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PREFACE

DNA nanotechnology makes use of the sequence complementarity of nucleic acids in
building the long-range ordered, programmable DNA nanostructures, and prevails in
engineering functional nanostructures through DNA origami, DNA tile assembly, and assembly
of DNA amphiphiles. These current technologies rely on the synthesis and self-assembly of
synthetic and modified oligonucleotides and their complex designs, which make it highly
expensive and limits the large-scale production of DNA nanostructures.! In this context,
developing long-range ordered, functional DNA nanostructures from random, unmodified
oligonucleotides is still an unresolved challenge.z The present thesis addresses this challenge by
proposing alternative strategies to attain DNA assisted assembly of small organic molecules by

employing different non-covalent interactions.

The thesis is organized into four chapters including an introduction chapter, which gives
an overview of the different supramolecular DNA nanostructures and general strategies
involved in the assembly process. The chapter also discusses the major challenges in classical
DNA nanotechnology and the current strategies adopted to resolve the problems in DNA based

assemblies.

Second chapter discusses the ordered assembly of an amphiphilic pyridinium appended
fullerene derivative (FPy) through electrostatic interactions with various oligonucleotides
involving charge neutralization, DNA condensation and formation of ultrathin crystalline
nanosheets (Chapter 2A). The differential interaction of FPy with long/short dsDNA and ssDNA
were identified through spectroscopic and morphological analysis. Longer double strand DNAs
such as linear A-DNA and circular pBR322 plasmid DNA readily condense in presence of FPy to
form few layer nanosheets with sub-micrometer lateral dimensions. The assembly in this case is
guided by initial DNA condensation and subsequent fullerene-fullerene interactions. On the
other hand, FPy binds efficiently to shorter DNA strands such as 20-mer dsDNA and ssDNA
primarily through electrostatic interactions and subsequent charge neutralization lead to
significantly crystalline nanosheets with lateral dimensions in the micrometer range. Further,
the addressability of the DNA/FPy nanostructures were demonstrated using a Cy3-modified
ssDNA (DNAZ2-Cy3), which also forms highly crystalline nanosheets in presence of FPy and
exhibit strong quenching of Cy3 fluorescence through possible electron transfer interactions

with fullerenes in the DNA2-Cy3 /FPy assembly (J. Photochem. Photobiol. B 2022, 226, 112352).

The strategy has been generalised for anionic polymers by demonstrating the ordered
assembly of fullerene through interaction with polystyrene sulfonate (PSS). Chapter 2B

discusses the formation of PSS/FPy hybrid and the ordered assembly of fullerenes in these

xiii



hybrid nanostructures. The fullerene/polymer assembly is investigated through spectroscopic
and morphological analysis and the reorganisation of fullerene to an FCC lattice structure in
presence of PSS is observed through XRD analysis. The enhanced electron transporting
property of PSS/FPy hybrid compared to bare FPy by virtue of the FCC lattice structure is
confirmed through SCLC method.

Chapter 3 discusses the design, synthesis and assembly/re-assembly process of three
aniline appended amphiphilic TPE derivatives (TPE1, TPE2 & TPE3) in the presence of CTDNA
and short dsDNA. Hierarchical assembly process of TPE amphiphiles from fibrillar to
nanoribbons/nanosheets structures has been discussed in detail. The disassembly and
reassembly of TPE amphiphiles in presence of DNA leading to more ordered nanostructures is
probed through different spectroscopic and morphological techniques. The initial fibril
formation might be originated from the slipped stacking of TPE cores along with the van der
Waals interaction between triethylene glycol chains. The difference in the number of triethylene
chains attached to the TPE amphiphiles significantly contribute to the distinct assemblies of
TPE1, TPE2 and TPE3. Lateral association of fibrillar structures and formation of
nanoribbons/nanosheets rely on the van-der Waals interaction between the triethylene glycol
chains which in turn stabilise the TPE assemblies in water. DNA plays a key role in the
reassembly process as it alters the hydrophilic-hydrophobic balance of the system and provide
specific binding possibility to achieve a directional assembly without compromising the
ultimate morphology of the respective assemblies. The crystalline assembly of TPE can be
observed in all the three TPE/DNA hybrids and the reassembly process of TPE2 in presence of
CTDNA is studied in detail. Short dsDNA act as more rigid template for the assembly of TPE
amphiphiles and is found to form more ordered structures compared to the crystalline

assemblies formed by lengthy, flexible CTDNA.

Chapter 4 demonstrates the formation of hierarchical flower-like assembly from
diaminotriazine appended TPE derivative (TPE4) through amphiphilic self-assembly and H-
bonding interaction with polydeoxythymidine strands (dT.). TPE4 forms flower-like assemblies
through the hierarchical organization of nanosheets, which is formed through the winding of
ribbon like structures. Presence of dT. prevents the initial lateral association of TPE4 by
triggering H-bond directed assembly of TPE4. Assembly with dT, units result in the 1D-
organization of TPE molecules on the oligonucleotide strands, which eventually transforms to
2D-network structures of TPE4/dT,. The lateral association of more TPE amphiphiles on these
network structures result in nanosheets which further stack to form flower-like assemblies with
more ordered amphiphilic self-assembly than the initial assembly of TPE4 alone. The

morphological transformation of TPE4 is thoroughly investigated through AFM analysis.
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In conclusion, we have put forward simple strategies to make DNA nanostructures by the
mutually assisted assembly of DNA and small amphiphiles via non-covalent approaches. These
strategies make use of the inherent tendency of the amphiphiles to assemble in aqueous
medium, directed by the unique structural characteristics of DNA. Ordered assemblies of
fullerenes and TPE derivatives studied in this thesis are highly desirable in the context of their
promising optoelectronic applications and the incorporation of DNA to the assembly further
improve the potential of these nanostructures. These simple strategies to organise suitably
designed small amphiphilic molecules in a more ordered fashion with the assistance of DNA can

significantly contribute to the emerging field of DNA nanotechnology.
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CHAPTER 1

AN INTRODUCTION TO DNA BASED
SUPRAMOLECULAR ASSEMBLIES

1.1. ABSTRACT

The complex functional systems in nature rely on the principle of precise
organization of simple basic units in a unique fashion to provide effective
communication within the system and achieve desired functional properties. As a
consequence, the function of each such supramolecular system in nature has been
evolved from the intelligent design of its multi-component units, and the unique
organization within them based on specific interactions. Following this nature’s
approach of precise organization, ordered assembly of functional entities like
chromophores, biomolecules, nanoparticles, quantum dots, etc, with excellent
physicochemical, optical, morphological and multiple stimuli-responsive properties
were developed, which attracts the attention of research community from various
fields. For example, generally, inorganic materials like metal oxides, nanoparticles,
quantum dots, etc., have been engaged in nanodevice fabrication due to its
outstanding performance originating from the appropriate structural
characteristics, and crystalline ordering in the respective structures. However, most
of these inorganic materials are associated with severe toxicity and can be replaced
with the labile and comparatively safe small organic molecules by following the

supramolecular assembly principles to achieve the required organization of the
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molecules suitable for nanodevices and other nanotechnology-based applications,
without compromising the safety aspects.

The precise organization of functional materials can be achieved through
templated assemblies, often involving more ordered scaffolds like polymers,
proteins or oligonucleotides to bind the moieties and to direct the desired assembly.
Among these various templates, DNA as such and its engineered nanostructures are
promising candidates in organizing small molecules, polymers, nanoparticles and
biomolecules for various applications, because of their unique double-helical
structure which allows molecular recognition/interactions through intercalation,
electrostatic interactions and groove binding. Hybridization based DNA tile
assembly, DNA origami and 3D lattice structures based on DNA-
metal/semiconductor/nanoparticle building blocks are examples for different
strategies adopted in the classical DNA nanotechnology. Apart from these classical
approaches of utilizing long or complex scaffolds of DNA and its hybridization
possibilities, there are plenty of other opportunities to accommodate specific
functional moieties in the unique structure of DNA. This includes the phosphodiester
recognition through electrostatic binding of cationic species, nucleobase recognition,
intercalation, and major and minor groove binding interactions. This introductory
chapter highlights the role of DNA to generate the ordered assembly of small

amphiphilic molecules in aqueous media.

1.2. INTRODUCTION
The complex, functional living systems amaze the scientific community to
inquire more into the secret of life and its endurance. The system become more and

more complex as we unravel each stage and rely on precise organization of simple
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basic units in a unique fashion to provide effective communication within them.
These systems engage with the surroundings to grow, function and respond to the
external stimuli to create an equilibrium condition. Function of each supramolecular
system has been evolved from the intelligent design of its multicomponent units and
the unique organization within them based on specific interactions. For example, the
well-defined antenna network comprised of suitable pigments in light harvesting
system, channel the energy to the respective reaction centers through efficient,
spatially oriented energy transfer cascade.! Likewise, organization of lipids and
proteins in biological membranes decide the transport of materials in and out of the
living systems.2 Actin filaments and microtubules are other examples to portray the
excellent supramolecular architectural designs in living systems.3 Supramolecular
chemists always get fascinated about the dynamic assembly processes involved in
actin filaments and microtubules and the cross-talk within them.*¢ There are
numerous other examples in the living system to inspire supramolecular
researchers to develop novel systems with higher order organization in nanoscale to

impart excellent functional properties.

Apart from biological systems, material world also looks into the
supramolecular assemblies since the highly ordered arrangement often found to
enhance the physicochemical, mechanical and optoelectronic properties of
nanomaterials and devices. 7= So the precise nanoscale arrangement of molecules is
highly desirable and well challenging to achieve excellent functional properties.
Generally, inorganic materials like metal oxides, nanoparticles, quantum dots etc.
have been engaged in nanodevice fabrication due to its outstanding performance

originated from appropriate structural characteristics and crystalline ordering in the
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respective structures.10-12 These inorganic materials can be replaced with labile and
comparatively safe organic molecules by adopting supramolecular chemistry to

organize the molecules and thereby to enhance the material properties.13-15

1.3. Supramolecular assembly strategies

Supramolecular assemblies rely on various non-covalent interactions such as
ionic (300-800 kJ/mol), ion-dipole (50-200 kJ/mol), hydrogen (H) bond (4-120
k] /mol), dipole-dipole (4-40 k]J/mol), m-m stacking (1-20 kJ/mol), and van der
Waals (1-10 k]J/mol) interaction (Figure 1.1). Synergistic combinations of some of
these non-covalent forces suitably arrange the molecules to a desired construct in
order to attain most favorable energy state. Apart from these forces, supramolecular
assemblies in water are generally guided by the hydrophobic effects which try to
reduce the contact of hydrophobic part with aqueous medium. This effect
significantly contribute to the protein folding, formation of lipid-bilayer membrane,

DNA structure etc.

Charge - Charge
0

[ & @ :
o F) o ,~— A O o
Dipole - Dipole e +— | Charge - Dipole
AR +) 5 &)
S | 5 &3 ~—r
~r

Non-Covalent
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Figure 1.1. Schematic representation of different non-covalent interactions.

