ °u| s i . e O
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24 hrs OH
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Scheme 4.3. Synthesis of TPE-V3 and TPE-V4, with -O(CH2)3- and -O(CH:)e- spacers,

respectively.

4.3.2. Photophysical and morphological properties

In order to understand the interaction and condensation abilities of TPE-V

derivatives with DNA templates, we have initially investigated the photophysical
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properties of these derivatives in water and organic solvents such as methanol and
THF. The UV-visible absorption and corresponding fluorescence emission spectra of
TPE-V derivatives at a concentration of 20 uM are shown in Figures 4.5 & 4.6. TPE-
V1 in methanol showed absorption maxima at 246 nm and 315 nm (&max = 1.04 x 104
M-1 cm-1), with a tail end absorption extending up to 380 nm (Figure 4.5A). With a
similar profile to earlier, absorption spectra of TPE-V1 in water displayed a slight
decrease in the characteristic absorption maxima at 315 nm (&max = 8.17 x 103 M-1
cm1). In contrast to the absorption spectra in methanol and water, TPE-V1 in THF
showed a 5 nm redshift and enhancement in the absorption maxima around 315 nm
with considerable absorption extending up to 500 nm, indicating the aggregation
behavior. Fluorescence analysis of corresponding sample displayed a broad
emission in water and methanol centered at 421 nm and 467 nm, respectively
(Figure 4.5B). Whereas, in agreement with changes in absorption spectra; TPE-V1 in

THF displaced a sharp, red shifted and enhanced fluorescence emission at 551 nm.
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Figure 4.5. Absorption and corresponding fluorescence emission spectra of A) & B) TPE-V1, C)

& D) TPE-V2.
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Absorption profiles of TPE-V2 displayed similar trends as observed in the
case of TPE-V1 in water (&max = 1.16 x 10* M-I cm1) and methanol (emax = 1.37 x 10%
M-1cm1) (Figure 4.5C). Whereas in THF, the absorption maxima were similar to that
in methanol with a slight broadening up to 450 nm. Corresponding fluorescence
spectra of TPE-V2 in water showed a broad emission centered around 404 nm and
non-emissive and weakly emissive profiles in methanol and THF, respectively
(Figure 4.5D). The absorption and fluorescence properties of TPE-V3 (Figures 4.6A

& 4.6B) and TPE-V4 (Figures 4.6C & 4.6D) showed similar results as in the case of

TPE-V1.
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Figure 4.6. Absorption and corresponding fluorescence emission spectra of A) & B) TPE-V3, C)
& D) TPE-V4.

For example, TPE-V3 in water (emax = 8.56 x 103 M-1 cm1), methanol (e€max = 1.04 x
104 M1 cm1) and THF exhibited 411 nm (broad), 462 nm (broad) and 549 nm
(sharp) fluorescence emission, respectively. Similarly, TPE-V4 in water (€max = 8.12

x 103 M1 cm1), methanol (&max = 1.03 x 10 M-l cm-1) and THF exhibited 455 nm

196



Chapter 4

(broad), 470 nm (broad) and 546 nm (sharp) fluorescence emission, respectively. In
short, TPE-V derivatives are reasonably soluble in methanol with the weakly
emissive monomeric property and exist as dissimilar aggregates in water and THF,

with characteristics of the AIE property.
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Figure 4.7. Changes in the fluorescence emission spectra of A) TPE-V1, B) TPE-V2, C) TPE-V3
and D) TPE-V4 (10 pM) in different THF-water solvent compositions.

Aggregation features of TPE-V derivatives (10 uM) were further studied by
monitoring the changes in the fluorescence emission and AFM morphologies in
different THF-water solvent mixtures. Figures 4.7A-D clearly shows the changes in
fluorescence emission maxima of TPE-V derivatives with increasing the THF
fraction in water, indicating the transition of molecular aggregates. AFM analysis of
these samples (Figure 4.8) displayed the presence of random aggregates (with
spherical and sheet like structures) in water and lower fractions of THF in water (<
50%), responsible for the emission band around 400 nm for TPE-V2 and 450 nm for
TPE-V1, TPE-V3 and TPE-V4. Whereas in THF and higher fractions of THF in water

(> 50%), molecularly dissolved states for TPE-V2 and roughly spherical shape
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aggregates for and TPE-V1, TPE-V3 and TPE-V4 were observed. Therefore, these
smaller aggregates are responsible for the distinct fluorescence emission around

550 nm for TPE-V derivatives in THF.

0% THF 10% THF 70% THF 100% THF

40% THF
17.20m

.n

3320m

56.1 om

-37.0 nm

*Gi'm 3.0am
-13.4 nm -1 Im

Height 2.0 pm

26.80m 68.50m 31.50m

-13.2nm -30.8 nm -1250m

-15.6 nm

Height Zoum

Height 2.0 ym

33.30m 61.70m 43.7 om 31.80m 779.5 pm

21.0nm -30.8 nm -32.6 nm -18.8 nm

40.7 om 2430m 50.8 nm 13.30m
]

-23.3nm -14.3nm -50.7 nm

Height Zowm Height

Topm

Height Z0pm

Figure 4.8. AFM morphologies of TPE-V1 (1st row), TPE-V2 (2nd row), TPE-V3 (3 row) and

TPE-V4 (4th row) in different THF-water solvent compositions.

4.3.3. Interactions of TPE-V derivatives with CT-DNA

As mentioned in the previous section, TPE-V derivatives exist as random
aggregates in water due to the aggregation tendency of hydrophobic TPE core. We
have studied the DNA-interaction and consequent DNA condensation abilities of
these aggregates with long double stranded genomic CT-DNA. Primarily, UV-visible
absorption and fluorescence emission spectroscopic techniques were used to
understand the interactions of TPE-V derivatives with CT-DNA. The absorption

spectra of all these derivatives in Tris buffer (10 mM Tris buffer with 2 mM Nac(l)
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displayed an attenuated absorbance than in water, indicating the enhanced
aggregation tendency in Tris buffer. Upon sequential addition of CT-DNA to TPE-V1
(15 pM) in Tris buffer, the characteristic absorption band at 315 nm showed a
consistent hypochromic shift up to one equivalent addition of CT-DNA (Figure 4.9A,
CT-DNA concentration is per single nucleotide with unit negative charge),
suggesting further aggregation of TPE-V1/CT-DNA complex. Above this 1:1 ratio,

negligible decrease was observed in the 315 nm absorbance band.
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Figure 4.9. Changes in the absorption spectra of A) TPE-V1 (15 uM), B) TPE-V2 (10 uM) in Tris

buffer with sequential addition of CT-DNA (each single addition makes 5 uM in the final volume)
and cartoonic representation of the molecular structures of TPE-V1 and TPE-V2.
On the other hand, the absorption band at 260 nm where the contributions

from both TPE-V1 and CT-DNA occur displayed very slight enhancement up to 1:1

ratio of CT-DNA to TPE-V1, above which a comparatively enhanced absorbance was
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observed. These results suggest the charge neutralization process accomplished by
the interaction of one of the two positive charges on viologen head group in TPE-V1
with negatively charged phosphate back bone of CT-DNA leading to aggregation of
TPE-V1/CT-DNA complex, indicated by the decrease in 315 nm absorbance band. In
addition, negligible changes in the UV-visible absorption spectra above this 1:1 ratio
implies that, only one positive charge on the TPE-V1 derivative is primarily
interacting with CT-DNA. As a result, further addition of CT-DNA doesn’t offer
additional interactions with TPE-V1 and hence the absorbance at 260 nm showed a
continuous enhancement beyond 1:1 ratio of TPE-V1/CT-DNA complex.

Similarly, sequential addition of CT-DNA in to TPE-V2 in Tris buffer showed
the aggregation of TPE-V2/CT-DNA complex (Figure 4.9B) with a consistent
hypochromicity in the 260 nm and 315 nm absorption bands, up to a 1:2 equivalent
ratio of TPE-V2 to CT-DNA. Above this 1:2 equivalent ratio, negligible decrease in
the 315 nm absorption band and considerable enhancement in the 260 nm
absorption band was observed, indicating the charge neutralization process through
electrostatic interactions. In this case, the TPE-V2 molecule with positively charged
di-viologen head groups can interact with a quantitatively higher amount of
negatively charged CT-DNA backbone compared to TPE-V1. As a result, the DNA-
interaction characteristics were observed up to two equivalent addition of CT-DNA.
Similar to TPE-V1, mono-viologen functionalized TPE-V3 (Figures 4.10A & 4.10B)
and TPE-V4 (Figures 4.10A & 4.10C) also showed interactions within 1:1 equivalent
ratio of TPE-V to CT-DNA, further confirming the electrostatic mode of binding
between TPE-V derivatives and CT-DNA. In contrast to first three, TPE-V4 doesn’t
show a consistent decrease with the initial sequential addition of CT-DNA. Though it

follows the similar mode of interactions by charge neutralization process until the

200



Chapter 4

1:1 binding ratio, the irregularity observed in this case could be attributed to the
higher aggregation tendency of TPE-V4 molecule in Tris buffer system compared to

other TPE-V derivatives.
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Figure 4.10. A) Cartoonic representation of the molecular structures of TPE-V3 and TPE-V4,
changes in the absorption spectra of B) TPE-V3 and C) TPE-V4 in Tris buffer with sequential
addition of CT-DNA (15 uM TPE-V and 5 pM addition of CT-DNA). D) Changes in the absorption
spectra of TPE-V derivatives in buffer system and blank (Buffer system alone, 10 mM Tris buffer
and 2 mM NacCl) at 260 nm with as a function of CT-DNA concentration.

A comparison of changes in the absorption spectra of TPE-V derivatives and
a blank solution (buffer alone), at 260 nm with sequential addition of CT-DNA
(Figure 4.10D) showed a very weak change for TPE-V derivatives up to an
equivalent ratio of 1:1 for TPE-V1, TPE-V3, TPE-V4 and 1:2 for TPE-V2 with CT-
DNA. While, above this ratio a gradual enhancement was observed similar to the

blank experiment. The observed differences during the initial CT-DNA addition

could be due to the interaction of TPE-V derivatives with CT-DNA through
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electrostatic binding, leading to a decrease in the absorption at 260 nm. This
hypochromism at 260 nm can be ascribed to the combined effect of decrease in the
TPE absorption due to aggregation of TPE-V derivatives and rise in the DNA
absorption due to increase in the DNA concentration. As a result, negligible change
in the 260 nm absorption was observed during the initial additions of CT-DNA to
TPE-V derivatives. Whereas, a gradual upsurge completely due to the increase in
free CT-DNA, which is no longer interacting with the TPE-V derivatives was

observed at higher concentrations of CT-DNA.

A - B :
) 3 TPE-V1 o ) 8 TPE-V2 N
— 35uM
.‘? : v :15 uM '? 6 :20 uM
: 2 2 1
3 —— 0 WM CT-DNA bt
= E —— 0 uMCT-DNA
= N = 4- N
14 15 uM TPE-V1 01 10 pM TPE-V2 N\
2
400 450 500 550 400 450 500 550
Wavelength (nm) Wavelength (nm)
C : -
) 2.5 TPE-V3 — 30 D) 8 TPE-V4 :30 uM
520 E——— 2. .
= N\ —
§ 1.5 T T 0 M CT-DNA 8 N 0 uM CT-DNA
E: 15 uM TPE-V3 '—:4
&= 1.0 m 4
15 uM TPE-VA
0.51 5
0.0 T T T T T T )
400 450 500 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 4.11. Changes in the emission spectra of A) TPE-V1, B) TPE-V2, C) TPE-V3 and D) TPE-
V4 in Tris buffer with sequential addition of CT-DNA.