(Modified from https://www.chem.uwec.edu/Chem352 Resources/pages/

lecture materials/unit I/lecture-2/overheads/Chem352-Lecture 2-print.pdf).
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1.3.1. m -t stacking and van der Waals interactions

m-systems are incredible candidates in supramolecular chemistry that hold
great potential in self-assembly through the non-directional, dispersive m- m
interactions. Stimuli responsive changes in the m- chromophore stacking are widely
employed in various optoelectronics and biomedical applications. Thus, certain
interesting m-chromophores based supramolecular systems are in demand due to its
major functional applications in diverse fields. Moreover, suitable chemical
modification can alter the stacking behaviour of the chromophore and is in turn
reflected in the overall functional performance of the supramolecular system. So, the
physicochemical properties of supramolecular systems can be modified
considerably by the fine structural tuning of the m-system. The researchers have
made great efforts to modulate the self-assembly of highly demanded m-systems like
fullerenes, pyrene, OPV, perylene etc. by the incorporation of suitable entities.16
Long alkyl chains and hydrophilic glycol chains are integrated in the molecular
design in order to strengthen the supramolecular system through additional van der
Waals interaction. Several literature reports convince the major role of these van der

Waals interactions to decide the fate of the supramolecular system. 17

1.3.2. Electrostatic interactions

Electrostatic interactions are stronger compared to van der Waals or m-
interactions and are non-directional since it is highly affected by the solvent system
and other counter ions in the system. As the assembly of molecules majorly rely on
the attraction and repulsion between the individual molecules, the electrostatic
charges on the entities are highly important and the electrostatic balance play a

major role in the formation of different supramolecular systems. The ionic
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interaction based supramolecular systems are well-explored in the field of drug
delivery systems and sensing applications that utilizes the pH responsive charge

switching in the molecular system.18 19

1.3.3. Hydrogen bonding interactions

Highly directional hydrogen bonding interactions have great significance in
the molecular recognition based supramolecular assemblies due to its highly specific
nature. It offers versatile supramolecular structures with high stability and the
strength and reversibility can be modulated through the suitable modifications in
the H-bonding motifs. Apart from the dispersive interactions, H-bond interactions
offer highly ordered supramolecular systems with excellent functional properties.
Moreover, it offers control over the size and dimensionality of the system by proper

choice of solvent systems, temperature etc.

1.4. Amphiphilic self-assembly

Amphiphiles are the most suitable candidates for supramolecular assembly
process due to the inherent tendency of the amphiphilic design to associate each
other in a less favorable environment and achieve minimum energy through self-
organization. Amphiphiles, consist of solvophobic and solvophilic part, prefer to
orient in the solvent system appropriately by reducing the exposure of solvophobic
part to the outer surface and attain its stability by engaging the solvophilic
interactions.2? For example, the double helical structure of DNA is achieved by
providing a hydrophobic space for the suitable encapsulation of the hydrophobic
nucleobases in the interior of the phosphate backbone cage by expelling water

molecules to the outside.2! Thus, the spontaneous organization into ordered self-
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assembled structures satisfies the entropy requirement by increasing the disordered
configuration in the surroundings.

Most of the supramolecular designs in the biological system rely on
amphiphilic self-assembly that contribute to the function and control of the entire
vital tasks in living organisms. The structural design of DNA, protein folding, lipid-
bilayer membrane designs etc. primarily rely on amphiphilic self-assembly by
incorporating suitable supramolecular interactions like H-bonding, electrostatic
interactions, hydrophobic effects, van der Waals interactions etc.22-24 As a
bioinspired strategy, amphiphilic self-assembly pave way to the development of
advanced functional systems for various applications. A library of nanomaterials,
spanning from zero dimension to three dimensions, can be achieved through
amphiphilic self-assembly that include nanospheres, nanofibers, nanotubes,
nanorods, nanoribbons, nanosheets, micelles, nanovesicles etc.20. 2527 A general
understanding of the design strategies and self-assembly processes bring out novel
materials with excellent functional properties. The formation of spherical micelle is
considered as the classic example for the amphiphilic self-assembly that orient the
solvophobic part to the interior in order to reduce the exposure to solvent molecules
and the solvophilic part to the exterior, majorly guided by the solvophobic effect.28

The shape and size of the amphiphilic assembly are greatly depending upon
the amphiphilic design, solvent system, pH, temperature etc. Thus, it’s interesting to
modulate the assembly through the suitable choice of these specific parameters. At
present, the thorough knowledge developed by the supramolecular chemists is high
to predict the shape of the amphiphilic assembly with more precision.2? The design
of an amphiphile with a hydrophilic head and two hydrophobic tails can form bilayer

vesicles in the case of phospholipid membranes.2? Besides the conventional bilayer
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vesicles, there is multi-layered vesicles look-like onion structure. These various
vesicle structures can carry both hydrophilic/hydrophobic drug molecule and this
realization further pave way to the design of numerous drug delivery vehicles.2° Pei
and co-workers have introduced a novel redox-responsive cationic vesicular system
for drug/SiRNA co-delivery based on amphiphilic pillar[5]arene capped with
ferrocenium. Here, the structurally rigid pillar structures can encapsulate the drug
molecules and the cationic ferrocenium units can hold the SiRNA effectively. The
amphiphilic nature of this pillar[5]arene derivative made possible the formation of
vesicular structures and the GSH responsive ferrocenium part take charge of the
stimuli responsive assembly and disassembly as shown in Figure 1.2A.2> Likewise,
Wang and co-workers have developed a dual photo- and pH-responsive drug

delivery system based on vesicular structures of pillar[6]arenes (Figure 1.2B).30
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Figure 1.2. Chemical structure and schematic representation of A) amphiphilic
pillar[5]arene derivative, formation of redox responsive drug/SiRNA delivery
system and B) amphiphilic pillar[6]arene derivative, formation of dual photo and

pH-responsive drug delivery system. (Adapted from reference 25 and 30).
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Figure 1.3. Schematic representations of A) formation of helical nanotubes from
gemini-shaped chiral hexabenzocoronene derivative; B) formation of lipid
nanotubes from D and L enantiomers under different ratios and C) Chemical
structure and proposed self-assembly mechanism of benzene tricarboxamide

monomer under different kinetic regimes (Adapted from reference 32, 33 and 34).

However, a bolaamphiphile with two hydrophilic heads connected through a
hydrophobic part usually form a tubular structure with single wall thickness.31
Amphiphilic molecules with a chiral centre generally make nano-twist in the
assembly to form helical and twisted structures as shown in Figure 1.3A. A helical
structure has a cylindrical curvature that can act as a precursor for tubular
structures. In 2005, Aida and co-workers have reported the formation of right and
left-handed helical graphitic nanotubes from the enantiomers of gemini shaped
chiral hexabenzocoronene.32 Later, Liu and co-workers have demonstrated the
tunable chirality of the lipid nanotube by mixing the two enantiomers in different
ratios as shown in Figure 1.3B.33 The molecules with C3-symmetry also form tubular

structures, but generally formed through columnar stacking. Recently, Webber and
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co-workers have investigated the hierarchical assembly and hydrogelation of
benzene tricarboxamide, a C3-symmetric discotic molecule. In this report, they have
explored different self-assembly pathways by pH stimulus under kinetic control and
is shown in Figure 1.3C.34

Apart from 1D nanostructures, the fabrication of 2D nanomaterials is also
highly important and remain as a challenging task. The large surface area provided
by the 2D nanosheet make it a suitable candidate for sensing, catalysis,
optoelectronic applications etc. Several approaches have been developed for the
synthesis of 2D nanomaterials that include Langmuir-Blodgett films,3> self-
assembled monolayers,3¢ 2D covalent polymers,37 co-ordination polymers,38 metal-
organic frameworks3 etc.

The genre of supramolecular 2D-nanomaterials is expanding widely by the
contribution from various research groups and is considered as an intelligent
approach for the development of highly ordered nanostructures with controllable
size and tunable properties. For example, Haner and co-workers have demonstrated
the assembly of pyrene trimers in aqueous media to form 2D-nanosheets with
controllable size. The well-ordered pyrene nanosheets with high-aspect ratio can be
prepared by applying a slow temperature gradient (0.1 °C/min) and large number of
smaller nanosheets by larger temperature gradient (20 °C/min).4% Later, Takuechi
and co-workers have achieved control over the surface area and the corresponding
aspect ratio of supramolecular nanosheets by modulating the intermolecular
interactions through suitable molecular design.#! The 2D nanosheet assembly in
solution phase can also be achieved from distinct disc shaped molecules, aromatic
macrocycles, C3-symmetric molecules etc. Myongsoo Lee and co-workers have been

extensively worked on the development of functional 2D-nanostructures from

10
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aromatic macrocyclic molecules modified with oligoether dendron.4247 They have
shown the static and dynamic nanosheets from anthracene based macrocyclic
geometrical isomers. The dynamic nature of the trans-form is stimulated by a
thermal trigger (Figure 1.4A).#* Later, they have developed porous homochiral 2D-
nanosheets capable of enantioselective sieving by the design of suitable aromatic

macrocycles and is shown in Figure 1.4B.47

Py b 2 e . Chiral dimeric stack
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Figure 1.4. Chemical structure and schematic representation of A) anthracene based
macrocycle and the formation of static and dynamic nanosheets from cis and trans
forms; B) aromatic macrocycle and formation of homochiral porous nanosheets

capable of enantioselective sorption. (Adapted from reference 44 and 47)

2D-nanosheets can also be formed through the lateral association of
nanofibers by virtue of different non-covalent interactions like H-bonding, host-
guest complexation, van der Waals interactions, hydrophobic interactions etc. The
same group (Myongsoo Lee’s group) has demonstrated the evolution of 2D
nanosheet by the lateral association of the tubular structures formed from a see-saw
shaped molecule in presence of trans-azobenzene. The 2D-nanosheets can
accommodate a hydrophobic guest like trans-azobenzene and the trans-cis
isomerization of azobenzene under UV irradiation trigger the disassembly of porous

nanosheet structures to form initial tubular structures (Figure 1.5A).46 Recently,

11
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they have showed the length-wise division of the porous 2D-nanosheets, formed
from aromatic macrocyclic amphiphiles with oligoether dendrons, to nanofibers
with temperature control as shown in Figure 1.5B and is attributed to the
subsequent change in environment of the oligoether chains on thermal

dehydration.#>

A)
UV (365nm)
—_—
-—
trans-cis Isomer

)
%

v

x Self-Assembly y
il L)
S
i\fzq#

Seesaw-shaped molecule Tubular culm

bee

Discrete tubule

B) P

&
& Wy
& ]l/l/l"'/'
AT i i £,
4+ ¥) I
o
T
Primary Fibril 2D-Sheet Lengthwise Division

Figure 1.5. Molecular structure and schematic representations of A) See-saw
shaped molecule and the formation of nanosheets through the lateral association of
initial tubular assemblies in presence of azobenzene and its disassembly on trans-cis
isomerisation under UV-irradiation; B) Aromatic macrocycle with oligoether
dendrons and its self-assembly into 2D- nanosheets from initial fibrillar structure
and its length-wise division under thermal trigger. (Adapted from reference 46 and
45).

In spite, the high aspect ratio 2D materials are generally achieved by the use
of a 2D template, most often a protein array, DNA origami structure or tile assembly.

48-50 These finite, well-defined 2-D templates enable precision positioning of the

12
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functional materials through effective binding.>! For example, Abb and co-workers
described the formation of 2D assemblies by controlling the amino acid sequences of
oligopeptides.>?2 In a different approach, Ringler and Shultz adopted a different
approach to build proteins self-assembled networks on lipid monolayer, having I-
rhamnulose-1-phosphate aldolase and streptavidin as building blocks.>3 Likewise,
DNA also provides specific binding sites to organize functional moieties in an
ordered manner. Thus, DNA is well-explored as a template for the development of
ordered nanoscale assemblies.>* 55> Detailed discussion on DNA structure, specific
binding modes and the evolution of DNA nanotechnology has been provided in the

subsequent sections.

1.5. DNA: structure and specific binding modes

DNA is a self-assembling biopolymer that forms double helices directed by
canonical Watson-Crick base pairing and is stabilized by the hydrogen bonds, n-n
stacking and hydrophobic interactions.>¢ DNA is a nucleic acid that consists of two
long chains of nucleotides twisted together into a double helix, where each strand is
composed of a combination of four complementary bases such as adenine (A),
thymine (T), guanine (G) and cytosine (C). These nucleotides are connected through
phosphodiester linkages within a strand (deoxyribose sugars joined at both the 3’-
hydroxyl and 5’-hydroxyl groups to phosphate groups in ester links is called
phosphodiester linkage). The two strands are held together primarily through
hydrogen bonds where adenine forms two hydrogen bonds with thymine and
cytosine forms three hydrogen bonds with guanine. The region where the two

strands are close to each other (deep-narrow) is called minor groove while the

13
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region where they are away from each other (shallow-wide) is called major groove
(Figure 1.6).
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Figure 1.6. A) Structures of B-DNA and Z-DNA; B) Chemical structures of
nucleobases and the representation of Watson-Crick base pairing (Adapted from

reference 54).

The unique structure of DNA provide various binding sites through
nucleobase recognition, phosphodiester recognition, major/minor groove binding,
intercalation etc. as shown in Figures 1.7A and 1.7B.57 Nucleobase recognition
enables the specific binding of functional materials on templated DNA base through
H-bonding interactions. Several research groups have employed molecules that are
covalently linked with nucleobases to orient certain functional materials. The
phosphodiester groups that are deprotonated at pH >2.5, can electrostatically
interact with inorganic salts and organic cations and can be utilized for the
generation of supramolecular DNA templated assemblies. Certain small molecules
or nanoparticles can bind at the major/minor grooves of DNA by its shape
complementarity either through phosphodiester recognition or nucleobase
recognition. The suitable selection of functionalities with specificity towards A-T or
G-C base pairs has been widely accepted in DNA based sensors and fluorescent

markers. Small aromatic molecules can interact with the nucleobases through m-n
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stacking and can be intercalated in between the nucleobase pairs. Ethidium bromide,

SYBR green, Acridine orange, etc. are some of the examples for generally used DNA

intercalators.
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Figure 1.7. Possible DNA binding modes of functional materials to A) single

stranded DNA, and B) double-stranded DNA (Adapted from reference 57).

These inherent structural features offer high programmability for DNA and
the idea to use DNA as a structural material is emerged from the design of Holliday
junctions formed as a recombinant intermediate in the cell. The Holliday junction,
formed from four double stranded arms joined together as seen in Figure 1.84, is
more flexible to create rigid tiles through deliberate assembly process which in turn
is capable to form larger arrays.58 59 G-quadruplexes are another special type of DNA
structure formed from guanine rich nucleic acids in which four guanine bases are
associated through Hoogsteen base pairing to form guanine tetrad and it further
stack to form helical G-quadruplex (Figure 1.8B).60.61 Likewise, the special tetraplex
i-motifs structures are formed from two cytosine rich duplexes intercalated with
each other in an antiparallel orientation through non-Watson-Crick base pairing
(Figure 1.8C) and serve as good candidate in biosensing, drug delivery, molecular

switching etc. due to its ligand binding capacity and pH responsive nature.62 63
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Figure 1.8. A) Schematic representation of Holliday junctions; B) G-quadruplex and

C) Tetraplex i-motif structures. (Adapted from references 59, 61 and 63)

Moreover, the first level of DNA organization, a linear array of nucleosome
core particles (NCP) is later become a model for novel DNA nanostructures. In the
eukaryotic cell nucleus, DNA exists as chromatin, a compact but dynamic complex
with histone proteins which uses various non-covalent interactions involving
histone-histone and histone-DNA interactions to make stable, rigid and compact
chromosomal structures as shown in Figure 1.9.64 The way in which the centimeter-
long DNA wrap around the histone protein to form compact micrometer sized

nucleosome core particles is known as DNA condensation.

This fascinating process of DNA condensation remains as a great inspiration
for the construction of different DNA nanoarchitectures. The multivalent cations can
readily interact with the anionic phosphate backbone of DNA and charge
neutralization leads to DNA condensation. Cationic polymers, dendrimers,
nanoparticles etc. are employed for DNA condensation to form DNA condensates
with different size and shape. Also, an effective DNA condensing agent with
sufficient gene protection can be used for gene delivery applications. Furthermore,

the spatially aligned DNA assemblies can be achieved by the control over DNA
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condensation. Bar-Ziv and co-workers investigated the conformational changes of
DNA brushes on spermine induced DNA condensation and achieved precise control
over the DNA condensation mechanism to guide the assembly to desired dendritic
patterns.®> Further, they have employed similar strategy to achieve the precisely

guided one dimensional assembly of DNA polymers on a patterned biochip.66

Condensed
Chromatin

Nucleosomes

Figure 1.9. Schematic representation of hierarchical organization of DNA into
chromosomes involving DNA condensation. (Adapted from

http://brassica.plants.umanitoba.ca/~brienn/cyto/ 109/109.html)

1.6. DNA based assembly strategies

The unique structure of DNA makes it a versatile template for the
organization of materials through specific recognition sites in DNA. DNA
nanotechnology is a well emerging field which contributes enormously to the field of
structural and functional materials in a short span of time. DNA nanoarchitectures
turn out to be a good choice for structural and functional materials in diverse fields

and attributed to its high programmability and precise modulation ability. As part of
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the DNA nanotechnology, different approaches have been developed to achieve the
goal of making structural and functional nanomaterials. DNA can be used as a tile to
form two dimensional architectures,®” or long strands can be folded to make origami
structures which also provide space for further functionalisation.t8 62 DNA
architectures functionalized with organic molecules can be made by incorporation of
DNA intercalators or groove binders in the molecular design.”’0-72 Covalent
modification of DNA strands with suitable self-assembly partners provide great
opportunities in the field of DNA architectures.”3 Non-covalent interactions can also
be utilized to form DNA architectures,’* which makes an easy way compared to DNA

tile assembly or DNA origami, but the way has to be explored widely in the future.

1.6.1. Structural DNA nanotechnology

The evolution of DNA nanotechnology starts from the idea of Nadrian. C.
Seeman, basically a crystallographer, to organize proteins and other biomolecules on
immobile DNA junctions.”’> 76 The pioneering works of Seeman bring about the DNA
tile-based assemblies. Later, Paul Rothemund has introduced the idea of DNA
origami that involves the folding of long scaffold strands with the help of short
staple strands. A brief description of these two unique methods in structural DNA

nanotechnology has been provided in the following section.

1.6.1.1. DNA tile assembly

Tile-based DNA structures have been emerged to assemble higher order
periodic and aperiodic lattices with greater rigidity through DNA sticky ends as
shown in Figure 1.10A. The first DNA tile assembly, immobile four-way junction, has
been formed from four DNA single strands, designed by Seeman and co-workers.””

The core of a DNA tile can be designed by DNA double crossover (DX) motifs or
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triple crossover (TX) motifs. A DX motif consists of two parallel double helices held
together by two crossovers.”8 Further rigidity can be attained by more complex
structures derived from the basic DX design.”? Instead, a TX motif contains three
parallel helices with four crossover junction and possesses greater rigidity
compared to the DX motifs.80 Rational assembly of these tile motifs can generate
various DNA assemblies through the suitable modifications of sticky ends and
hairpin loops.81 The groups of Ya and LaBean have designed a 2D-nanogrid (Figure
1.10B) by a DNA tile based assembly of four interconnected four-armed junctions
incorporated with biotin units and have shown the periodic arrangement of protein

streptavidin on the designed 2D-nanogrid.*?
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Figure 1.10. Schematic reperesentation of A) DNA sticky end; B) Four-arm junction
and corresponding 2D assembly with the the AFM images of resulting 2D array on
mica surface; C) Tensegrity triangle and the assembled with the optical image of the
3D crystals formed through the assembly of tensegrity traingles and the three star
motifs joined to form different polyhedral structures. (Adapted from references 49

and 77).
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During the same period, Mao and co-workers have designed tensegrity
triangles in which three four-arm junctions associate to form DNA triangles with
rigid vertices and flexible interhelical angles. In the later years, more complex 3D
structures have been developed based on the design of tensegrity triangles.82 In
2009, Seeman and co-workers achieved the formation of 3D-DNA crystals based on
the precise, long-range ordered assembly of tensegrity triangles (Figure 1.10C).83
Further, the tile based approach has been advanced by the construction of 3D
wireframe polyhedral structures.84 Even though, the tile based assembly strategy
often fail to meet the requirement of highly periodical structures with large

structural complexity.