The fluorescence emission profiles of TPE-V derivatives corresponding to the
above experiment shows a slight enhancement with the sequential addition of CT-

DNA, up to a concentration equivalent ratio of 1:1 for TPE-V1, TPE-V3, TPE-V4 and
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1:2 for TPE-V2 with CT-DNA (Figures 4.11A-D). Above this ratio, a comparatively
negligible enhancement was observed. These differences could be attributed to the
initial interaction and subsequent aggregation tendency of the random aggregated
structures of TPE-V derivatives with the added CT-DNA template. At higher
concentrations of CT-DNA, there will not be any free available positive charge on
TPE-V aggregates to interact with the CT-DNA template, and hence no further
changes were observed in the fluorescence emission spectra of TPE-V derivatives.
Among the TPE-V derivatives, TPE-V2 and TPE-V4 displayed a relatively higher
enhancement in the fluorescence emission upon interaction with CT-DNA. In the
case of TPE-V2, the enhancement could be attributed to the possibility of interaction
between soluble TPE-V2 molecules with CT-DNA, in addition to the interaction of
random aggregates. Whereas in TPE-V4, initial enhancement could be ascribed as a
collective result of the in-solubility directed aggregation of TPE-V4 molecule and

interaction with CT-DNA.

4.3.4. Thermal denaturation and circular dichroism studies

Thermal denaturation studies of CT-DNA and TPE-V/CT-DNA complexes (in
a ratio, 1:1 for TPE-V1, TPE-V3, TPE-V4 and 0.5:1 for TPE-V2 with CT-DNA) were
performed to understand the changes in the thermal stability of the duplex structure
of CT-DNA, upon interaction with TPE-V derivatives. Figure 4.12 shows the melting
curves constructed by recording the changes in absorption at 260 nm with increase
in the temperature from 20 °C to 100 °C with a heating rate of 1 °C per minute. The
melting temperature of CT-DNA increases from 68 °C to 78 °C in presence of TPE-V1
(1:1 complex), and to 88 °C in the presence of TPE-V2 (0.5:1 complex). Whereas, the

TPE-V3/CT-DNA and TPE-V4/CT-DNA complexes did not melt in this temperature
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range, which implies a higher thermal stability for these complexes. These results
suggest the cationic molecule directed DNA compaction gives rise to a condensed
structure with enhanced thermal stability for DNA.24 Here, the enhanced thermal
stability of TPE-V/CT-DNA complexes indicate that TPE-V derivatives interact
reasonably well with CT-DNA, but with differential strengths. The higher thermal
stability of TPE-V2/CT-DNA compared to TPE-V1/CT-DNA could be attributed to
the presence of di-viologen units in the former, which gives rise to a quantitative
enhancement in DNA binding. On the other hand, the cationic viologen part in TPE-
V3 and TPE-V4 molecules are freely movable in comparison with the other two
derivatives. As a result, they can interact more freely with CT-DNA, thereby resulting

in more stable complexes with CT-DNA compared to TPE-V1 and TPE-V2.
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Figure 4.12. Thermal denaturation curves of CT-DNA in the absence and presence of TPE-V
derivatives.

Structural changes in the CT-DNA, upon interaction with TPE-V derivatives
were investigated by measuring the changes in circular dichroism (CD). To the
solution of CT-DNA in buffer system, varying concentrations of TPE-V derivatives
were added and the spectral changes observed are shown in Figures 4.13A-D. The
CD spectrum of CT-DNA displayed a typical B-form duplex DNA signature with

characteristic 247 nm negative band corresponding to polynucleotide helicity and
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277 nm positive band originating from base stacking. However, CD spectra of CT-
DNA in presence of increasing concentrations of TPE-V derivatives (0 to 1.2 molar
equivalent) showed a gradual decrease in the 247 nm band and the formation of a
slightly red shifted and broadened band at 305 nm from the initial 277 nm band,

extending up to 350 nm.
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Figure 4.13. Changes in the circular dichroism spectra of CT-DNA (100 uM) in presence of
varying concentrations (0, 20, 40, 60, 80, 100 and 120 uM) of A) TPE-V1, B) TPE-V2, C) TPE-V3
and D) TPE-V4.

This considerable change observed in the characteristic CD signal of B-form CT-DNA
to a signal above 300 nm indicates the condensation of DNA into particles which can
scatter light.#1 In addition, this newly formed induced circular dichroism (ICD) band
in the region of the absorption of TPE-V derivatives, where TPE-V derivatives alone
doesn’t show any CD signal also suggests the chiral organization of TPE-V

derivatives on CT-DNA template, indicative of the DNA groove binding.
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4.3.5. Ethidium bromide displacement assay

Fluorescence displacement assay using ethidium bromide (EB) as the DNA
probe is a suitable method to identify the mode of binding between small molecules
and DNA. EB shows enhancement in the fluorescence intensity upon intercalation
between the base-pairs of duplex DNA structure and thereby provides the structural
information about DNA. In addition, several examples of interaction of cationic
ligands with EB/DNA complexes resulting in DNA condensation and subsequent
displacement of EB from the DNA complex with quenching of EB fluorescence are

also reported in the literature.#243
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Figure 4.14. Changes in the A) absorption and B) emission spectra of EB (15 uM) in presence of

increasing concentrations of CT-DNA (0-15 puM).
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Figure 4.15. Changes in the A) absorption and B) emission spectra of EB (15 uM) in presence of
increasing concentrations of TPE-V1/CT-DNA (1:1 complex, 0-15 uM).
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Here, we carried out the above-mentioned experiments to understand the
structural changes and mode of binding in TPE-V/CT-DNA complexes. Figures
4.14A & 4.14B represent a typical titration experiment of CT-DNA against EB, which
shows the enhancement in fluorescence intensity upon intercalation of EB into CT-
DNA. Similar titration experiment performed with TPE-V1/CT-DNA complex
against EB showed only negligible changes in the absorption spectra with an initial
marginal decrease in the fluorescence emission spectra (Figures 4.15A & 4.15B), up
to 1:1 equivalent addition of TPE-V1/CT-DNA complex to EB. Results indicate the
inability of EB to intercalate between the base-pairs of CT-DNA in TPE-V1/CT-DNA
complex. Likewise, intercalation studies of EB with TPE-V2, TPE-V3 and TPE-V4

complexes of CT-DNA (Figures 4.16A-C) also displayed only slight decrease
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Figure 4.16. Changes in the fluorescence emission spectra of EB (15 uM) in presence of
increasing concentrations of A) TPE-V2/CT-DNA (1:2 complex, 0-15 uM), B) TPE-V3/CT-DNA
(1:1 complex, 0-15 uM) and C) TPE-V4/CT-DNA (1:1 complex, 0-15 uM). D) Schematic
representation of the interaction of EB with CT-DNA alone and TPE-V/CT-DNA complexes.
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in the fluorescence emission, instead of the expected intercalation prompted
enhancement in fluorescence intensity. Therefore, failure of EB to intercalate
between the base-pairs of CT-DNA in the TPE-V/CT-DNA complexes suggest
conformational changes in long double helical DNA structure upon interaction with
TPE-V derivatives (Figure 4.16.D; schematic representation of this experiment).

Next, we have studied the interaction of TPE-V derivatives with CT-DNA by
titrating TPE-V derivatives against a preincubated solution of EB/CT-DNA complex
(EB: CT-DNA; 1:2, 15 uM:30 pM). As observed in the above experiment (Figure
4.14), the fluorescent intensity of EB increases upon incubation with CT-DNA and
shows a 4-fold enhancement at 1:2 equivalent ratio. Figures 4.17A & 4.17B shows
the changes in the absorption and emission spectra of EB, upon titrating TPE-V1
against EB/CT-DNA (1:2) complex. Addition of TPE-V1 in to EB/CT-DNA complex
showed gradual quenching of the EB fluorescence, which suggest the displacement
of intercalated EB from CT-DNA due to DNA conformational changes upon
interaction with TPE-V1.

Similarly, the addition of TPE-V2, TPE-V3 and TPE-V4 molecules also
displayed quenching of the fluorescence intensity of EB/CT-DNA complex (Figures
4.17C-E). The results of ethidium bromide displacement assays strongly support the
possible condensation of the double helical DNA structure of CT-DNA upon
interactions with positively charged TPE-V derivatives. Though, quenching in
fluorescence intensity was observed with all the four TPE-V derivatives, the extent
of quenching was different, which can be taken as the measure of DNA condensation
ability of these ligands. Figure 4.17.F shows the changes in fluorescence intensity of
EB/CT-DNA complex at 612 nm upon addition of TPE-V derivatives, constructed by

plotting the concentration of TPE-V against [/lo,. Compared to TPE-V1, other three
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TPE-V derivatives completely quench the fluorescence intensity of EB/CT-DNA

complex at relatively lower concentrations, which implies the enhanced DNA

interaction and condensation ability of TPE-V2, TPE-V3 and TPE-V4.
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Figure 4.17. Changes in the A) absorption and B) fluorescence emission spectra of EB (15 uM),

EB/CT-DNA complex (1:2) and addition of TPE-V1 (5 uM sequential) in to EB/CT-DNA complex.

Changes in the emission spectra of EB/CT-DNA complex upon addition of C) TPE-V2, D) TPE-V3

and E) TPE-V4. F) Changes in the fluorescence intensity of EB/CT-DNA complex at 612 nm, I/I,

against concentration of TPE-V derivatives.
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4.3.6. Morphological studies

The formation of ICD band in the CD spectra of CT-DNA in presence of TPE-V
derivatives, signifying the groove binding of chromophores aided by electrostatic
interaction and expulsion of intercalated EB from EB/CT-DNA complex in presence
of TPE-V derivatives, suggesting the DNA condensation process were further
investigated in detail by monitoring the changes in the morphologies of CT-DNA and
TPE-V derivatives using AFM, TEM and DLS techniques. Sample concentrations in
the micro molar range used for the UV-visible absorption studies were chosen for
AFM and TEM analysis. Whereas, higher concentrations used for CD studies were

chosen for DLS analysis.

3.2nm

-9.7nm R

Figure 4.18. AFM images of A) CT-DNA (15 pM), B) TPE-V1 (15 uM) and TPE-V1/CT-DNA
complex at different CT-DNA to TPE-V1 ratios, C) 1:1 & D) 1:2. E) Schematic representation of
the DNA interaction and condensation process by TPE-V1.

To understand the changes observed in the UV-visible absorption,
fluorescence and CD properties at different CT-DNA to TPE-V molar ratios, we have
carried out the AFM analysis of samples with two different molar equivalents of

TPE-V in TPE-V/CT-DNA complex on a freshly cleaved mica surface. Figure 4.18A-D

shows the morphologies of CT-DNA, TPE-V1, 1:1 TPE-V1/CT-DNA and 1:2 TPE-
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V1/CT-DNA complexes (In all the morphology studies, the ratios 1:1 and 1:2
represent CT-DNA:TPE-V molar ratio). CT-DNA alone displayed fibrous network like
structures with 200-300 nm width (Figure 4.18A), while TPE-V1 alone displayed
random, spherical aggregates with 350 nm diameter for the largest aggregate
(Figure 4.18B). On the other hand, TPE-V1/CT-DNA complex at 1:1 ratio displayed a
hybrid morphology of TPE-V1 and CT-DNA, exhibiting a “beads on a string” type
arrangement (Figure 4.18C), similar to the structure of chromatin fibers found in the
chromosomes of eukaryotic cells. The strings (fibers) showed an average width of
80 nm while the beads (spherical aggregates on fibers) had an average width of 110
nm. Further, at higher concentrations of TPE-V1 in TPE-V1/CT-DNA complex (1:2),
the AFM images showed spherical aggregates with an average diameter of 50 nm
(Figure 4.18D), indicating complete condensation of the complex.