1.6.1.2. DNA origami

In DNA origami based approach, a very long single stand DNA scaffold staple
together with hundreds of short DNA strands complementary to different regions of
scaffold DNA to form desired DNA nanostructures. Besides DNA tile based assembly,
DNA origami approach can be employed to produce highly complex structures with
desired shape and controlled dimension in good yield. The method of DNA origami
is first proposed by Paul Rothemund in 2006 and demonstrated the assembly of
single layered planar structures like rectangular, triangular and five point star
shapes from single stranded viral DNA. They have also demonstrated the formation
of complex smiley face since it offers the desired formation of aperiodic structures
through the specific choice of staple strands (Figures 1.11A and 1.11B).85
Successively, DNA origami approach has been adopted to make three dimensional
structures with high precision and programmability. In 2009, Shih and co-workers

first described the folding of DNA helices in honey comb-like lattices through DNA
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origami method as shown in Figure 1.11C.8¢ Later, Gothelf and co-workers have
designed a 3D-DNA box with an openable lid responsive to the external supply of
specific DNA keys. Furthermore, these vast library of DNA origami structures can be
used for the precision positioning of desired functional moieties in a controlled

dimension by suitable modification of staple DNA strands.8”
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Figure 1.11. Schematic reperesentation of A) DNA origami based assembly process;
B) Rasterlike pattern of the DNA origami structures to make arbitrary 2D structures;
C) 3D-honey comb lattice structures formed by DNA origami approach. (Adapted

from references 85 and 86)

1.6.2. Supramolecular DNA assembly

An entirely different approach has been emerged in DNA nanotechnology by
taking advantage of supramolecular chemistry in the recent years. Within short span
of time, the new strategy has revealed its potential to achieve the main objective of

DNA nanotechnology, precision positioning of heteroelements with good
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programmability, in a more feasible way compared to classical DNA nanotechnology
approaches. In the novel approach, DNA building blocks are allowed to assemble
with synthetic organic/inorganic materials as well as suitable polymeric materials to
attain precisely aligned DNA incorporated supramolecular assemblies. This amazing
association of supramolecular chemistry with DNA programmability is later termed

as supramolecular DNA assembly.88

1.6.2.1. DNA assembly with synthetic insertions

The suitably inserted functional moieties can alter the hybridization pattern
of DNA structures to provide specific geometries. The pioneering work in this field is
delivered by Bergstrom and co-workers, who designed discrete DNA based
macrocycle with rigid p-(2-hydroxyethyl)phenylethynylphenyl spacers.8° Later,
Sleiman and co-workers developed 2D-DNA hexagon with m-terphenyl based
chemical insertion by the careful design of linker sequences to avoid multiple
products. Further they have shown the precise organization of gold nanoparticles on
each hexagonal vertex by the hybridization on extended arms on the vertices
(Figure1.12A).90 Single stranded DNA polygons were synthesized further through
templated ligation and the gold nanoparticles were incorporated in the precise
positions by the hybridization of ssDNA arms (Figure 1.12B).°1 The strategy has
been advanced further to create 3D-DNA polyhedra by making connections through
additional linkers on the top and bottom portions of DNA polygons and achieve the
formation of DNA-based triangular prisms, cubes, pentagonal and hexagonal prisms,
heteroprisms and biprisms as shown in Figure 1.12C.92 Moreover, Sleiman and co-

workers demonstrated the longitudinal assembly of DNA polygons to construct DNA
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nanotubes that can accommodate different functional entities and selectively release

the cargo (Figure 1.12D). 93
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Figure 1.12. Schematic representation of A) 2D-DNA hexagon with m-terphenyl
based chemical insertion; B) Formation of 2D- polygons through templated ligation
and the corresponding TEM image after incorporation of AuNPs; C) Different 3-D
DNA-polyhedra formed from corresponding 2D-polygons; D)1D-DNA nanotube that
can encapsulate and release cargo selectively. (Adapted from references 90, 91, 92

and 93)

Furthermore, the intelligent incorporation of transition metal complexes in
DNA structures provides a versatile library of DNA-metal constructs.?* Sleiman’s
group has designed a DNA two-way junction with the insertion of [Ru(bpy)s]?*and is
shown in Figure 1.13A.95 A different strategy has been adopted by Han and co-
workers that rely on the design of metal binding artificial nucleobases in the DNA

construct. This allows the desired assembly of DNA building blocks upon

23



DNA Based Supramolecular Assemblies

introduction of suitable metal to the system.?¢ The strategy was later employed to
make a metal-DNA cage with precisely positioned metals on the vertices (Figure

1.13B).97
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Figure 1.13. Formation of A) metal incorporated two-way junction DNA; B) 3D-
Metal-DNA cages. (Adapted from references 95 and 97)

1.6.2.2. Assembly of chemically modified DNA

Another important strategy to build DNA nanostructures involve suitable
chemical modification of DNA that leads to the supramolecular assembly of DNA
conjugates. Thus, besides the above mentioned strategies, the assembly of
chemically modified DNA is generally driven by the non-DNA part rather than

Watson-Crick base pairing. There are various reports based on different DNA
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conjugates like DNA-lipid, DNA-dendron, DNA-polymer, DNA-t chromophores etc.,
synthesized through solid phase synthesis and its self-assembly to provide large
varieties of novel DNA nanostructures.

The amphiphilic nature of DNA conjugates often prefers micelle-like
structures with a hydrophobic core and a hydrophilic DNA corona and can carry
various cargo materials to the cellular environment. The DNA-lipid conjugates are
generally preferred for gene/drug delivery applications since it provides
biocompatibility, sufficient binding with different cargos and effective cellular
internalization.”® Tan and co-workers have designed a DNA-lipid conjugate with a
PEG spacer to form a DNA-aptamer micelle useful for target specific delivery of
antisense oligonucleotide and drug molecules.?? Later, they have developed a
molecular beacon micelle flares through the self-assembly of suitably designed
diacyllipid-molecular beacon conjugates capable of intracellular mRNA imaging and
gene delivery applications.1%0 Moreover, the dynamic nature of DNA-lipid conjugate
assemblies can be custom modulated by employing other suitable approaches. The
same group has further reported the engineering of stability tunable DNA micelles
by controlling the G-quadruplex formation as shown in Figure 1.14A.101 Besides, Liu
and co-workers have designed a DNA vesicle based on frame-guided assembly
process involving gold nanoparticles modified with 20-mer and 6-mer ssDNAs and
cholesterol attached complementary DNA strands and further assembly with sodium
dodecyl sulfate. This strategy that provides vesicles with controllable dimensionality
can be used to understand the formation mechanism of cellular membrane (Figure

1.14B).102
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Figure 1.14. Schematic representation of A) DNA micelles stabilized by the
formation of G-quadruplex and its dissociation upon UV-light exposure and binding
with albumin; B) frame guided assembly process involving AuNps modified with 20-
mer and 6-mer ssDNA, DNA modified with cholesterol and sodium dodecyl sulphate.
(Adapted from references 101 and 102).

On the other hand, the conjugation of DNA with dendrimers provides the
advantage of incorporation of multifunctionalities in the nanostructures, thereby the
system can be applied for a variety of applications. Jean and co-workers have first
reported the synthesis and self-assembly of a three component DNA-polyester
dendrimer. Further, Sleiman and co-workers have achieved the formation of long
range ordered 1D DNA nanofibers from the assembly of dendritic oligoethylene

glycol modified DNA in an organic solvent and is shown in Figure 1.15A.103 Later, Liu
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DNA and the AFM image of nanofibres formed during self-assembly in acetonitrile;
B) DNA-dendron hybrid G2CI-18 and the self-assembled spherical micelle and
nanofibres that can be reversibly transformed. (Adapted from reference 103 and

105).

and co-workers have extensively worked on DNA-dendrimer conjugates and
reported the formation of a series of novel DNA based assemblies.104-106 [n 2012,
they have shown the formation of spherical DNA-dendron hybrid G2CI-18 micelle
and its reversible transformation to long nanofiber structures in aqueous solution
(Figure 1.15B).105 Later, Reji and co-workers explored the assembly of DNA-
tetraphenylethylene based dendron to 2D-nanosheets and demonstrated its further
surface functionalization with gold nanoparticles to enhance the catalytic activity of

through precision positioning.107
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Similarly, DNA diblock copolymers consist of DNA modified with
hydrophobic polymer have gained great attention in the supramolecular DNA
assembly and also can be employed for gene delivery applications. Park et al. has
first reported the design of Poly(D,L-lactic-co-glycolic acid) (PLGA) attached
antisense oligonucleotide for its delivery and they thoroughly investigated the
cellular uptake behavior.198 Subsequently, Mirkin and co-workers have designed
DNA block-copolymer amphiphiles and further demonstrated its reversible and
chemically programmable assembly behavior. Later, Liu and co-workers have
developed morphology-changing DNA-b-PPO assemblies due to the in situ transition
from diblock to triblock with pH change from 8 to 5. Further, they have utilized
DNA-b-PPO to build DNA triblock polymer, PPO-dsDNA-PPO, through DNA
hybridization and investigated the formation mechanism of spherical assemblies. In
2016, Park et al |utilized a thermos-responsive polymer, poly(N-
isopropylacrylamide (PNIPAM) for the design of a dual responsive DNA diblock
polymer (Figure 1.16A). The dual responsive multidimensional shape changing is
due to hydrophilic nature of PNIPAM below lower critical solution temperature and
the hydrophobic behaviour above lower critical solution temperature. Thus, DNA-b-
PNIPAM-b-PMA is likely to form spherical assembly below LCST and cylindrical
assembly above LCST. Moreover, the spherical shape can be retained even above
LCST through hybridization with a complementary strand.19? Recently, Sleiman and
co-workers have demonstrated the formation of spherical DNA construct through
the assembly of a DNA-polymer conjugate and its morphological transformation to
DNA nanofibers on incorporation of cyanine dye to the conjugate (Figure 1.16B).

The cyanine mediated assembly enables the controlled growth of nanofibers
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through seeded-growth mechanism.110 They have also demonstrated the use of the

spherical nucleic acid for delivery of an anticancer drug, BKM120.111
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Figure 1.16. Schematic representation of A) dual responsive multidimensional
shape changing of DNA diblock polymer; B) self-assembly of DNA -polymer
conjugate and its morphological transformation with the covalent incorporation of

cyanine dye (Adapted from references 109 and 110).

Covalently modified DNA with small molecules, capable of forming
supramolecular polymers are greatly explored by several research groups and come
up with lot of functional DNA nanostructures. The incorporation of chromophores in
DNA structure can be either through the linkage with sugar unit or nucleobase, and

is called nucleosidic chromophores. On the other hand, non-nucleocidic
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chromophores are attached to the growing DNA strand through phosphoramidite
chemistry. The nucleosidic chromophores can influence the Watson-Crick base
pairing either through strong m-m stacking or by forming new H-bonds with the
nuceobases. Major/minor groove binding aromatic nucleosidic chromophores often
undergo further m-m stacking within them to form a supramolecular structure
templated on DNA double helix. A simple modification to nucleobase structure is
enough for making appropriate alterations in the DNA structure. Nucleobase
analogues, simple aromatic hydrocarbons and heterocycles are highly recommended
for the design of various DNA nanostructures. But, the non-nucleosidic
chromophores generally assemble through the m-m stacking between themselves
and with nucleobases and often lack the H-bonding possibility with the nucleobases.
The occupancy of non- nucleosidic chromophore in the abasic sites of DNA is also
reported. Moreover, the incorporation of fluorophores on DNA sequences through
covalent linkages have made great impact in the biological research as well as in
fluorescent material development.

Aromatic m-chromophores like pyrene, perylene, tetraphenylethylene etc.
are generally employed for the design of DNA supramolecular polymers and this
amphiphilic analogues self-assemble to form multidimensional structures with
incredible functional properties. In 2006, Wagenknecht and co-workers have
demonstrated the helical assembly of pyrene on duplex DNA through the
incorporation of pyrene functionalised deoxyuridine to the sequence specific DNA
strands.112 Later, they have reported the white-light emitting DNA by arranging the
donor and acceptor dyes on DNA backbone through covalent linkages.113 They have

further investigated the significant difference in the optical properties of Nile-red
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assembly formed under non-covalent approach and covalent attachment on DNA by
the design of a Nile red modified 2’-deoxyuridine.114

Later, Haner and co-workers, who have worked in the formation of DNA
assisted m-stacked arrays of phenanthrene and pyrene, have achieved the a DNA-
based light harvesting antenna by means of a DNA organised multichromophoric
array of phenanthrene and pyrene.ll’> Gradually, the idea of organising
chromophores on DNA take a slight deviation to chromophore-guided assembly of
DNA by prominently enhancing chromophore interactions, where the
supramolecular assembly of chromophores take the charge of the assembly. Haner’s
group has achieved the formation of DNA grafted supramolecular polymers by the
design of an oligopyrenotide strand on the 5’-end of an oligodeoxynucleotide.116
Further, the group has demonstrated the heirarchical assembly of DNA grafted
helical nanoribbon structures to extended nanoribbon-like structures in presence of
complementary DNA strands through hybridisation (Figure 1.17A).117 Later, the
strategy has been extended to generate 2D-nanosheets, vesicles, nanotubes,
nanowires etc. by utilising oligomers of various other m-chromophores like
phenanthrene, anthracene, squaraine etc.118-122 Likewise, they have designed a DNA
conjugate with TPE sticky ends and demonstrated the formation of two different
vesicles based on the different DNA arrangement under different conditions as

shown in Figure 1.17B.123
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Figure 1.17. Schematic representation of A) heirarchical assembly of DNA grafted
helical nanoribbon structures to extended nanoribbon-like structures; B) assembly
of DNA conjugate with TPE sticky ends to form two different types of vesicles
(Adapted from references 117 and 123).

Reji and co-workers have contributed majorly in the supramolecular DNA
assembly by engineering DNA decorated lamellar structures with the design of
various DNA amphiphiles using different m-chromophores including oligo(p-
phenylene ethynylene), hexabenzocoronene, tetraphenylethylene, hexaphenyl
benzene etc. A versatile library of DNA nanostructures like unilamellar vesicles, two-
dimensional (2D) nanosheets, helical nanoribbons etc. can be provided by the
variety of DNA amphiphiles and it also enable the organisation of other functional
materials on this DNA nanostructures.

In aqueous environment, the amphiphilic nature of DNA-m chromophore

hybrids tend it to orient the hydrophilic DNA part outside by protecting the
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hydrophobic core in the interior. The dense population of DNA on the nanostructure

surface provide opportunity for further functionalisation through hybridisation.
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Figure 1.18. Schematic representation of A) assembly of DNA-OPE hybrid
amphiphiles to surface engineered fluorescent vesicles and its surface decoration
with gold nanoparticles and fluorophores; B) formation of 2-D crystalline
nanosheets from HBC based DNA amphiphiles. (Adapted from references 124 and
125).

In 2014, Reji and co-workers demonstrated the reversible self-assembly of DNA-OPE
hybrid amphiphiles to nanovesicles and the incorporation of gold nanoparticles to
the surface of the vesicular assembly through DNA hybridisation. They have also
shown the utility of these assemblies for generating a supramolecular antenna with
the integration of suitable donor/acceptor chromophores (Figure 1.18A).124 Later,

they have achieved the formation of DNA decorated 2D-crystalline nanosheets by
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the design of an hexabenzocoronene (HBC) based DNA amphiphile, by virtue of the
large surface area imparted by the HBC core (Figure 1.18B).125 In the following
years, they have demonstrated the assembly of hexaphenylbenzene (HPB) attached
DNA to helically twisted nanoribbons and established the utility as a scaffold for the
generation of one-dimensional, chiral, plasmonic nanostructures.2¢ They have also
developed a pH responsive DNA vesicle based on amphiphilic C-rich DNA sequence

attached with phenyleneethynylene as a nanocarrier.127

1.6.2.3. DNA templated assembly of small molecules via non-covalent
approach

The non-covalent approach for the templated assembly of functional
materials on DNA is highly desirable since it avoid the covalent modification of DNA,
which require more sophisticated method and expertise for modified-DNA
synthesis. The inherent structural characteristics of DNA provide various binding
possibilities for different functional entities like small molecules, nanoparticles etc.
through electrostatic interaction, intercalation, groove binding, H-bonding etc. The
specific non-covalent interactions of suitably designed small molecules and DNA
oligonucleotides lead to the helical arrangement of organic chromophores on DNA
structure. In 2004, Armitage and co-workers have reported the helical assembly of
cyanine dyes on specific DNA sequences through minor groove binding and discuss
the excellent optical properties of the helical dye aggregates achieved via DNA
templated supramolecular polymerization.1?8 Two years later, Meijer and co-
workers have demonstrated the supramolecular assembly of a nucleotide appended
oligo(p-phenylenevinylene) (OPV) on a complementary oligonucleotide strand

through A-T base pairing. Further, they have shown the helical assembly of
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diaminotriazine appended naphthalene and OPV chromophores by virtue of H-

bonding interactions.12?
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Figure 1.19. Schematic representation of A) double zipper assembly through the
interaction of adenine functionalized perylene bisimide and deoxy-oligonucleotides;
B) mercury sensing mechanism involving an organic semiconductor molecule and

dTn based on strong interaction of mercury with thymine (Adapted from references

131 and 132).
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Later, Wagenknecht and co-workers have investigated the non-covalent assembly of
pyrene functionalized deoxyuridine on (dA)i7 and found that it possess similar
optical properties as that of the assembly of pyrene functionalized deoxyuridine that
are covalently attached to DNA. 130

Further, the non-covalent approach has been adopted by Govindaraju and co-
workers to design various functional DNA nanostructures. In 2015, they have
demonstrated the mutual templating of an adenine functionalized perylene bisimide
and deoxy-oligonucleotides to form a double zipper helical assembly as shown in
Figure 1.19A.131 Subsequently, they have designed a mercury sensing system by the
mutually templated co-assembly of an organic semiconductor molecule, adenine
conjugated naphthalene diimide, and deoxyribo-oligothymidine strands. The
sensing mechanism rely on the strong interaction of mercury with the thymine units
in the co-assembly, that eventually reflected in the chiroptical properties and
electrical conductivity of 2D-sheets formed from templated assemblies of organic
semiconductor and DNA due to the new assembly formation as shown in Figure
1.19B.132

Recently, our group has demonstrated the mutually assisted self-assembly of
fullerene nanoclusters (FAn) and various oligonucleotides by the suitable design of
an aniline appended amphiphilic fullerene derivative and achieved the formation of
different DNA/fullerene conjugates with varying morphologies based on the type of
oligonucleotide used for the assembly. The interaction of FAn with different DNA
oligonucleotides primarily rely on groove binding favored by the presence of aniline
moieties and the suitable nanocluster size (3-5 nm). Nanonetwork structures with
chiral assembly of fullerene nanoclusters on DNA have been achieved on interaction

with CTDNA and is shown in Figure 1.20A.133 Meanwhile, the interaction with short
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dsDNA results in the formation of semiconducting nanowires as shown in Figure

1.20B.134

B)

Figure 1.20. A) Molecular structure of FAn, schematic representations and
corresponding AFM images of formation of nanonetwork on interaction with CT-
DNA; B) formation of semiconducting nanowires on interaction with short dsDNA.

(Adapted from references 133 and 134)

Further investigation on 3WJ-DNA/FAn hybrids shows the formation of 2D-
nanosheets as in the Figure 1.21A. Correspondingly, the introduction of overhangs
on 3WJ-DNA tends it to form entangled nanonetwork structures (Figure 1.21B).135
Thus, the recent reports from our group collectively emphasis the simple non-
covalent strategy, involving DNA groove binding of fullerene nanoclusters for the
generation of versatile 1D and 2D DNA nanostructures beneficial for nanoelectronics
applications. However, the potential of DNA to organize functional materials in a
more ordered fashion through the use of simple non-covalent strategies by virtue of

suitable amphiphilic design is yet to be investigated in detail.
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Nanosheets Entangled nanonetwork

Figure 1.21. Schematic representations and corresponding AFM images of
formation of A) nanosheets on interaction of FAn with 3WJ-DNA; B) Nanonetworks
on interaction of FAn with 3WJ-DNA having overhangs. (Adapted from reference

135)

1.7. Objectives of the Present Investigation

DNA nanotechnology makes use of the sequence complementarity of nucleic
acids in building long-range ordered, programmable DNA nanostructures, and
prevails in engineering functional nanostructures through DNA origami, DNA tile
assembly, and assembly of DNA amphiphiles etc. These current technologies rely on
the synthesis and self-assembly of synthetic and modified oligonucleotides and the
complex designs make it highly expensive and limit the large-scale production of
DNA nanostructures. In this context, developing long-range ordered, functional DNA
nanostructures from random, unmodified oligonucleotides is still an unresolved
challenge. The present thesis addresses this challenge by proposing alternative

strategies to attain DNA assisted assembly of small amphiphilic molecules by
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employing different non-covalent interactions like electrostatic interaction, -1
stacking and H-bonding interactions.