The observed AFM results could be explained as follows. At initial, lower
TPE-V1 concentrations, the electrostatic interactions between positively charged
viologen moiety of aggregated TPE-V1 and fibrous network of negatively charged
CT-DNA structures, lead to the separation of fibrous DNA networks and disruption
of larger TPE-V1 aggregates to smaller ones. Under these conditions, the
electrostatically bound TPE-V1 aggregates tend to form bead type structures on the
long CT-DNA templates. While at higher concentration of TPE-V, complete
condensation of CT-DNA is observed due to effective charge neutralization. Thus,
upon increasing the concentration of TPE-V1 in TPE-V1/CT-DNA complex to 1:2,
the interaction possibilities between DNA and molecule increases which lead to the
disruption of larger aggregates of TPE-V1 along with complete charge neutralization
of the negatively charged DNA back bone. As a consequence, the 'beads on a string'

structure with DNA chains and TPE-V1 aggregates completely condense into
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spherical structures of 40-50 nm in size. Figure 4.18E shows the schematic
representation of the proposed mechanism of DNA condensation process by TPE-
V1. The morphological changes observed at different ratios of TPE-V1 to CT-DNA
validate the observed ICD band in the CD spectra. Up to 1:1 equivalent ratio, the
'beads on a string' type structures are formed through a combination of electrostatic
and groove binding interactions of TPE-V1 aggregates with chiral DNA template
which induce chirality to TPE-V1. With the addition of higher amounts of TPE-V1,
complete DNA condensation takes place and hence no further changes were

observed in the ICD signal of TPE-V1/CT-DNA complex.

9.3 nm

-1.3 nm -5.2 nm

12.4nm 3.4 nm

65nm | -1.6nm

Figure 4.19. AFM images of A) TPE-V2 (10 uM) and TPE-V2/CT-DNA complex at different CT-
DNA to TPE-V2 ratios, B) 1:0.5, C) 1:1 and D) 1:2. E) Schematic representation of the CT-DNA
interaction and condensation process by TPE-V2.

Similarly, the morphologies of TPE-V2/CT-DNA complex at different TPE-V2
to CT-DNA ratios displayed initial formation of intertwined network structures at
1:0.5 ratio, while beads on a string (1:1) and condensed spherical structures (1:2)
are formed at higher TPE-V2 concentrations. In detail, the AFM morphologies at

1:0.5 ratios of TPE-V2/CT-DNA complex showed the disruption of the fibrous

network structures of CT-DNA (Figure 4.18A) to intertwined network structures
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(Figure 4.19B) with morphological features of both CT-DNA and TPE-V2 (Figure
4.19A). Upon further increasing the concentration of TPE-V2 in TPE-V2/CT-DNA
complex, enhanced disruption of CT-DNA fibrous structures by TPE-V2 leading to a
'beads on a string' type of arrangement (Figure 4.19C) at 1:1 ratio and completely
condensed spherical TPE-V2/CT-DNA structures at 1:2 ratio (Figure 4.19D) was
observed in the AFM images. Figure 4.19D shows the schematic representation of
morphological changes observed in CT-DNA and TPE-V2 upon interaction with each

other at different molar ratios of TPE-V2 /CT-DNA.
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Figure 4.20. AFM images of A) TPE-V3 (15 uM), and TPE-V3/CT-DNA complex at different CT-
DNA to TPE-V3 ratios; B) 1:1 and C) 1:2. AFM images of D) TPE-V4 (15 uM), and TPE-V4/CT-
DNA complex at different CT-DNA (15 uM) to TPE-V4 ratios; E) 1:1 and F) 1:2. G) Schematic
representation of the CT-DNA interaction and condensation process by TPE-V3 and TPE-V4.
AFM analysis of TPE-V3 and TPE-V4 (drop cast from Tris solutions) showed
the formation of sheet like aggregates with nano to micro-meter width (Figures
4.20A and 4.20D), inferring an enhanced aggregation tendency of these derivatives
in Tris buffer, compared to that in pure water. Upon interactions with CT-DNA, these
derivatives also show a transition from sheet to 'beads/sheets on string' type
structures at 1:1 ratio (Figures 4.20B & 4.20E) and to completely condensed

spherical structures of TPE-V/CT-DNA (Figures 4.20C & 4.20F) with 40-50 nm size

at higher TPE-V concentrations, as expected. Figure 4.20G shows the schematic
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representation of CT-DNA condensation mechanisms upon interaction with TPE-V3
and TPE-V4 at different CT-DNA to TPE-V ratios.

The morphological changes observed in AFM analysis were further confirmed
using TEM analysis of TPE-V2/CT-DNA samples. TEM image of CT-DNA (Figure
4.21A) and TPE-V2 (Figure 4.21B) displayed networked fibrous structures and
random aggregated structures, respectively as observed in AFM analysis. Similarly,
in agreement with AFM morphologies the TPE-V2/CT-DNA complex with increasing
concentrations of TPE-V2 showed the structural transition from the networked
fibrous CT-DNA structure to condensed spherical structures of TPE-V2/CT-DNA
complex with 30-40 nm in size (Figures 4.21C-E). Further, EDAX analysis of TPE-
V2/CT-DNA complex at 1:2 ratio of CT-DNA to TPE-V2 spots the occurrence of P
atoms (Figure 4.21F), confirming the presence of DNA in the condensed spherical

structures observed in TEM.
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Figure 4.21. TEM images of A) CT-DNA (20 uM), B) TPE-V2 (10 uM) and TPE-V2/CT-DNA
complex at different CT-DNA to TPE-V2 ratios, C) 1:0.5, D) 1:1 and E) 1:2. F) EDAX spectra of
TPE-V2/CT-DNA at 1:2 ratio.
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To get further insight into the DNA condensation process, dynamic light
scattering (DLS) measurements were carried out to understand the zeta-potential
and size changes accompanying the process (Figure 4.22A & 4.22B). 100 uM samples
of CT-DNA were used for DLS studies, since the lower concentrations used in
morphological studies doesn’t show any significant changes in zeta-potential and
hydrodynamic size. CT-DNA alone in Tris buffer showed (-35) to (-40) mV zeta
potential and 700-750 nm hydrodynamic radius. With the sequential addition of
TPE-V derivatives, the zeta-potential values showed gradual increase towards
positive values and hydrodynamic size showed steady decrease to 100-200 nm.
Since, CT-DNA is a highly networked structure, the hydrodynamic radius we observe
here only gives a rough estimate of size in solution. But it still can indicate the
changes upon CT-DNA-TPE-V interaction leading to spherical condensates. This
opposite trends in zeta-potential and size further supports the charge neutralization

directed DNA condensation resulting in TPE-V/CT-DNA complexes.
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Figure 4.22. Changes in the A) zeta-potential and B) hydrodynamic size of CT-DNA (100 puM)
with increasing concentrations of TPE-V derivatives.

Compared to other three TPE-V derivatives, TPE-V2 displayed deviation in
the values of zeta-potential and hydrodynamic size. These deviations in the values

can be attributed to the presence of positively charged di-viologen units enhancing
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the electrostatic interaction possibilities between TPE-V2 molecules and CT-DNA,
resulting in a relatively enhanced changes in the zeta-potential and hydrodynamic
size. In short, the DLS experiments further supports the optical and morphological
results of electrostatic interaction directed CT-DNA condensation by positively

charged TPE-V derivatives.

4.3.7. Interactions of Cucurbit[8]uril/TPE-V complexes with CT-DNA

To get further insight into the interacting units in TPE-V derivatives with CT-
DNA, DNA binding experiments were carried out in presence of Cucurbit[8]uril
(CB[8]). CB[8] is a well-known host for viologen guests, with the ability to
completely encapsulate the guest inside its cavity. Strong complexation with CB[8],
results in complete masking of viologen units in the CB[8]/TPE-V complex,
preventing the binding of viologen moiety with CT-DNA through electrostatic and
groove binding interactions. For this experiment, we titrated CT-DNA against
preformed CB[8]/TPE-V host-guest complex to understand the binding interactions.
The UV-visible absorption spectra of CB[8]/TPE-V1 (1:1) complex showed slightly
lower absorbance values at 255 nm and 315 nm compared to TPE-V1 alone (Figure
4.23A), and an enhanced fluorescence emission (Figure 4.23B). Sequential addition
of CT-DNA to this complex showed negligible changes in the UV- visible absorption
and fluorescence emission, as expected. Similarly, the absorption and fluorescence
spectra of CB[8]/TPE-V2 (2:1) complex also was not affected by sequential addition
of CT-DNA, except for the initial decrease in absorption and enhancement in
fluorescence emission of CB[8]/TPE-V2 (2:1) complex compared to TPE-V2
(Figures 4.23C & 4.23D). These results indicate that CT-DNA interaction and

subsequent condensation observed with TPE-V derivatives are primarily due to the
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presence of positively charged viologen groups, which interact with CT-DNA through
electrostatic and groove binding interactions. The CB[8] complexes of other two
derivatives (TPE-V3 & TPE-V4) were prone to precipitation upon addition of CT-

DNA and hence were not studied in detail.
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Figure 4.23. Changes in the UV-visible absorption and fluorescence emission spectra of A) and

B) CB[8]/TPE-V1 (1:1, 15 uM), and C) and D) CB[8]/TPE-V2 (2:1, 20 uM:10 uM) with sequential

addition of CT-DNA.

4.3.8. Cytotoxicity studies

An important initial study to check the biological in vitro applicability of
drugs and chemicals is cytotoxicity analysis, which gives information about the
toxicity of these chemicals on cells. A cytotoxicity value greater than 90% gives an
indication of its biocompatibility and potential in intracellular drug and gene
delivery, whereas a lower value implies cell death, with the potential for cancer

therapy. To check the cytotoxicity of our TPE-V condensing agents, MTT assay was
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conducted. The cytotoxicity of TPE-V/CT-DNA condensates were studied with A549
and WI-38, cancer and normal cells, respectively. Figures 4.24A-D shows the cell
viabilities of CT-DNA, TPE-V aggregates and TPE-V/CT-DNA complexes at two
different ratios (1:1 and 1:2 of CT-DNA to TPE-V) after 24 h and 48 h incubation.
The concentrations of CT-DNA and TPE-V derivatives are same as that we used for

absorption, emission and morphological studies.
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Figure 4.24. Cell viability assay of A549 and WI-38 cells in presence of the four TPE-V/CT-DNA
assemblies and their control experiments after 24 h and 48 h incubation.

At these concentrations, CT-DNA, TPE-V2 and the complexes of TPE-V1,
TPE-V2 and TPE-V3 with CT-DNA displayed less cytotoxicity with more than 75 %
cell viability in both cell lines. Whereas TPE-V1, TPE-V2, TPE-V3 alone and TPE-
V4 /CT-DNA complex were found to be cytotoxic. Results suggest, the “beads on a
string” type assembly (1:1) and spherical condensates (1:2) of TPE-V(1-3)/CT-DNA
have superior cell viabilities compared to the TPE-V4/CT-DNA assemblies. Among
the afore-mentioned three, TPE-V2/CT-DNA complexes displayed a comparatively
higher cell-viability in both cells, which could be attributed to the higher solubility
and improved electrostatic interaction capability of TPE-V2 aggregates compared to

other derivatives.
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Figure 4.25. Optical microscopic images of A549 and WI-38 cells after 24 hours of incubation
with 1:2 complex of A) & B) TPE-V2/CT-DNA, and C) & D) TPE-V4/CT-DNA.

In agreement with MTT assay, the optical microscopic bright field images of
A549 and WI-38 cells, incubated with TPE-V2/CT-DNA condensates in a 1:2 ratio
after 24 hours displayed the presence of healthy cells (Figures 4.25A & 4.25B).
Whereas, under similar conditions, optical microscopic images of A549 and WI-38
cells incubated with TPE-V4/CT-DNA condensates showed cell death related
morphological changes (Figures 4.25C & 4.25D), confirming the cytotoxic nature of
TPE-V4/CT-DNA condensates. Therefore, from the above cytotoxicity studies we
can conclude that DNA condensates of TPE-V1, TPE-V2, TPE-V3 are non-toxic and
hence, these three derivatives of TPE-V are reasonably good DNA condensing agents
for non-viral gene-delivery applications, and among them TPE-V2 molecule is a

better candidate.
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4.4. CONCLUSIONS

In summary, we have synthesized four novel viologen functionalized
tetraphenylethylene (TPE-V) derivatives, which can replace the common DNA
condensing agents like counter ions, cationic polymers, polyamines, etc., with an
additional property of fluorescence-based tracking of the DNA condensation and
gene-delivery process. In this chapter, we have demonstrated the CT-DNA binding,
subsequent DNA condensation and cytotoxicity studies of these four TPE-V
derivatives using optical, morphological and MTT assay techniques. UV-visible
absorption studies showed a characteristic decrease in the 315 nm absorbance and
slight enhancement in the fluorescence emission of TPE-V with the addition of CT-
DNA up to a particular molar equivalent ratio, indicating the interaction of CT-DNA
with TPE-V derivatives. In addition, the enhanced stability observed in the thermal
denaturation studies and ICD band observed in the CD studies of CT-DNA in
presence of TPE-V derivatives suggested the DNA condensation process. Further,
the corresponding morphological analysis revealed the synergistic dis-assembly of
the random aggregates of TPE-V derivatives and the fibrous CT-DNA structure in to
an initial, partially condensed “beads on a string” type assembly at lower
concentrations of TPE-V, and completely condensed compact DNA nanoparticles of
40-50 nm in size at higher concentrations of TPE-V. The role of positively charged
viologen units in directing the DNA condensation process were verified by zeta-
potential measurements and CB[8] encapsulation studies, which further confirmed
the electrostatic interaction and groove binding induced effective DNA condensation
process by TPE-V derivatives. The in vitro biological pertinence of TPE-V/CT-DNA
condensates tested by performing MTT assay on A549 cancer and WI-38 normal

cells revealed the non-toxic nature of TPE-V1, TPE-V2 and TPE-V3 CT-DNA
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condensates, which implies the use of these TPE-V derivatives as non-viral DNA
compaction agents in gene delivery applications. In short, this work highlights the
development of small fluorescent organic chromophores, which can bind with DNA
through non-covalent interactions like groove binding, electrostatic binding, etc., to
achieve fluorescence-based tracking of the DNA condensation process and non-viral

gene delivery.

4.5. EXPERIMENTAL SECTION

4.5.1. Materials and methods

All chemicals and solvents used for organic synthesis were purchased from
Sigma Aldrich, Spectrochem and TCI, and were used without further purification.
DMEM medium, Fetal Bovine Serum and Antibiotics used for growing cells were
purchased from HiMedia and, MTT and HBSS used in MTT assay was purchased
from Sigma Aldrich. A549 (human lung carcinoma) and WI-38 (Human normal lung
fibroblast) were obtained from American Type Culture Collection (ATCC). TLC
analysis were performed with Merck silica gel plates on aluminium sheets and
column chromatography were performed using 230-400 mesh silica gel. 1H NMR
(500 MHz) and 13C NMR (125 MHz) were performed in deuterated chloroform,
methanol and DMSO with tetramethylsilane (TMS) (6 = 0 ppm for 1H and 6 = 77 ppm
for 13C) as an internal standard using Bruker Avance DPX spectrometer. Deionized
Milli Q water (18.2 M{.cm) was used for all the studies.

CT-DNA samples were prepared by dissolving the commercially available
(Sigma Aldrich) white fibrous mass in de-ionized Milli Q water. Initially, the solution

was vortexed for 2-3 minutes and allowed to stand overnight at 0-4 °C to completely
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dissolve the fibrous structure. Later, the samples were filtered through 0.45 mm
syringe filters and concentrations were calculated using the average € value (6600
M-1 cm1) of single nucleotide at 260 nm. All the DNA-binding studies described in
this work are carried out in 10 mM Tris buffer containing 2mM NacCl.

The UV-visible absorption and fluorescence measurements were performed
on Shimadzu UV-2600 spectrophotometer and SPEX FLUOROLOG-3 (FL3-221)
spectrofluorimeter equipped with a 450 W Xenon arc lamp, respectively. All the
optical measurements were carried out in 1 cm quartz cuvette at 25 =+ 1 °C. UV-
visible absorption and fluorescence emission studies of DNA binding experiment
were carried out by the sequential addition of CT-DNA samples in to TPE-V
derivatives in buffer. Ethidium bromide intercalation/displacement assays were
performed in two ways. Initially by the sequential addition of TPE-V/CT-DNA
complexes into EB solutions to check the intercalation possibilities of EB into CT-
DNA structures in the TPE-V/CT-DNA complexes. And later by the addition of TPE-
V derivatives into a EB intercalated CT-DNA complex to verify the condensation
abilities of TPE-V derivatives. Fluorescence emission spectra of EB experiments
were recorded using an excitation wavelength of 515 nm.

CD studies were performed at room temperature using Jasco ]-810
spectropolarimeter and DLS analysis of the hydrodynamic size and zeta potential
measurements were performed using Zetasizer (Malvern Nano ZS) operating with a
He-Ne laser at a wavelength of 633 nm. 100 mM samples of CT-DNA and
corresponding concentration ratios of TPE-V derivatives were used for CD and DLS
measurements. In DLS analysis, each measurement was performed in triplicate, with
10-15 measurements in each run and the mean value is used to construct the plot of

size, zeta-potential versus concentration of TPE-V.
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4.5.2. AFM/TEM sample preparations

Samples for AFM analysis were prepared by drop-casting 5-7 uL solution
over freshly cleaved mica surface, followed by slow air drying. The images were
recorded at ambient conditions using a BRUKER MULTIMODE AFM operating in the
tapping mode. NT-MDT-NSG series, TiN cantilever tips with 299 kHz resonance
frequency was used for the analysis. TEM samples were prepared by drop-casing 20-
30 pL samples over carbon coated copper grid (400 meshes, Ted Pella) and air dried
for 2 days at ambient conditions followed by vacuum drying before imaging. TEM
images were recorded with JEOL-JEM0310 microscope with an accelerating voltage
of 100 kV and the samples were imaged using a Hamamatsu ORCA charge-coupled

device (CCD) camera.

4.5.3. MTT assay

The cells were seeded at a density of 10000 cells per well in 100 pL complete
DMEM medium, treated with 10% Fetal Bovine Serum and Antibiotic Antimycotic
(100x diluted to 1x) in a flatbottom microtiter plate (96 well) and incubated for 24
hrs at 37 °C with 5 % CO: for cells to adhere. Later, cells were treated with 100 uL
samples of CT-DNA (10 uM and 15 uM), TPE-V1, TPE-V3 and TPE-V4 (15 uM and
30 uM), TPE-V2 (10 pM and 20 puM), 1:1 and 1:2 CT-DNA condensates of TPE-V
derivatives (diluted in serum free DMEM medium) followed by further incubation
for 24 hrs and 48 hrs separately. Afterwards, these cells were treated with 100 pL
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution in
HBSS (Hanks’ Balanced Salt solution, 0.5 mg/ml). After 3 hrs, the solution in the
wells were removed and 100 pL. DMSO was added to dissolve the formazan crystals

formed in the wells. Formazan crystals were completely dissolved by giving a gentle
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rocking to the culture plates for 20 minutes and using a microplate reader the
optical density at 570 nm was measured. Using these values of optical density
obtained from different wells, the relative cell viability was calculated (Absorbance

of [treated/control] x 100).
4.5.4. Synthetic procedures and characterization details

4.5.4.1. Synthesis of 1-hexyl-([4, 4’-bipyridine]-1-ium)bromide, (1)**

= = SN = =
1)

Dry CH3CN

To a solution of 4,4-bipyridine (2 g 12.8 mmol) dissolved in 20 mL
acetonitrile, 1-bromohexane (0.597 mL, 4.26 mmol) was added. The resultant
solution was refluxed at 81 °C for 24 hrs. After cooling, the yellow precipitate formed
was filtered and suspended in hot DMF. The mono alkylated product got dissolved in
DMF, while the yellow insoluble di-alkylated product was removed by filtration.
Ether was then added to the cooled solution of DMF to precipitate the pale-yellow

mono-alkylated salt. Yield = 32% (0.8826 g).

1H NMR (500 MHz, CDs0D), § (ppm): 9.032 (d, J = 5.5 Hz, 2H) 8.755 (d, ] = 5.5 Hz,
2H), 8.438 (d, ] = 6.5 Hz, 2H), 7.907 (d, ] = 4.5 Hz, 2H), 4.607-4.578 (m, 2H), 2-1.955
(m, 2H), 1.360-1.202 (m, 6H), 0.860-0.833 (m, 3H). 13C NMR (125 MHz, CH30D), §
(ppm): 154.30, 150.41, 147.32, 142.89, 125.76, 122.16, 61.40, 31.04, 30.90, 25.49,

22.07,12.86. HRMS (ESI): m/z calcd., for C16H21N2, 241.17 [M]; found, 241.17 [M]*.

224



Chapter 4

4.5.4.2. Synthesis of (2-(p-tolyl)ethene-1,1,2-triyl)tribenzene, (2)4>

Into a 250 ml three necked RB flask, 4-methylbenzophenone (3.0116 g, 15.2
mmol), benzophenone (2.8191 g, 15.2 mmol) and Zn dust (8.906 g, 136 mmol) were
added. The flask was evacuated and flushed with argon 3 times. After the addition of
dry THF (150 mL), reaction mixture was cooled in ice bath to 0 °C and TiCl4 (7.5 mL,
68.4 mmol) was slowly injected. The mixture was stirred at room temperature for
30 minutes and then refluxed under argon condition for 48 hrs. The mixture was
then extracted with ethyl acetate and organic part was dried over anhydrous NazSO4.
The crude product was purified by silica column chromatography using hexane as

eluent to give a white solid. Yield = 73% (3.8796 g).

0 0 Zn dust O O
TiCl,
0 0L o ~
dry THF
Reflux
(2)

1H NMR (500 MHz, CDCIs3), 6 (ppm): 7.90 (s, 9H), 7.03-7.01 (m, 6H), 6.91-6.88 (m,
4H), 2.25 (s, 3H). 13C NMR (125 MHz, CDCls), 6 (ppm): 143.72, 140.92, 140.72,

140.39, 136.05, 131.34, 128.37, 127.64, 126.4, 21.18. HRMS (ESI): m/z calcd., for

C27H22, 346.46 [M]; found 346.17 [M]*.

4.5.4.3. Synthesis of (2-(4-(bromomethyl)phenyl)ethene-1,1,2-triyl)tribenzene, (3)

1 (1.5825 g, 4.4 mmol), freshly recrystallized NBS (0.9936 g, 5.1 mmol) and
catalytic amount of BPO (0.015 g) were taken in a 100 mL RB flask and 60 mL of
CCL4 was added. The solution was refluxed for 24 hours before it was cooled to
room temperature. The precipitate was filtered and washed with dichloromethane.

The filtrate was extracted with dichloromethane, and the organic fraction was dried
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under reduced pressure. The crude product thus obtained was further purified with
silica gel (230-400 mesh) column chromatography using 2% ethyl acetate-hexane as

eluent to yield a white solid. Yield = 28% (0.5381 g).

QL o, Q™

4> |

SACEE NG A S

(2) (3)

1H NMR (500 MHz, CDCl3), § (ppm): 7.107-7.105 (m, 11H), 7.018-7.011 (m, 8H),
4.414 (s, 2H). 13C NMR (125 MHz, CDCl3), § (ppm): 131.68, 131.34, 131.30, 128.42,
127.93,127.75, 127.73, 127.66, 126.55, 33.65. HRMS (ESI): m/z calcd., for Cz7H21Br,

425.36 [M]; found 426.36 [M+1]".

4.5.4.4. Synthesis of [1-hexyl-1'-(4-(1,2,2-triphenylvinyl)phenyl)-(4,4’-

bipyridine)-1,1’-diium] dibromide, (TPE-V1)

Br
YU SUSAS
| (D | N
S— iy,
r

Y a0

(3) TPE-V1

To a solution of 3 (0.538 g, 1.26 mmol) in acetonitrile (20 mL), 1 (0. 3059 g,
1.26 mmol) was added and refluxed at 84 °C for 24 hrs. After cooling to room
temperature, precipitated product was filtered, washed with acetonitrile and dried

to give the product as pale-yellow powder. Yield = 79% (0.59 g).