The major objectives of the thesis include the DNA assisted ordered
arrangement of amphiphilic small molecules by employing DNA condensation
through charge neutralization (Chapter 2A), DNA intercalation through m-m
stacking (Chapter 3) and nucleobase recognition through H-bonding interactions
(Chapter 4). In order to investigate the present objective, we have employed
fullerene/TPE based amphiphilic molecules with suitable pendant groups like
pyridinium, aniline and diaminotriazine entities that can readily interact with
various DNA oligonucleotides through different DNA binding modes. We have
thoroughly investigated the differential interactions of these amphiphilic molecules
with different DNA oligonucleotide strands in order to understand the role of DNA
as a template for the ordered arrangement of functional moieties. As inspired from
the DNA based assembly of fullerenes through electrostatic interactions, we have
further demonstrated the ordered assembly of fullerenes by employing an anionic
polymeric analogue, polystyrene sulfonate (Chapter 2B), and investigated the

electron transport properties of the fullerene/polymer hybrid.
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CHAPTER 2- PARTA

DNA ASSISTED ASSEMBLY OF AN AMPHIPHILIC FULLERENE
DERIVATIVE AND FORMATION OF ULTRATHIN CRYSTALLINE
NANOSHEETS VIA DNA CONDENSATION
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2A.1. ABSTRACT

This chapter describes the mutually assisted assembly of an amphiphilic
fullerene derivative and various DNA structures through non-covalent interactions,
which leads to initial charge neutralisation and subsequent formation of ultrathin DNA
-fullerene nanosheets with ordered fullerene assembly. The molecular design of

cationic, amphiphilic fullerene derivative (FPy) ensures molecular solubility in 10%
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DMSO-PBS buffer system and facile interactions with DNA through groove binding and
electrostatic interactions of fullerene moiety and positively charged pyridinium moiety,
respectively. The formation of DNA/FPy nanostructures were investigated in the
presence of A-DNA, pBR322 plasmid DNA, and single and double stranded 20-mer
oligonucleotides using UV-visible spectroscopy, AFM and TEM analysis. A-DNA and
pBR322 plasmid DNA readily condense in presence of FPy leading to micrometer sized
few layer nanosheets with significant crystallinity due to ordered arrangement of
fullerenes. Similarly, single and double stranded 20-mer oligonucleotides also interact
efficiently with FPy and form highly crystalline nanosheets, signifying the role of
electrostatic interaction and subsequent charge neutralization in the condensation
triggered assembly. However, there are significant differences in the crystallinity and
ordered arrangements of fullerenes between these two cases, where longer DNA form
condensed structures and less ordered nanosheets while short oligonucleotides lead to
more ordered and highly crystalline nanosheets, which could be attributed to the
differential DNA condensation. Finally, we have demonstrated the addressability of the
assembly using a cyanine modified single strand DNA, which also forms highly
crystalline nanosheets and exhibit efficient quenching of the cyanine fluorescence upon

self-assembly.
2A.2. INTRODUCTION

Fullerene, ‘the beautiful molecule’ described by Harold Kroto, is a truncated
icosahedron (Ih) with 20 hexagons and 12 pentagons consist of sp? hybridized
carbon atoms having a diameter of 7.1 A.! As it resembles the geodesmic dome
designed by the American architect R. Buckminster Fuller, fullerenes attained the

name Buckminster Fullerene or simply ‘Bucky Balls’. Fullerene was discovered in
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1985 by Robert F. Curl, Harold W. Kroto and Richard E. Smalley and they have
honored by the Nobel Prize in Chemistry in 1996.2 Fullerenes, with the versatile
physicochemical properties have created tremendous interest in science community
and significantly contributed to the progress of different research areas. Fullerenes
are still a matter of attraction for researchers and are considered as one of the most
extensively studied carbon nanomaterial in recent years due to its excellent redox,
optical and optoelectronic properties3* along with its significant biological
impacts.>7 Even though the fascinating structure imparts several advantages on its
physical and chemical properties, highly hydrophobic cage raise challenge over its
biomedical applications. The solubility issue of bare fullerene has been sensibly
addressed by the synthesis of water soluble fullerene derivatives through proper
chemical modifications.8? Fullerenes find a stable platform at the fine edge of
photovoltaic technological developments through extensive research on

supramolecular assembly of pristine fullerenes and its derivatives.10.11

Fullerene molecules can be organized into various lattices through
self/templated assembly to generate new properties by design. Self-organization of
fullerenes has gathered much attention in developing various functional
nanostructures with controlled dimensions and tailored properties.1213 As far as
pristine fullerene is considered, solution-based processes are engaged since the
solvent alone play role in their assembly. Different sample preparation procedures
like vapor-driven crystallization* and solution-driven self-assemblies such as
liquid-liquid interfacial precipitation (LLIP) (Figure 2A.1A)15, template assisted dip

drying!6 and drop dryingl” processes have been adapted to the assembly of Ceo.
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Figure 2A.1. Schematic representation of fullerene assemblies through: A) liquid-
liquid interfacial precipitation (LLIP) method; B) Protein templated assembly & C)
Gel-mediated assembly (Adapted from reference 15, 18 and 19).

Apart from the solvent mediated assembly process, templated assembly of
pristine fullerenes has gained great attention due to the precision positioning and
tailored properties. In 2015, Kim et al. reported the self-assembly of Ceo into ordered
superstructures through protein templated assembly. Here, the precisely engineered
tetrameric helical bundle binds with Ceso in solution, rendering it water soluble and
the fullerene groups sandwiched between 2 Tyr residues from adjacent tetramers
leads to the ordered assembly of fullerenes (Figure 2A.1B) with high charge
conductance.18 A recent study, by Ajayaghosh and co-workers, about the interaction
of Cso with the m-gelator OPVA in toluene, reveals that the hybrid gel with different
composition of OPVA/Csp make way for the formation of Ceo clusters which
gradually spread out to nucleate the growth of fullerene rods at the low molar ratio
of Ceo (1:1 to1:2) as shown in Figure 2A.1C. These Ceso supramolecular rods in the m-

gel medium exhibited high photocurrent in comparison to Ceo loaded in a non m gel
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medium. This study demonstrated the preparation of micrometer sized

photoconducting rods of fullerenes for device application.1?

Design and self-assembly of amphiphilic fullerenes is a diverse approach for
the nanoscale fullerene organization for various potential applications.20
Amphiphilic self-assembly can be achieved either through solvent mediated technics
like liquid-liquid interfacial precipitation and Langmuir-Blodgett method (Figure
2A.2A)?1 or through supramolecular assembly process (Figure 2A.2B).22 The
supramolecular assemblies of amphiphilic fullerene derivatives with suitable
functional moieties often provide better functional combinations in both
optoelectronic and biological applications. For example, Prato and co-workers have
reported the self-organization of a zinc phthalocyanine and Cso moieties in
amphiphilic phthalocyanine-fullerene salt that provide a better electron transport
between this donor-acceptor dyad.2? Aida and co-workers also have used a similar
concept to generate a photoconductive ambipolar coaxial nanotube through the

A)
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Figure 2A.2. Schematic representation of amphiphilic fullerene assemblies through
A) solvent mediated methods and B) supramolecular assembly process (Adapted

from reference 21 and 22).
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amphiphilic self-assembly of a hexabenzocoronene-fullerene conjugate.?? Likewise,
Wagenknecht and co-workers demonstrated the templated supramolecular

chromophore assemblies by the design of a DNA-fullerene conjugate.24

The fullerene/DNA interactions are investigated in early days by considering
its biological implications such as DNA photocleavage25, DNA condensation?® etc. as
shown in Figure 2A.3A & B and is further widely studied for the development of
drug/gene delivery systems.27.28 Suitable chemical modification of fullerenes with
DNA interacting moieties further enhance the affinity of fullerenes with DNA and
also helps to solubilize fullerene in water. Nakamura and co-workers extensively
investigated the interaction of cationic fullerene derivative with DNA and its DNA
condensation ability. The pioneering work from the group of Nakamura provides a
library of amino-fullerenes for gene delivery applications.2? Apart from the
biological context, DNA/fullerene interactions are also engaged in optoelectronic

fields to generate ordered nanoscale assembly of fullerenes through DNA templated
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Figure 2A.3. A) Docked conformation of triazine appended fullerene derivative in
DNA minor groove; B) AFM images showing condensation of plasmid DNA with
cationic aminofullerenes; C) AFM images of template assembly of fullerene arrays on
2D DNA scaffolds and the schematic representation of self-assembly procedure of

fullerene vesicles on the 2D DNA scaffolds (Adapted from reference 25, 29 and 30).
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assembly strategies. Cheng et al. has employed 2D-DNA lattices, designed via DNA
tile assembly, for the formation of fullerene arrays in aqueous media by means of
groove binding and electrostatic interaction with the phosphate backbone(Figur
2A.3C).30 However, this strategy involves the primary design of a DNA scaffold,

which is a challenging task.31

Recently, our group has introduced a facile, non-covalent strategy for the
formation of fullerene/DNA nanostructures through the design of an aniline
appended fullerene derivative (FAn) and its interaction with various DNA structures
(Figure 2A.4). The mutually assisted assemblies of FAn nanoclusters with different
DNA structures like CT-DNA, dsDNA and 3W]-DNA have achieved the formation of
nanonetwork32, nanowire33 and nanosheet-like34 DNA/fullerene nanostructures as

shown in Figure 2A.4.

Figure 2A.4. A) Molecular structure of aniline appended fullerene derivative Fan.
AFM images of: B) Nanonetwork formation from CT-DNA/FAn hybrid; C)
Nanowires formation from dsDNA/FAn hybrid and D) Nanosheets from 3W]J-
DNA/FAn hybrid. (Adapted from reference 32, 33 and 34).

In this Chapter, we have demonstrated the DNA assisted, long range, ordered
assembly of fullerenes through a facile non-covalent approach using a cationic
fullerene amphiphile (FPy) and various DNA structures leading to the formation of
micrometer sized ultrathin nanosheets. Longer duplex DNAs such as linear A-DNA

and circular pBR322 plasmid DNA readily condense in presence of FPy to form
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nanosheet structures with sub-micrometer lateral dimensions. On the other hand,
short single strand and double strand DNAs form extended nanosheets with
significantly higher crystallinity. Here, the DNA/FPy nanosheet formation is
encouraged by electrostatic interaction of DNA with the cationic FPy, subsequent
charge neutralization and possible fullerene-fullerene and fullerene-nucleobase n-n
stacking interactions. Subtle changes in the hydrophilic-hydrophobic balance of the
amphiphilic fullerene derivative upon interactions with DNA also contribute to the
formation of nanosheets with ordered assembly of fullerenes. Finally, we have
demonstrated the addressability of the nanosheet assembly using a cyanine
modified single strand DNA, which exhibit efficient quenching of cyanine
fluorescence through possible electron transfer from cyanine to fullerene by means

of DNA/FPy assembly.

2A.3. RESULTS AND DISCUSSION
2A.3.1. SYNTHESIS AND CHARACTERISATION OF FULLERENE AMPHIPHILE

The fullerene amphiphile (FPy) is carefully designed to integrate a DNA
binding moiety like cationic pyridinium group, which will enhance the solubility in
aqueous media, enhance the hydrophilicity of the molecule and efficiently interact
with DNA through electrostatic interactions.3>3¢ This molecular design will further
assist the self-assembly of fullerene moiety via charge neutralization upon
electrostatic interaction of pyridinium group with anionic DNA structures. Cationic
pyridinium group is linked with fullerene through a triethylene glycol chain, which
imparts more hydrophilicity to the molecule and the synthesis of FPy was carried
out by a previously reported muti-step synthesis procedure3? as shown in Scheme

2A.1.
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Scheme 2A.1. Synthesis of pyridinium appended fullerene amphiphile, FPy.

Methyl [6, 6]-phenyl-C61-butyrate (PCBM) is used as the fullerene precursor,
which on acid hydrolysis yielded [6, 6]-Phenyl-C61-butyric acid (PCBA). EDC
coupling of PCBA with 2-(2-(2-bromoethoxy)ethoxy)ethanol (TEGBr) gave bromo-
substituted fullerene derivative (F-Br). Quaternization reaction of FBr with pyridine
provided cationic FPy. Synthesized molecules were characterized through 1H and
13C NMR spectroscopy and mass spectrometry, which is detailed in experimental
section. Solubility of FPy was checked in highly polar solvent, DMSO and 10%
DMSO-PBS mixture for the purpose of DNA interaction studies and found that FPy is
readily soluble in both solvent systems. UV-visible absorption spectra of FPy in

DMSO and DMSO-PBS mixture showed similar peaks with Amax around 260 nm and
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334 nm as shown in Figure 2A.5A. TEM and AFM analysis of FPy ensures the

molecular solubility in 10% DMSO-PBS mixture (Figures 2A.5B & 2A.5C).

A) 0.2

—— 10% DMSO-PBS

— DMSO

Absorbance

300 400 500 600 700
Wavelength, nm

B)

Figure 2A.5. A) Absorption spectra of FPy in DMSO & 10% DMSO-PBS; B & C) TEM
& AFM analysis of FPy in 10% DMSO-PBS.

2A.3.2. DNA INTERACTION STUDIES OF FPy WITH LONG dsDNAS

The interactions of FPy with long dsDNAs become important since the
previous studies of FPy with CT-DNA reveal its DNA condensing ability.32 To
investigate further on DNA/FPy interactions, we have selected long dsDNAs like

long linear A-DNA and circular plasmid DNA, specifically pBR322 DNA.

2A.3.2.1. DNA titration experiments
UV-visible absorption studies were carried out to monitor the condensation
of long dsDNAs in presence of cationic FPy. In a typical titration experiment, small

aliquots of DNA were titrated against 3 pM solution of FPy in 10% DMSO-PBS with a
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maximum 5% dilution. The UV-Visible absorption changes during the titration of
FPy against A-DNA and pBR322 DNA are shown in Figure 2A.6A & B. Since DNA
bases strongly absorb around 260 nm, a gradual enhancement in absorption around
260 nm was expected. On the other hand, both the chromophore/DNA interactions
and DNA condensation are known to cause significant hypochromism at the
chromophore absorption band and the DNA absorption band at 260 nm due to the

enhanced masking of the chromophores.37
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Figure 2A.6. Changes in the absorption spectra of FPy with the addition of: A) A-
DNA and B) pBR322 DNA.
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Figure 2A.7. Absorption changes at 260 nm in the presence and absence of FPy with
increasing concentration of A-DNA and pBR322 DNA. (Expected values are sum of

absorbance values corresponding to FPy and added DNA).

The hypochromicity around 260 nm in these cases are affected by the
increasing A-DNA/pBR322 plasmid DNA concentrations and hence a secondary plot
of absorbance at 260 nm was used for further analysis which provide a clear picture
of the changes in 260 nm absorption band under the titration conditions (Figure
2A.7). From the secondary plots, we have obtained significant hypochromism values
of 34% and 36% around 260 nm upon addition of A-DNA and pBR322 DNA,
respectively to FPy solutions. The observed large hypochromicity and changes in the
DNA absorption around 260 nm could be attributed to the efficient condensation of
these DNA structures in the presence of positively charged FPy via charge
neutralization.383° The gradual increase in absorption around 260 nm after certain
concentration of DNA is due to the presence of excess DNA added to the system.
Absorption around 334 nm also showed gradual changes during DNA addition as a
result of aggregation of FPy. Here, the condensation of A-DNA and pBR322 DNA is

made possible through the electrostatic interaction between cationic pyridinium
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moiety and phosphate backbone of DNA, leading to charge neutralization, which in
turn results in aggregation of amphiphilic fullerene.#041
2A.3.2.2. Ethidium bromide displacement assay

Apart from the possible electrostatic interactions between FPy and DNA,
several literature reports suggest the possibility of DNA groove binding of fullerene
and DNA intercalation of pyridinium moiety. We have conducted the ethidium
bromide displacement assay to understand the intercalation of FPy on A-DNA and
pBR322 DNA. Ethidium bromide (EtBr) is a known DNA intercalator and forms a
highly fluorescent DNA/EtBr complex in water. Ethidium bromide displacement
assay is based on the aggregation induced quenching of ethidium bromide
fluorescence when it gets replaced from the intercalative site by any other strong

DNA intercalator.#2 The complexes of A-DNA/EtBr and pBR322DNA/EtBr were

A) B)
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Figure 2A.8. Changes in the A) absorption spectra and B) emission spectra of

ethidium bromide with addition of A-DNA.
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Figure 2A.9. Changes in the A) absorption spectra and B) emission spectra of

ethidium bromide with addition of pBR322 DNA.

made separately through titration and the changes in absorption and emission of
EtBr are shown in Figure 2A.8 and Figure 2A.9. The gradual increase in emission is
due to the intercalation of EtBr in between the DNA nucleobases. The addition of
FPy to both DNA/EtBr complexes result in intercalation of FPy and subsequent
release of bound EtBr which resulted in a reduction in fluorescence due to EtBr

aggregation as shown in Figures 2A.10 & 2A.11.
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Figure 2A.10. Changes in the emission spectra of ethidium bromide/A-DNA
complex (30 uM : 10 pg/mL) with addition of FPy.
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Figure 2A.11. Changes in the emission spectra of ethidium bromide/pBR322 DNA
complex (30 uM : 10 pg/mL) with addition of FPy.

2A.3.2.3. Morphological analysis

Morphological analysis of A-DNA/FPy hybrids using Transmission Electron
Microscopy (TEM) and Atomic Force Microscopy (AFM) revealed the formation of
nanosheets having thickness around 10 nm and sub-micrometer lateral dimensions.
The well-defined edges of A-DNA/FPy nanosheet indicates the ordered arrangement
of fullerenes in the nanosheet and is confirmed with the crystalline SAED pattern
(Figures 2A.12A & 2A.12B). On the other hand, pBR322 DNA/FPy hybrid forms
aggregated structures of smaller nanosheets having thickness around 6 nm as
shown in Figures 2A.12C & 2A.12D. In both cases, the initial condensation of the
longer DNA by FPy, further assist the organization of fullerenes through m-m

interactions leading to nanosheet structures composed of DNA and fullerenes.
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100 nm AV

Figure 2A.12. A) TEM image and B) SAED pattern of A-DNA/FPy hybrid C) TEM
image and D) magnified TEM image of pBR322 DNA/FPy hybrid.

2A.3.3. CONDENSATION AND MUTUALLY ASSISTED ASSEMBLY OF LONG dsDNA
WITH FPy

The process of condensation and subsequent formation of nanosheet
assembly were thoroughly investigated through concentration dependent studies
using Atomic Force Microscopy (AFM) and Dynamic Light Scattering (DLS) analysis.
Concentration dependent growth of nanosheet structures was monitored through
AFM analyses by varying the concentration of FPy from 1 uM to 6 uM with fixed
concentrations of different DNAs. A-DNA alone displays supercoiled thick strands of
DNA which readily condense into spherical condensates in presence of 1 uM of FPy
as shown in Figures 2A.13A & 2A.13B. Formation of micrometer sized nanosheets
were observed under 3 puM concentration of FPy and further increase in FPy
concentration up to 6 uM resulted in the formation of nanosheets with sub-

micrometer lateral dimension (Figure 2A.13C & D). Similarly, AFM analyses of

72



Chapter 2A

pBR322 DNA/FPy hybrids (Figure 2A.13E, F & G) showed considerable increase in

the amount of sub-micrometer sized nanosheets and formation of larger nanosheets

through minor association of smaller sheets on increase in FPy concentration.
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Figure 2A.13. AFM images of: A) A-DNA alone; B), C) & D) A-DNA (0.1 nM)/FPy

hybrid at FPy concentrations of 1 uM, 3 uM & 6 uM respectively; E), F) & G) AFM

images of pBR322 DNA (1 nM)/FPy hybrids at FPy concentrations of 1 uM, 3 uM &

6 uM, respectively.

DLS analysis was carried out in very low concentration (nM level) of FPy in

order to validate the initial condensation process effectively and is shown in Figure

2A.14. Initially, A-DNA alone showed larger size, around 600 nm, with a broader size

distribution. Eventually, the A-DNA condense to form smaller aggregates with
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narrow size distribution on subsequent addition of FPy. After the addition of 20 nM
concentration of FPy, size of DNA hybrid began to increase successively due to the
lateral growth of nanosheet through fullerene assembly (Figure 2A.14A). Similarly,
pBR322 DNA/FPy hybrids also showed initial DNA condensation and subsequent

formation of nanosheet as shown in Figure 2A.14B.
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Figure 2A.14. Changes in the size of: A) A-DNA/FPy hybrid and B) pBR322
DNA/FPy hybrid with the increase in FPy concentration.

2A.3.4. DNA INTERACTION STUDIES OF FPy WITH SHORT ds/ssDNAs

In order to understand the role of DNA condensation in generating
hierarchical nanostructures, we have investigated the interaction of FPy with 20-
mer DNA oligonucleotide single and double strands. In principle, due to the short
length of the 20-mer single strands and duplex, effective condensation of DNA may
not be possible and hence we can differentiate the role of DNA condensation while
using these single and double stranded DNA oligonucleotides.*3
2A.3.4.1. DNA titration experiments

Initial DNA interaction studies were carried out through DNA titration
experiments with 20-mer dsDNA and ssDNA strands using UV-visible spectroscopy

as shown in Figure 2A.15A & B. Absorption around 260 nm was found to be
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increasing with increase in dsDNA concentration. In order to understand the
hypochromic changes in the case of dsDNA and ssDNA, we have compared the
changes around 260 nm with control experiments where similar amounts of dsDNA
and ssDNA were added to blank solutions. Analyses using secondary plots (Figure
2A.15C) revealed the difference in absorption around 260 nm in both cases (with
FPy and blank), which clearly showed a maximum hypochromicity of 13% for
dsDNA and 20% for ssDNA.

The changes in the absorption around 260 nm for A-DNA/pBR322 DNA and
short 20-mer dsDNA are significantly different where we observed large
hypochromicity (~36%) due to effective DNA condensation in the former case,
whereas only moderate hypochromicity (10-20%) was observed in the latter due to
DNA binding interactions of FPy. Moreover, the interaction is highly pronounced in
case of ssDNA compared to dsDNA as shown in Figure 2A.15C. Absorption around
334 nm showed a successive reduction with addition of ds/ssDNA due to the self-
assembly/aggregation** of FPy and observed a maximum hypochromicity of 26%
and 34%, for dsDNA and ssDNA, respectively. The observed UV-Visible absorption
changes of FPy in presence of dsDNA and ssDNA indicate efficient interactions with
both single stranded and double stranded DNA suggestive of the major contribution
of electrostatic interactions compared to the groove binding or intercalation in

fullerene aggregation.
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Figure 2A.15. Changes in the absorption spectra of FPy with the addition of: A)
dsDNA and B) ssDNA in 10% DMSO-PBS. (Insets show the zoomed portion between
290 nm & 400 nm); C) Absorption changes at 260 nm in the presence and absence of
FPy with increasing concentration of dsDNA and ssDNA. (Expected values are sum

of absorbance values corresponding to FPy and added dsDNA/ssDNA).