1H NMR (500 MHz, DMSO-ds), § (ppm): 9.412-9.355 (m, 4H), 8.755-8.724 (m, 4H),

7.325 (d, ] = 8 Hz, 2H), 7.135-7.106 (m, 9H), 7.061 (d, ] = 8 Hz, 2H), 6.979-6.965 (m,
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2H), 6.950-6.936 (m, 4H), 5.834 (s, 2H), 4.681-4.652 (m, 2H), 1.958 (s, 2H), 1.292 (s,
6H), 0.872-0.859 (s, 3H). 13C NMR (125 MHz, DMSO-de), § (ppm): 146.16, 143.26,
131.78, 131.56, 131.34, 131.03, 130.97, 128.72, 123.54, 128.40, 128.31, 127.58,
127.19, 71.9, 61.8, 31.14, 31.01, 25.52, 22.32, 14.29. HRMS (ESI): m/z calcd., for

C43H42N22+, 586.33 [M]; found 745.16 [M+2Br+1]*.

4.5.4.5. Synthesis of (E)-1,2-diphenyl-1,2-di-p-tolylethene, (4)4¢

0 Zn dust O O
Dry THF
Reflux

Reaction follows the same McMurry coupling procedure detailed as in the
synthesis of 2. 4-methylbenzophenone (2.01 g, 10 mmol), Zn dust (6.093 g, 91
mmol), TiCl4 (5.02 mL, 45 mmol) and 120 mL of dry THF were used for this reaction.
Using hexane as eluent, the crude product was purified by silica column

chromatography to give the product as white solid. Yield = 53% (3.87 g).

1H NMR (500 MHz, CDCl3), § (ppm): 7.01-6.93 (m, 10H), 6.84-6.81 (m, 8H), 2.19 (d, J
= 10 Hz, 6H). 13C NMR (125 MHz, CDCl3), § (ppm): 143.11, 139.87, 134.87, 130.33,
130.14, 127.35, 127.35, 126.57, 125.15, 20.18. HRMS (ESI): m/z calcd., for CzsHas,

360.19 [M]; found 360.18 [M]*.

4.5.4.6. Synthesis of (E)-1,2-bis(4-(bromomethyl)phenyl)-1,2-diphenylethene,

(5)46

4 (1.532 g, 4.16 mmol), freshly recrystallized NBS (1.6095 g, 9.1 mmol) and

catalytic amount of BPO (0.03 g) in 70 mL of CCls were refluxed for 24 hrs. After
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cooling, the precipitate was filtered and washed with DCM. The filtrate was
extracted with DCM and concentrated under reduced pressure. The crude product
was then purified using silica gel column (230-400 mesh) with hexane-ethyl acetate

as an eluent to yield product as white solid. Yield = 12% (0.260 g).

O s, LD
|
Reflux
24 hrs Br
(5)

1H NMR (500 MHz, CDCls), § (ppm): 7.108 (m, 10H), 7.000-6.966 (m, 8H), 4.411 (d,
= 7 Hz, 4H). 13C NMR (125 MHz, CDCl3), § (ppm): 143.79, 143.19, 140.79, 135.83,
131.65, 131.31, 128.43, 127.84, 126.75, 33.60. HRMS (ESI): m/z calcd., for CzsHz2Br2,

516.01 [M]; found 556.98 [M+K*+1]*.

4.5.4.7. Synthesis of (E)-1',1""-(((1,2-diphenylethene-1,2-diyl)bis(4,1-
phenylene))bis(methylene))bis(1-hexyl-[4,4'-bipyridine]-1,1'-diium)

tetrabromide, (TPE-V2)

A" o S OO ]
sacl % C %fs

TPE-V2

A solution of 5 (0.241 g, 0.46 mmol) and 1 (0.168 g, 0.7 mmol) dissolved in
dry acetonitrile (15 mL) was refluxed for 24 hrs. After cooling, precipitated product

was filtered, washed with acetonitrile and dried to give product as bright yellow

solid. Yield = 83% (0.325 g).
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1H NMR (500 MHz, DMSO-ds), § (ppm): 9.437 (d, ] = 16 Hz, 8H), 8.799 (s, 8H), 7.348-
7.126 (m, 8H), 7.109-7.033 (m, 3H), 6.979-6.912 (m, 7H), 5.861 (s, 4H), 4.688 (s, 4H),
1.962 (s, 4H), 1.292 (s, 12H), 0.871-0.858 (d, ] = 6.5 Hz, 6H). 13C NMR (125 MHz,
DMSO0-de), § (ppm): 149.63, 146.33, 141.21, 140.03, 137.61, 134.32, 132.67, 128.74,
128.41, 128.5, 127.60, 127.19, 71.82, 61.36, 31.17, 31.04, 25.54, 22.34, 14.31. HRMS

(ESI): m/z calcd., for CeoHe4N4**, 840.51 [M]; found 886.79 [M+2Na*]*.

4.5.4.8. Synthesis of 4-(1,2,2-triphenylvinyl)phenol, (6)

0 o) Zn dust O O
TiCly
00 - T U A
HO Dry THF O O
Reflux
OH
(6)
Similar procedure as in the synthesis of 2 was followed using benzophenone
(4 g 21.9 mmol) and 4-hydroxybenzophenone (4.32 g, 21.9 mmol) as the two
coupling ketones for this McMurry reaction. Zinc dust (12.8 g, 190 mmol), TiCls
(10.738 mL, 98 mmol) and dry THF (180 mL) were added. After reaction, the crude

product was purified by silica column chromatography using 10% ethyl acetate-

hexane as the eluent to give an off white solid. Yield = 31% (2.359 g).

1H NMR (500 MHz, CDCls), § (ppm): 7.117-7.072 (m, 9H), 7.038-6.997 (m, 6H), 6.895
(d,] = 8.5 Hz, 2H), 6.571 (d, ] = 8 Hz, 2H), 4.755 (s, 1H). 13C NMR (125 MHz, CDCl3), &
(ppm): 154.05, 144.00, 143.90, 140.43, 140.19, 136.35, 132.73, 131.36, 131.32,
127.70, 127.60, 126.38, 126.26, 114.58. HRMS (ESI): m/z calcd., for C26H200, 348.15

[M]; found, 348.15 [M]*.
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4.5.4.9. Synthesis of (2-(4-(3-bromopropoxy)phenyl)ethene-1,1,2-triyl)tri

benzene, (7)

Into a 100 mL two-necked RB flask 6 (0.75 g, 2.15 mmol), K2CO3 (0.891 g,
6.45 mmol) and 30 mL acetone was added and stirred for 30 minutes at room
temperature. 1,3-Dibromopropane (0.2195 mL, 2.15 mmol) was added dropwise to
this mixture and refluxed for 24 hrs. After the reaction mixture was cooled to room
temperature, K2CO3 was filtered off and the crude product was purified using silica
column chromatography using 2% ethyl acetate-hexane as the eluent to give pale

yellow viscous oil. Yield = 40% (0.4 g).

U oUe
| 1,3-Dibromopropane |
y
O O Acetone, Reflux O O
OH 24 hrs o "By
(6) )

(7

1H NMR (500 MHz, CDCls), § (ppm): 7.073-7.035 (m, 9H), 7.020-6.999 (m, 6H), 6.936
(d,] = 8.5 Hz, 2H), 6.641 (d, ] = 9 Hz, 2H), 4.033-4.010 (m, 2H), 3.589-3.563 (m, 2H),
2.300-2.251 (m, 2H). 13C NMR (125 MHz, CDCl3), § (ppm): 157.21, 144.01, 143.96,
140.47, 140.19, 136.41, 132.56, 131.38, 131.32, 127.73, 127.60, 126.36, 126.27,
113.64, 65.16, 32.48, 29.71. HRMS (ESI): m/z calcd., for C2oHzsBrO, 468.11 [M];

found, 468.10 [M]*.

4.5.4.10. Synthesis of [1-hexyl-1'-(3-(4-(1,2,2-triphenylvinyl)phenoxy)propyl)-
[4,4'-bipyridine]-1,1'-diium] dibromide, (TPE-V3)
To a solution of 7 (0.4 g, 0.854 mmol) in 15 mL acetonitrile, 1 (0.246 g, 1.02

mmol) was added and refluxed at 84 °C for 72 hrs. Precipitated product was filtered,

washed with acetonitrile and dried to give a sandy powder. Yield = 27% (0.144 g).
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A0 e, Q0
O Ve U0 s

(7)

Bril
TPE-V3 IS~

1H NMR (500 MHz, DMSO-ds¢), 6 (ppm): 9.409-9.361 (m, 4H), 8.739 (s, 4H), 7.145-
7.067 (m, 9H), 6.951-6.904 (m, 6H), 6.824 (d, ] = 8.5 Hz, 2H), 6.560 (d, / = 8.5 Hz, 2H),
4.850 (m, 2H), 4.689-4.660 (m, 2H), 4.050 (m, 2H), 3.463 (m, 2H), 1.964 (m, 2H),
1.301-1.294 (m, 6H), 0.861 (m, 3H). 13C NMR (125 MHz, DMSO0-ds), § (ppm): 146.57,
146.22, 143.89, 143.84, 143.78, 140.49, 140.27, 136.17, 132.35, 131.10, 128.35,
128.27, 127.07, 126.98, 126.90, 126.83, 114.04, 65.37, 61.36, 59.59, 31.20, 31.04,
30.41, 25.55, 22.35, 14.32. HRMS (ESI): m/z calcd., for CasHasN2022*, 630.36[M];

found, 630.36 [M]*.

4.5.4.11. Synthesis of (2-(4-((6-bromohexyl)oxy)phenyl)ethene-1,1,2-triyl)tri

benzene, (8)

A O
1,6-Dibromohexane
| > I
O O Acetone, Reflux O O
AN BT
OH (@)
(6) )

(8

Into a 100 mL two-necked RB flask 6 (1 g, 2.87 mmol), K2CO3 (1.19 g, 8.61
mmol) and 35 mL acetone was added and stirred for 30 minutes. 1,3-
Dibromohexane (0.441 ml, 2.87 mmol) was introduced dropwise in to this mixture
and refluxed for 24 hrs. After the mixture was cooled to room temperature, excess

K2CO3 was removed by filtration and the crude reaction mixture was purified using
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silica column chromatography using 2% ethyl acetate-hexane as the eluent to give a

pale-yellow viscous oil. Yield = 41% (0.595 g).

1H NMR (500 MHz, CDCl3), 8 (ppm): 7.104-7.084 (m, 9H), 7.071-7.035 (m, 6H), 6.924
(d, ] = 8.5 Hz, 2H), 6.626 (d, ] = 8.5 Hz, 2H), 3.890-3.865 (m, 2H), 3.431-3.403 (m,
2H), 1.896-1.868 (m, 4H), 1.764-1.736 (m, 2H), 1.286-1.253 (m, 2H). 13C NMR (125
MHz, CDCls), § (ppm): 157.61, 144.07, 144.02, 140.59, 140.04, 136.01, 132.52,
131.40, 131.36, 127.71, 127.59, 126.33, 126.21, 113.58, 67.54, 33.77, 32.69, 29.13,

27.95, 25.32. HRMS (ESI): m/z calcd., for C32H31Br0, 510.15 [M]; found, 510.15 [M]*.

4.5.4.12. Synthesis of [1-hexyl-1'-(6-(4-(1,2,2-triphenylvinyl)phenoxy)hexyl)-
[4,4'-bipyridine]-1,1'-diium] dibromide, (TPE-V4)

O O 1) O O AN

l | || Br

o C ca S s
O/\/\/\/BI’ O/\/\/@'}_‘\

6]
TPE-V4

To a solution of 8 (0.595 g, 1.17mmol) in 20 mL acetonitrile, 1 (0.338 g, 1.40
mmol) was added and refluxed at 84 °C for 72 hours. Precipitated product was
filtered, washed with acetonitrile and dried to give the product as sandy colored

powder. Yield =17 % (0.133 g).

1H NMR (500 MHz, DMSO-ds), § (ppm): 9.365 (d, ] = 5 Hz, 4H), 8.758 (d, ] = 6.5 Hz,
4H), 7.138-7.081 (m, 9H), 6.972-6.915 (m, 6H), 6.847 (d, ] = 8.5 Hz, 2H), 6.666 (d, ] =
8.5 Hz, 2H), 4.684-4.655 (m, 4H), 3.874-3.849 (m, 2H), 1.999-1.969 (m, 4H), 1.678-
1.651 (m, 2H), 1.493-1.424 (m, 2H), 1.366-1.351 (m, 2H), 1.294 (m, 6H), 0.875-0848
(m, 3H). 13C NMR (125 MHz, DMSO-ds), § (ppm): 157.59, 149.15, 146.17, 143.98,

143.90, 143.84, 140.64, 140.17, 135.76, 132.35, 131.08, 128.33, 128.24, 127.09,
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126.95, 126.85, 114.12, 67.54, 61.45, 61.40, 31.15, 31.01, 28.89, 25.66, 25.53, 25.45,

22.31, 14.28, 2.25. HRMS (ESI); m/z calcd., for CasHs2N2022*, 672.40 [M]; found,

672.40 [M]".
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Development of functional materials with precision and programmability in the molecular level is
accomplished by following the nature’s concept of using non-covalent interactions to achieve complexity. The unique
double helical structure and hydrogen bonding property of DNA and its building blocks makes them superior over
other various biological templates used in the bottom-up construction of functional supramolecular assemblies. In the
First Chapter, we summarize the recent progress in the construction of self-assembled structures from DNA and
nucleobase derivatives, the key challenges in this area, origin and major objectives of the present thesis.

Cytosine rich DNA templated fluorescent AgNCs are promising fluorophores in sensing and bioimaging
applications. In the Second Chapter, we describe the construction of a DNA-3W] with a central cytosine loop for
templating AgNCs, which offers the free duplex branches for multi-templating applications. 3WJ]J20-C12 comprising of
12 cytosine bases in the center of DNA-3W], forms fluorescent AgNCs with 630 nm emission maxima and 12%
fluorescence quantum yield. On the other hand, 3WJ20-C6 and the ones without cytosine loop, 3WJ20 failed to form
fluorescent AgNCs, confirming the requirement of central unhybridized cytosine bases to stabilize AgNCs. In addition,
we also demonstrate, (i) the influence of the size of duplex arms and size of cytosine-loop on the fluorescent
properties of AgNCs, and (ii) the selectivity of 3WJ20-C12 /AgNCs towards Hg?* ions.

In the third Chapter, we employed the precise hydrogen bonding property of nucleobase and nucleobase
analogues for the construction of ordered 1D assemblies of the AIE active TPE chromophore, which otherwise could
result in the formation of random aggregates. In Part A, we describe the synthesis, AIE properties in THF-water
system and self-assembly of a diaminotriazine functionalized TPE derivative, TPE-1. In dodecane, TPE-1 self-
assembles through cooperative pathway and forms blue emissive 1D-fibers with characteristic 307 nm absorption
430 nm emission band at lower concentrations and forms transparent supramolecular gels at higher concentrations.
We also demonstrate the competitive complementary H-bonding assisted transition of the blue emissive aggregates to
green emissive aggregates using a thymine derivative, T-C12. Detailed characteristics and mechanism of self-
assembly are explained in this chapter. In Part B, to verify the proposed mechanism of this TPE-1 self-assembly, three
more TPE-DAT derivatives (TPE-2, TPE-3 and TPE-4) were synthesized by changing the alkoxy substitutions, and
their optical, morphological, gelation properties and interactions with dT20 were investigated and explained in detail.

Development of small organic chromophores with DNA interaction, subsequent DNA condensation and
absorbance/fluorescence-based tracking of the gene delivery process are in the emerging stages. In Chapter four, we
describe the synthesis, AIE properties, CT-DNA interaction and condensation properties of four novel viologen
functionalized TPE derivatives (TPE-V1-4). Optical and morphological studies revealed the electrostatic interaction of
positively charged TPE-V derivatives with negatively charged CT-DNA, leading to the condensation of its fibrous
network structure to an initial “beads on a string type” assembly and subsequent change to 40-50 nm sized spherical
TPE-V/CT-DNA condensates. Moreover, cytotoxicity studies performed on normal and cancer cell lines with the CT-
DNA condensates of TPE-V1, TPE-V2 and TPE-V3 disclosed the non-toxic nature of these TPE-V derivatives and

hence could be employed as non-viral gene-delivery vectors.
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ARTICLE INFO ABSTRACT

Fluorescent silver nanoclusters (AgNCs) templated by DNA are promising label free fluorophores with excellent
photostability and tunable optical properties. Most of the reported DNA-nanocluster fluorescent tags comprise of
programmed strands for the cluster formation either on the edges as overhangs or as loops on the duplex strands.
Herein, we report a design strategy for sequence programmed, DNA three-way junctions (DNA-3WJ), comprising
of unhybridized cytosine nucleobases in the 3WJ-center, capable of binding to silver ions and stabilizing the
AgNCs. The formation of AgNCs in these DNA-3WJs were confirmed by various spectroscopic and microscopic
techniques. 3WJ20-C12 comprising of 12 cytosine bases in the center of the DNA-3WJ, form fluorescent na-
noclusters with an emission maximum around 630 nm and 12% fluorescence quantum yield. Control DNA-3WJs
with six cytosine bases in the center (3WJ20-C6) and ones without cytosine bases (3WJ20) failed to form
fluorescent AgNCs confirming the requirement of central, unhybridized cytosine bases for the stabilization of the
nanoclusters. Further, the duplex arms of DNA-3WJs were shown to influence the fluorescent properties of
AgNCs by varying the size and stability of the cytosine-loop structure of DNA-3WJs. Metal ion interaction studies
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Fluorescent AgNCs
DNA

Nanotechnology

shows the selectivity of the 3W.J20-C12/AgNCs towards Hg®* with sensitivity in the nanomolar range.

1. Introduction

Fluorescent metal nanoclusters comprising 2-20 metal atoms in the
sub-nanometer size are emerging competitors for typical fluorophores
like organic dyes, quantum dots and fluorescent proteins [1,2]. Metal
nanoclusters, because of its small size have discrete electronic energy
levels like molecules and displays distinct optical spectra, strong fluor-
escence emission and well separated highest occupied molecular orbital -
lowest unoccupied molecular orbital (HOMO-LUMO) [3]. Among the
various metal nanoclusters (Au, Ag, Pt, Cu etc), silver nanoclusters
(AgNCs) possess low toxicity, superior water solubility, easy synthesis
and suitable photophysical properties, which make them useful candi-
dates for various applications in optoelectronics [4], catalysis [5], bioi-
maging and biosensing [6-8]. However, stabilization of these metal na-
noclusters, particularly AgNCs from oxidation and aggregation to larger
nanoparticles is a key challenge in this field. Previously, various stabi-
lizing agents like small organic molecules, dendrimers, inorganic ma-
trices, synthetic polymers, biopolymers, DNA, etc., were used in the
construction of metal nanoclusters [9-11]. Since the pioneering work by

Dickson and coworkers on the fluorescence emission of cytosine rich
DNA stabilized AgNCs [10], numerous DNA stabilized AgNCs with tun-
able fluorescence emission were developed using single strand oligonu-
cleotides as templates [12]. The important features of DNA templated
AgNCs (DNA-AgNCs), such as sequence dependent fluorescence emission
[13], neighbouring sequence directed fluorescence modulation [14,15]
and straightforward synthesis has stimulated the use of these fluor-
ophores in bioimaging, sensing of DNA, RNA, proteins, metal ions, small
molecules and cancer cells [16-24]. In addition, several reports have
demonstrated the structural and sequence dependence of DNA on the
origin and fluorescence modulation of AgNCs [25-31].

The unique property of programmable DNA hybridization, allows the
construction of various AgNCs templated by secondary DNA structures
such as duplex [14], triplex [32], hairpin loop [33], G-quadruplex [34],
i-motifs [35], branched DNA junctions etc. [36] Among these secondary
structures, branched DNA junction templated AgNCs have been used for
multifunctional applications [36,37]. For example, Wang and coworkers
developed a target-induced grafting technique to engineer the DNA-3WJ
with multifunctional catalytic and fluorescent properties for the
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detection of DNA, thrombin and ATP [36]. Willner et al. demonstrated
the formation of fluorescent DNA hydrogels by the successful in-
corporation of AgNCs in the sequence-specific loops of the Y-shaped DNA
units [37]. Recently from our group, we have shown the formation of 2D-
nanonetworks by the mutually assisted self-assembly of fullerene na-
noclusters and DNA-3WJs with AgNCs stabilized in the cytosine rich
overhang [38]. These reports highlight the stabilization of AgNCs either
on one of the duplex strands of DNA-3WJs with a single strand overhang
or by creating hairpin loops on the duplex strand. The overhang/hair pin
modifications in the duplex arms, used in these strategies impose struc-
tural restrictions in building extended multifunctional sensor conjugates
and hence limit their practical applications in biological sensing and
imaging. Herein, we report the construction of a DNA-3WJ for tem-
plating AgNCs, without modification at the duplex branches. Instead, a
cytosine loop has been inserted at the center of DNA-3WJ using mis-
match single strand DNA (ssDNA) sequences. Although AgNCs templated
by DNA-3WJs have been previously reported [36-38], to the best of our
knowledge this is the first report of DNA-3WJ design with programmable
cytosine loop in the center of Y-shaped DNA for stabilizing AgNCs. The
DNA-3WJs with central cytosine loops were shown to act as efficient
templates, which stabilize the formation of AgNCs. Multiple DNA-3WJ
structures were used to demonstrate the sequence dependence of the
central loop region and duplex arms, on the formation and stabilization
of AgNCs. Further, the fluorescence of the synthesized AgNCs was used to
probe Hg?* ions in aqueous solutions in subnanomolar concentrations.

2. Materials and Methods
2.1. Materials

Short oligonucleotide sequences used in this work (Table S1) were
synthesized by solid phase oligonucleotide synthesis using K&A
Laboratory H-6/H-8 DNA/RNA/LNA synthesizer. Phosphoramidites
used for the solid-phase DNA synthesis were purchased from Glen
Research (http://www.glenresearch.com/index.php). Anhydrous acet-
onitrile and all other reagents required for DNA synthesis were pur-
chased from Sigma Aldrich. The synthesized oligonucleotides sequences
were purified by LC-6AD Shimadzu Reverse Phase-High Performance
Liquid Chromatography (RP-HPLC) with an Inertsil ODS-3, 5 mm,
10 x 250 mm reverse phase column. Deprotection and hybridization of
ssDNAs were performed on IKA® dry block heater. Ammonium hydro-
xide (28% NHj3 in H;0, 99.99%), ethidium bromide (EB), silver nitrate
(AgNO3, 99.0%), sodium borohydride (NaBH4, 98.0%), sodium
chloride (NaCl, 99%), sodium phosphate dibasic anhydrous (Na,HPO,)
and sodium phosphate monobasic monohydrate (NaH,PO4.H,0) were
purchased from Sigma Aldrich. All the metal salts used in this work are
of analytical grade and used as received without further purification.
Water used for all the experiments was de-ionized Milli Q
(18.2 MQ.cm). All optical measurements were carried out in buffer
solution (10 mM sodium phosphate buffer, pH = 7.4 and 150 mM
NaCl) using 1 cm cuvettes at room temperature (25 + 1 °C), unless
otherwise mentioned.

2.2. UV/Visible and Photoluminescence Spectroscopy

The UV/Vis absorption spectra and melting temperature measure-
ments were performed on Shimadzu UV-2600 Spectrophotometer.
Steady state fluorescence emission spectra were recorded on a SPEX
FLUOROLOG-3 (FL3-221) Spectrofluorimeter, equipped with a 450 W
Xenon arc lamp and a slit width of 5 nm. The quantum yield of 3WJ20-
C12/AgNCs was measured by a relative comparison method using
cresyl violet (dr = 57% in methanol) as the fluorescent standard [39].
The fluorescence life time measurements of 3WJ20-C12/AgNCs were
done using a picosecond single photon counting system (Horiba, Del-
taFlex) employing 510 nm laser as excitation source using picosecond
photon detection module (PPD-850) as a detector. The fluorescence
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decay profile was deconvoluted using EzTime software and fitted with
multi exponential decay of chi-square value 1 + 0.1.

2.3. Circular Dichroism (CD) Spectroscopy

CD spectra of DNA-3WJs were obtained at ambient temperatures
using JASCO J-810 spectropolarimeter having Peltier controlled ther-
mostatic cell holder with an accumulation of 2 and scan speed of
200 nm/min.

2.4. High Resolution-Transmission Electron Microscopy (HR-TEM)

The samples for TEM imaging were prepared by drop casting 5 puL
samples on the top of carbon-coated copper grid (400 meshes, Ted
Pella). The as-prepared samples were initially dried on copper grid by
slow evaporation and subjected to vacuum drying for 2 days before
analysis. HR-TEM characterization and Energy Dispersive X-ray spec-
troscopy (EDAX) were performed with JEOL-JEM0310 microscope with
an accelerating voltage of 100 kV and the samples were imaged using a
Hamamatsu ORCA charge-coupled device (CCD) camera.

2.5. Dynamic Light Scattering (DLS) Measurements

Particle size distributions were calculated using a Zetasizer
(Malvern Nano ZS) operating with a He-Ne laser at a wavelength of
633 nm. Each analysis was performed in triplicate and the mean value
is reported. In each run, 10-15 measurements were made. Purified
samples of 3WJ20-C12/AgNC, Ag nanoparticles formed in presence of
3WJ20 (15 M) and in the absence of DNA were used for hydrodynamic
size measurements

2.6. X-ray Photoelectron Spectroscopy (XPS)

XPS analysis of dried samples were performed using PHI 5000 Versa
Probe II (ULVAC-PHI Inc., USA) equipped with microfocused (200 pm,
15 kV) monochromatic Al-Ka X-Ray source (hv = 1486.6 eV). Survey
scans were recorded with X-ray source power of 50 W and pass energy
of 187.85 eV. High-resolution spectrum of the Ag was recorded at
46.95 eV pass energy.

2.7. Synthesis of Sequence Specific DNA-3WJs

Two different types of DNA-3WJs, 3WJN-CX and 3WJN used in this
work were assembled from corresponding ssDNA sequences (Table S1 &
Scheme 1A), following the typical hybridization protocols. The short
ssDNA sequences (with 20 bases and 30 bases) were synthesized by
solid phase oligonucleotide synthesis. The synthesis was carried out on
a 1.0pumol solid support, CPG (Controlled pore-glass, 1000 A pore size)
using commercial phosphoramidites. Required oligonucleotide se-
quences were prepared with automated synthesis, which follows the
stepwise addition of nucleoside 3’-phosphoramidite monomers to the
5’-end of resin bound nucleoside. The oligonucleotides were cleaved
from the solid support and deprotected using standard conditions (28%
NH4OH, 10h at 60°C on a dry block heater). The synthesized oligonu-
cleotides were purified by RP-HPLC. A binary gradient system of trie-
thylammonium acetate (TEAA) buffer (0.05 mM, pH = 7) and acet-
onitrile were used as eluents. The purified oligonucleotide samples
were concentrated under vacuum, desalted using Sep-Pak C18 cartridge
and concentrations were determined by monitoring the UV absorbance
at 260 nm. The samples were then stored at below 4 °C and used as
required to assemble into corresponding DNA-3WJs.

Hybridization of ssDNA sequences into corresponding DNA-3WJs
were achieved by following the standard hybridization protocols.
Equimolar mixture of three complementary ssDNAs in buffer solution
were annealed at 90 °C for 10 min. All of the DNA-3WJs mentioned in
this work were assembled by this procedure and stored at 4 °C. 1 uM
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Mismatch sequences (3W]20-C12)

DNA 1 5-GGT GGC GAC CCC GAC GAT CC-3’
DNA 2 5-GGATCG TCC CCCAGT TGA CC-3’
DNA 3 5’-GGT CAA CTC CCCTCG CCACC-3’

Match sequences (3W]20)

DNA 4 5’-GGT GGC GAG AGC GAC GAT CC-3’
DNA 5 5-GGATCG TCG CAG AGT TGA CC-3’
DNA 6 5-GGT CAA CTC TTC TCG CCA CC-3’

Scheme 1. A) Schematic illustration of the hybridization of mismatched ssDNA in to 3WJN-CX and matched ssDNA in to 3WJN. B) ssDNA Sequences used for the

construction of 3WJ20-C12 and 3WJ20.

samples of DNA-3WJs were used for thermal denaturation and circular
dichroism studies. EB intercalation studies were performed by se-
quential addition of 10 pL, 100 uM samples of DNA-3WJ into 30 pM,
1 mL EB in buffer solution.

2.8. Synthesis of 3WJ/AgNCs

Fluorescent AgNCs were synthesized according to the modified lit-
erature reports described by Dickson et al. [10,12] For the preparation
of AgNCs templated by 3WJN-CX and 3WJN, 45 pL, 2 mM AgNO; so-
lution was added to a freshly prepared sample of 15 M DNA-3WJs in
buffer solution to provide a DNA-3WJ to Ag* molar ratio of 1:6 (final
volume of 1 mL solution). After vortexing the sample for 10 min at
room temperature, the mixture was reduced by quickly adding 45 pL,
2 mM of NaBH, (freshly prepared) under vigorously shaking conditions
for 2 min. Final concentrations were fixed to 15 uM for the DNA-3WJ
template, 90 uM for AgNO3, 90 uM for NaBH, in a molar ratio 1, 6, 6,
respectively. The reaction mixture was kept in the dark at 4 °C for
another 8 h before optical measurements. The purification of 3WJN-
CX/AgNCs from AgNPs and aggregates was achieved using Amicon®
Ultra Ultracel®-10k centrifugal filters. A similar procedure was followed
for all the AgNCs synthesis mentioned in this work. The 3WJ-AgNCs
concentration is referred to the concentration of DNA-3WJ unless
mentioned otherwise. 15 uM samples of 3WJ/AgNCs in buffer solution
was used for UV-visible absorption, fluorescence emission, quantum
yield (¢) and fluorescence lifetime measurements.

2.9. Selectivity and Sensitivity Measurements of 3WJ20-C12/AgNCs

The selectivity of 3WJ20-C12/AgNC system for various metal ions
were studied by monitoring the changes in fluorescence intensity of this
system with the addition of common cations like K*, Li*, Ca**, Mg**,
Hg2", Cu®*, Zn2", Cd®*, AI** and Fe®*. For selectivity experiment,
10 pL, 60 pM metal ions in acetonitrile was added to 1 mL, 1.5 pM
3WJ20-C12/AgNCs in buffer solution. The sensitivity of this 3WJ20-
C12/AgNCs system towards Hg?* was studied by adding increasing
concentrations of Hg®* (0, 1-10, 100, and 200 nM) to 6 uM 3WJ20-
C12/AgNCs. Fluorescence changes in a range of Hg2+ concentrations
from O to 5 nM was used for limit of detection (LOD) calculation. LOD is
determined from standard deviation of response of the curve (Sy) and
slope of calibration curve (S), according to the formula LOD = 3.3 (Sy/
S). The standard deviation of response can be determined from the
standard deviation of y-intercepts of regression lines [40].

3. Results and Discussion
3.1. Assembly and Characterization of DNA-3WJs

In the initial design, three ssDNAs, DNA 1, 2 & 3 (Scheme 1B), each
containing 20 nucleobases with four cytosines in the center were used,

which upon hybridization form a DNA-3WJ with an unpaired, 12-cy-
tosine loop at the center of the 3WJ (hereafter referred as 3WJ20-C12,
Scheme S1). On the other hand, DNA 4, 5 & 6 (Scheme 1B) hybridize to
form a 3WJ without a cytosine loop at the center and is used as a
control 3WJ (3WJ20) [41]. In general, the DNA-3WJs with and without
the central cytosine loops, used in this work are defined as 3WJN-CX
and 3WJN, respectively where N represents the total number of nu-
cleobases in one ssDNA and X represents the total number of unpaired,
cytosines in the central loop region of the 3WJ. All the ssDNA se-
quences, corresponding DNA-3WJs, HRMS and melting temperature
(Tm) values obtained are tabulated in Table S1.

Thermal denaturation properties of 3WJ20-C12 and 3WJ20 were
studied by monitoring the absorbance at 260 nm as a function of
temperature. 3WJ20-C12 dissociates into ssDNA at 32 °C whereas the
fully hybridized 3WJ20 melts at 41 °C. The decrease in the Tm value of
3WJ20-C12 compared to 3WJ20 (Fig. S1) is due to the relative desta-
bilization of the 3WJ in the presence of the twelve unpaired cytosine
nucleobases in the central loop region. Circular dichroism analysis
showed a bisignated CD signal centered at 260 nm, with a positive band
at 275 nm and a negative band at 248 nm (Fig. S2), which indicates the
B-form duplex structure of the arms in the DNA-3WJs. The duplex
nature of the 3WJ arms and presence of cytosine loop in 3WJ20-C12
were further analyzed by ethidium bromide (EB) intercalation studies
(Fig. S3A and S3B, Fig. S4A and S4B of 3WJ20-C12, 3WJ20, respec-
tively). Upon excitation at 515 nm, an enhancement in the monomeric
fluorescence emission of EB with successive addition of DNA-3WJs was
observed. A ~ 30% relative enhancement in the fluorescence emission
of EB in presence of fully hybridized 3WJ20 compared to 3WJ20-C12
(Fig. S5) indicates the presence of unpaired nucleobases in 3WJ20-C12.
Thus, the DNA melting, CD and EB displacement studies verify the
presence of 3WJ branches with duplex structures and cytosine loop in
3WJ20-C12.

3.2. DNA-3WJ Templated Fluorescent AgNCs

3.2.1. Absorption and Photoluminescence Study

To demonstrate our strategy of stabilizing AgNCs on cytosine loop
inserted at DNA-3WJ center, silver ions were added to DNA-3WJs in
buffer solution, followed by reduction using NaBH, (Schematic illus-
tration; Fig. 1A and 1B). UV-visible absorption spectra of 3WJ20-C12/
AgNC (AgNC formed in the presence of 3WJ20-C12) showed a char-
acteristic absorption band at 510 nm along with the surface plasmonic
resonance band of silver nanoparticles (AgNPs) around 400 nm [42].
The 510 nm absorption band is characteristic of the DNA templated
AgNCs as reported in the literature [43]. Control AgNC synthetic ex-
periments in the absence of 3WJs or in the presence of 3WJ20, showed
only the 400 nm surface plasmonic resonance band with no evidence of
510 nm band (Fig. 1C). These results clearly indicate that, only the
samples with DNA, templates and stabilizes Ag nanoparticles. Whereas,
the one without stabilizing agent results in the formation of more
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Fig. 1. Schematic illustration of the strategy for the preparation of fluorescent AgNCs in presence of A) 3WJN-C12 and B) 3WJN, C) UV-visible absorption spectra
and D) corresponding fluorescence emission spectra of AgNCs prepared with 3WJ20-C12, 3WJ20 and in the absence of DNA (Aexc = 510 nm).

aggregated Ag nanostructures than AgNPs, responsible for the observed
surface plasmon band. In addition, fluorescence emission spectra of
3WJ20-C12/AgNC showed characteristic emission band at 630 nm
(Mexe = 510 nm) which was not observed in the control experimemts
(Fig. 1D). This distinctive absorption and fluorescence behaviour of
3WJ20-C12/AgNC indicates efficient cytosine-Ag™* interaction only in
the 3WJs with central cytosine loop leading to the formation and sta-
bilization of fluorescent AgNCs upon reduction, which otherwise results
in the formation of aggregated AgNPs.

The formation of 3WJ20-C12/AgNCs was monitored by recording
the time dependent changes in UV-visible absorption and fluorescence
emission spectra. The plasmon absorption of the AgNPs around 400 nm
along with a small shoulder band around 510 nm corresponding to the
AgNCs started to appear within 10 min of the addition of NaBH4 to a
mixture of 3WJ20-C12 and silver ions (Fig. S6A). The absorption band
at 510 nm due to the formation of AgNCs gradually increased up to 8 h,
beyond which it got saturated (inset of Fig. S6A). Similar to the ab-
sorption spectra, a characteristic fluorescence emission band appeared
at 630 nm and showed significant emission within 2 h, with slight
enhancement in the fluorescence emission up to 8 h and gets saturated
(Fig. 2A, Fig. S6B). The observed red fluorescence compares well with
the fluorescence of AgNCs, reported with 12-cytosine as ssDNA tem-
plate or as a part of ssDNA/hairpin loop structures. [44-46] The
quantum yield (®g) of as-synthesized 3WJ20-C12/AgNCs was found to
be 12% in PBS buffer at pH 7.4, (Fig. S7A). Fluorescence lifetime
measurements of these 3WJ20-C12/AgNCs showed triexponential

decay with an average fluorescence lifetime of 1.64 ns (Fig. S7B).
Purification of 3WJ20-C12/AgNCs from AgNPs was achieved using
Ultracel®-10k centrifugal filters by the continuous washing of sample
with buffer solution (Fig. S8A and S8B). Purified samples of 3WJ20-
C12/AgNCs showed slight yellow color under day light and intense red
emission under 365 nm UV light (Fig. 2B, cartoonic representation of
purified 3WJ20-C12/AgNCs, Fig. 2C and 2D). Further, the purified
3WJ20-C12/AgNCs showed higher stability in terms of fluorescence
emission compared to the unpurified samples, as evidenced by the
fluorescence emission over 72 h (Fig. S9A and S9B).

3.2.2. HR-TEM, DLS, EDAX and XPS Study

HR-TEM analysis was used to visualize the size and shape of Ag
nanoparticles formed in the presence of different DNA-3WJs. Purified
samples of 3WJ20-C12/AgNCs showed 2-3 nm sized clusters, sup-
porting the effective stabilization of AgNCs inside the 3WJ center
(Fig. 2E). Whereas, the sample drop cast before purification showed a
combination of AgNCs, AgNPs and aggregated nanostructures (Fig.
S10A).The structure of the 3WJ with 4 unpaired cytosine bases per
strand at the 3WJ center (total 12 cytosines) is highly dynamic and
hence the exact nature of the 3WJ center is unknown. However, the
diameter of the 3WJ center calculated based on regular B-like structure
for the duplex arms with central unpaired cytosines in random coil
structure ranges between 2.5 nm to 4.5 nm and the AgNC complexation
could bring this to shorter diameters and more rigid structures. EDAX
spectrum of purified 3WJ20-C12/AgNCs, shows peaks corresponding to
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Fig. 2. A) Plot of fluorescence intensity of 3WJ20-C12/AgNC with reaction
time, obtained by monitoring fluorescence emission at 630 nm
(Aexc = 510 nm); B) cartoonic representation of purified 3WJ20-C12/AgNC;
photographs of purified 3WJ20-C12/AgNC under the exposure of C) day light
and D) UV light (Aexc = 365 nm) and TEM images of E) purified 3WJ20-C12/
AgNCs (The formation of 2-3 nm sized 3WJ20-C12/AgNCs are indicated by
yellow arrow mark) and F) AgNPs formed in the presence of 3WJ20. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Ag and phosphorous validating the presence of AgNCs and DNA (Fig.
S11) [47].

Under similar conditions, HR-TEM analysis of the AgNPs formed in
the presence of 3WJ20 or in the absence of any DNA, showed 10-12 nm
sized AgNPs and aggregated AgNPs (Fig. 2F and Fig. S10B). DLS mea-
surements of the AgNCs (or AgNPS) prepared under similar reaction
conditions in presence of 3WJ20-C12, 3WJ20 and in the absence of any
DNA, provide an estimation of the hydrodynamic size of various na-
nostructures (Fig. S12). Purified 3WJ20-C12/AgNCs showed a lower
hydrodynamic size of ~20 nm compared to the AgNPs formed in the
presence of 3WJ20 (> 60 nm) and in the absence of DNA (> 100 nm,
aggregates of AgNPs). Further, the elemental analysis and surface
composition obtained from the XPS spectrum (Fig. S13A) of 3WJ20-
C12/AgNCs confirmed the presence of Ag, phosphorous, oxygen and
nitrogen. Expanded Ag 3d region of XPS spectrum shows two peaks at
368.29 and 374.3 eV characteristic of the AgNCs (Fig. S13B) [42]. Thus,
HR-TEM and XPS analysis confirms that emissive AgNCs with 2-3 nm
size are formed only in the presence of mismatched 3WJ20-C12 tem-
plate with cytosine loop and validates our proposed strategy.

3.2.3. Sequence Dependence on the Formation and Fluorescence Properties
of AgNCs

Alterations in the formation of AgNCs and corresponding fluores-
cence emission was inspected by programming the ssDNA sequences as
represented in Table S1 & Fig. 3A-B. In the first instance, the duplex
branch length of DNA-3WJ was increased from 8 to 13 to obtain
3WJ30-C12 and 3WJ-30, with and without the central cytosine loop,
respectively. In the second example, the central, cytosine loop size was
reduced from 12 to 6 cytosines to obtain 3WJ20-C6. DNA-3WJs were
prepared from the corresponding ssDNAs and Tm values obtained are
tabulated (Table S1, Fig. S14A and Fig. S14B). A comparison of the Tm
values of 3WJ30-C12 (51 °C) and 3WJ20-C12 (32 °C) demonstrate the
additional stability offered by the extended duplex arms in the case of
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3WJ30-C12. AgNCs prepared in presence of 3WJ30-C12 showed a
characteristic emission at 578 nm (Aexe = 490 nm), with a blue shift
and relatively enhanced emission compared to 3WJ20-C12/AgNCs
(Fig. 3B). This shift in the emission spectrum could be attributed to the
presence of higher number of nearby nucleobases and less flexibility of
3WJ30-C12 compared to 3WJ20-C12 [48]. Control experiments with
3WJ30 doesn't show any characteristic emission as expected, thereby
validating the requirement of cytosine loop in the 3WJ center for sta-
bilizing AgNCs. Likewise, attempts to prepare AgNCs with 3WJ20-C6
doesn't show the formation of emissive AgNCs, indicating that, a 6
cytosine loop is not enough for stabilization of the emissive AgNCs
(Table S2 in supporting information shows the different DNA-3WJ
structures and corresponding changes in the fluorescence emission).
These results of fluorescence emission were further supported with HR-
TEM analysis. 3WJ30-C12/AgNCs showed the presence of 3-4 nm sized
AgNCs whereas 3WJ30 and 3WJ20-C6 showed the formation of AgNP
aggregates (Fig. S15A, S15B and Fig. S15C).

3.2.4. Metal Ion Interaction Studies

Interestingly, the 3WJN-C12/AgNCs exhibited highly selective and
sensitive interactions with Hg?* ions and hence can be employed in the
detection of trace amounts of Hg?>* ions in aqueous solutions by a
fluorescence turn-off mechanism. For example, the fluorescence of
3WJ20-C12/AgNC, showed significant quenching in the presence of
1-200 nM Hg>* ions as shown in Fig. S16A. The sensitive detection is
characterized by a significantly low, LOD value of 0.7 nM, calculated by
monitoring the changes in fluorescence intensity as a function con-
centration of Hg®* ions (Fig. 3C). Similarly, the selectivity of 3WJ20-
C12/AgNC for Hg?* ions was analyzed using various metal ions (K*,
Li*, Ca%*, Mg?*, Cu®*, Zn?", Cd®*, AI®*, Hg?* and Fe®*, Fig. S16B)
and the results are summarized in Fig. 3D. Other metal ions, even at
300 times higher concentrations compared to Hg?", failed to show
significant fluorescence quenching. A review of existing literature
shows that the silver nanoclusters (AgNCs) stabilized by DNA strands
and other small molecules are shown to exhibit a highly selective and
sensitive interaction with Hg>*, leading to significant fluorescence
changes. [46,49] The leading mechanisms proposed for the selective
interaction of AgNCs with Hg?" ions are; (i) d'°-d'® metallophilic in-
teractions and (ii) redox reactions involving Hg>* and Ag leading to the
oxidation of Ag atoms in the cluster to Ag(I) ions, which perturb the
fluorescence properties. The highly sensitive fluorescence quenching of
3WJ20-C12/AgNCs in presence of Hg?™" ions could be attributed to the
possible oxidation of Ag(0) to Ag™ ions, which also explains the se-
lectivity of the interactions in this case.

To get a better insight into the fluorescence quenching mechanism
of AgNCs by Hg?", thermal denaturation studies of 3WJ20-C12 in
presence of Ag® ions, AgNCs and AgNC/Hg?* were conducted (Fig.
$17). The addition of 6 equivalents of Ag™* to 3WJ20-C12 stabilizes the
3WJ DNA by 3 °C and the corresponding AgNCs (obtained by reduction
of the same solution using 6 equivalents of NaBH,4) by 4 °C. Subsequent
addition of Hg>" to the 3WJ20-C12/AgNC resulted in the destabiliza-
tion of 3WJ20-C12/AgNC. These results further supports the proposed
redox mechanism for the fluorescence quenching in 3WJ20-C12/AgNCs
in the presence of Hg?". [17]

4. Conclusion

In summary, we present a novel design of branched DNA-3WJ with
a cytosine loop at the center for stabilizing AgNCs, which can replace
the process of modifying DNA branches for AgNCs used in multi-
functional applications. The potential of this strategy to template AgNC
is verified using a standard DNA-3WJ. The formation of AgNCs inside
this loop was characterized with photophysical, microscopic and sur-
face analysis techniques. Sequence length and central cytosine loop size
dependent changes on the formation and fluorescence properties were
also examined. Results suggest that, AgNCs templated by DNA-3WJ
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Fig. 3. A) Representation of 3WJ20-C6; B)
Fluorescence emission spectra of AgNCs prepared in
the presence of 3WJ30-C12, 3WJ-30 and 3WJ20-C6
(Aexe = 490 nm); C) F,/F versus concentration plot
of fluorescence quenching of 3WJ20-C12/AgNC with
increasing the Hg®* from 1 to 6 nM and D)
Fluorescence quenching of 3WJ20-C12/AgNC, (Fo-
F)/Fo at 630 nm with addition of 60 uM different
metal ions in acetonitrile.
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with a 12 cytosine loop is a reasonably good template with fluorescence
properties compared to its 6 cytosine analogue. The length of duplex
3WJ branch shows significant influence on fluorescence properties of
AgNCs. The selectivity and sensitivity studies with metal ions demon-
strates the ability of 3WJN-C12/AgNCs to sense Hg** ions in aqueous
solutions with detection limit in nanomolar range. Therefore, this novel
design of AgNCs templated by branched DNA structure can be used as a
fluorescent nanotag, which offers a better programmability of the du-
plex branches for multifunctional applications over the normal DNA-
3WJ templated fluorophores reported.
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