2A.3.4.2. Ethidium bromide displacement assay, Thermal denaturation and
Circular dichroism studies

In order to confirm the intercalation of FPy on dsDNA, ethidium bromide
displacement assay has been carried out. The successive addition of FPy to
dsDNA/EtBr complex (30 puM : 1.5 puM) decreased the fluorescence emission
intensity of EtBr (Figure 2A.16) due to the replacement of EtBr by FPy. Thermal
denaturation studies of dsDNA/FPy hybrid showed a very small change (ATm ~1°C)

compared to the melting temperature of dsDNA as shown in Figure 2A.17A. The
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circular dichroism studies also showed negligible changes in the CD signals for
ssDNA/FPy hybrid and the small reduction in CD signal at higher FPy concentration
indicates the minor perturbation in DNA helicity on interaction with FPy at higher

concentrations of FPy (Figure 2A.17B).
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Figure 2A.16. Changes in the emission spectra of ethidium bromide/dsDNA
complex (30 uM : 1.5 uM) with addition of FPy.
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Figure 2A.17. A) Thermal denaturation curves for dsDNA (Tm = 42°C) and dsDNA/
FPy (3 uM : 3 uM) (Tm =43 °C) in 10 % DMSO-PBS, B) Changes in circular dichroism
(CD) spectra of ssDNA with different concentrations of FPy.
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2A.3.4.3. Morphological analysis

AFM and TEM images of the nanosheet structures resulting from the
interaction of FPy with short dsDNA and ssDNA are shown in Figures 2A.18A &
2A.18B and Figures 2A.19A & 2A.19B. Interaction of FPy with dsDNA lead to the
formation of extended nanosheets with lateral dimensions of several micrometers,
in contrast to the more condensed, sub-micrometer structures in the case of longer
DNAs. Similarly, FPy and ssDNA interact efficiently to form larger and more
crystalline nanosheets as evidenced by the AFM, TEM images and SAED pattern
(Figures 2A.19A, 2A.19B & 2A.19C). As discussed earlier, due to the shorter length of
the DNA strands, the contribution of DNA condensation can be omitted, while the
charge neutralization via electrostatic interaction between FPy and dsDNA/ssDNA
play a major role in the organization of fullerenes and DNA in these nanostructures.
Here, the nanostructures are majorly guided by the fullerene-fullerene interactions
and hence ssDNA with more structural flexibility could lead to more crystalline and
extended nanosheets. Further, the exposed hydrophobic nucleobases in ssDNA also
may be contributing via n-m interactions with fullerenes. These results are in
agreement with the UV-Vis titration experiments which predict the efficient
interactions of FPy with ssDNA leading to extended fullerene/ssDNA assemblies and
the presence of ssDNA across these nanostructures was confirmed via EDAX analysis

of ssDNA/FPy hybrid nanosheets (Figure 2A.19 D).
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Figure 2A.18. A) AFM and B) TEM images of dsDNA/FPy hybrid (3 pM : 3 uM)
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Figure 2A.19. A) AFM and B) TEM images of ssDNA/FPy hybrid (3 pM : 3 uM); C)

Corresponding SAED pattern and D) EDAX analysis data.

2A.3.5. MUTUALLY ASSISTED ASSEMBLY OF SHORT ssDNA AND FPy

In order to understand the role of FPy in the nanostructure formation, we

have monitored the concentration dependent growth of nanosheet structures

through AFM analyses by varying the concentration of FPy from 1 uM to 6 uM with
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fixed concentrations of different DNAs. Successive development of nanosheets with
increase in concentration of FPy can be monitored through AFM analysis (Figure
2A.20) and it clearly showed the growth of nanosheet in lateral dimension by
varying the FPy concentration from 1 uM to 6 pM. However, the thickness of the
nanosheet remains same, around 3-4 nm, under different FPy concentration ruling
out extended aggregate formation in this case. These results demonstrate that
formation of ultrathin nanosheets is markedly facilitated by the increase in FPy

concentrations.

2.8 nm 4.3 nm
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Figure 2A.20. AFM images of ssDNA/FPy hybrid at different FPy concentrations of

A) 1 uM; B) 2 uM; C) 3 uM & D) 6 uM with fixed ssDNA concentration (3 pM).

The morphological analyses of ssDNA/FPy hybrid under different time
intervals portrayed the successive growth of nanosheet with time as shown in

Figure 2A.21. Initially, it forms small spherical particles around which smaller
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nanosheets begin to form within 5 minutes. Micrometer sized nanosheets were

formed within 30 minutes and the nanosheet thickness remained same even after

two days due to repulsive interaction between the nanosheets having excess DNA on

the surface.

3.8 nm 4.3 nm

-2.7 nm -3.4 nm -3.4 nm

1.0 pm Height 1.0 um

Height Tom Height

Figure 2A.21. AFM images of ssSDNA/FPy (3:3) hybrids under different incubation
time of A) 5 minutes; B) 30 minutes and C) 2 days.

The nanosheet formation can be described as the mutually assisted assembly
of DNA and FPy through electrostatic interaction and fullerene m- m stacking.
Initially, the charge neutralization brings the short DNAs together and it brings the
fullerenes in close proximity to have m- m stacking between fullerenes, which in turn
lead to the formation of micrometer sized nanosheets. Thus, we can propose a
general mechanism for the interaction of FPy with both long and short ds/ssDNAs as
shown in Figure 2A.22, that involves initial charge neutralization/DNA condensation
and further fullerene assembly through m-m stacking. However, the choice of long or

short ds/ssDNAs has major influence in the nanosheet assembly.

81



DNA Assisted Assembly of amphiphilic Fullerene Derivative

¢
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DNA DNA nanosheet

Figure 2A.22. Cartoonic representation of proposed mechanism involved in
ultrathin nanosheet formation achieved through the initial charge neutraisation,

DNA condensation and fullerene assembly.
2A.3.6. ADDRESSABILITY OF FPy/DNA HYBRID NANOSTRUCTURES

The mutually assisted assembly of FPy and various DNA structures to form
significantly crystalline, ordered nanosheets open up the possibility of engineering
functional nanostructures with these building blocks. The addressability of these
DNA nanostructures via functionalization of the short oligonucleotide strand was
demonstrated using a fluorescent probe (Cyanine-3) modified single strand DNA
(DNA2-Cy3). The formation of nanosheet structures by the interactions of FPy with
DNA2-Cy3 was established using UV-Vis spectroscopy, AFM and TEM analyses.
Further, we have probed the fluorescence of Cy3 to understand the assembly

properties using fluorescence spectroscopy and imaging techniques. Figure 2A.23A
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Figure 2A.23. A) Change in absorption spectra of FPy (3 uM) in phosphate buffer
(10 mM; pH 7.4) with subsequent addition of DNA2-Cy3 (Inset: Zoomed portion
indicating the absorption changes around 334 nm); B) Absorption changes at 260
nm (corresponds to DNA) and 550 nm (corresponds to Cyanine) with subsequent

addition of DNA2-Cy3 to a fixed concentration of FPy (3 uM).

shows the changes in absorption spectra of FPy (3 uM) with increasing
concentration of DNA2-Cy3. The changes in absorption at 260 nm corresponding to
the combined absorption of FPy and DNA and at 550 nm corresponding to the Cy3
absorption are plotted against the concentration of DNA2-Cy3 (Figure 2A.23B). The
decreased slope for the 260 nm band is indicative of the hypochromicity at 260 nm,

as observed in the case of FPy binding with ssDNA.

Morphological analyses of DNA2-Cy3/FPy nanostructures using AFM and
TEM techniques showed the formation of nanosheets with lateral dimensions in the
micrometer range (Figures 2A.24A), very similar to the earlier observed ssDNA/FPy
nanosheet structures, but with significantly higher crystallinity as evident from the
lattice fringes and corresponding Fast Fourier Transform (FFT) patterns as shown in
Figures 2A.24B & 2A.24C. The interaction of hydrophobic Cy3 with fullerene

through possible mn-n interactions also could be contributing to the ordered
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arrangement and higher crystallinity of the DNA2-Cy3/FPy nanosheets. Figure
2A.25 schematically represents the possible ordered assembly of fullerenes and

DNA2-Cy3 in these nanosheet structures.

Figure 2A.24. A) TEM image of nanosheet formed through DNA2-Cy3/FPy
interaction; B) High resolution TEM image of DNA2-Cy3/FPy hybrid (3 uM : 3 uM);
C) Corresponding FFT pattern.

FPy (i~o

Figure 2A.25. Schematic representation of nanosheets formed through DNA2-

Cy3/FPy interaction.

The fluorescence emission properties of DNA2-Cy3 in presence of different
concentrations of FPy are given in Figure 2A.26A. Even at very low concentration
(1.5 uM) of FPy, the fluorescence of DNA2-Cy3 strand showed significant quenching,

which could be attributed to possible electron transfer from Cy3 to fullerene
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facilitated by the ordered assembly of fullerene and Cy3-modified ssDNA. At FPy
concentrations of ~30 uM, corresponding to total charge neutralization (1 : 20 ratio
of DNA2-Cy3 to FPy), we observed complete quenching of fluorescence from DNA2-
Cy3, which confirmed the ssDNA/FPy assembly. Further, the confocal fluorescence
images of the assembled DNA2-Cy3/FPy nanosheets (Figure 2A.26B) showed
fluorescence from the edges of the nanosheets corresponding to free fluorophores
on the edges, whereas the cyanine fluorophores incorporated in the assembly got
strongly quenched. Thus, these fluorescence experiments support the hypothesis
that the short-oligonucleotides could be functionalized to demonstrate the

addressability of DNA/FPy nanostructures.

A) — DNA 2-Cy3
S 4. DNA 2-Cy3/FPy (1:1)
< —— DNA 2-Cy3/FPy (1:5)
= —— DNA 2-Cy3/FPy (1:10)
= —— DNA 2-Cy3/FPy (1:20)
c
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[
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0
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Figure 2A.26. A) Fluorescence spectra showing the quenching of DNA2-Cy3 (1.5
uM) emission with gradual addition of FPy; B) Confocal microscopic images of
DNA2-Cy3/FPy hybrid (3 uM : 3 uM).
2A.4. CONCLUSIONS

In conclusion, we have demonstrated the ordered assembly of an amphiphilic
pyridinium appended fullerene derivative (FPy) through electrostatic interactions
with various oligonucleotides involving charge neutralization, DNA condensation

and formation of ultrathin crystalline nanosheets. The differential interaction of FPy

with various DNA structures such as long linear A-DNA, circular pBR322 plasmid
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DNA, short 20-mer ds and ssDNA were investigated and the resulting DNA/FPy
hybrid nanostructures were characterized using AFM and TEM imaging techniques.
Longer double strand DNAs such as linear A-DNA and circular pBR322 plasmid DNA
readily condense in presence of FPy to form few layer nanosheets with sub-
micrometer lateral dimensions. The assembly in this case is guided by initial DNA
condensation and subsequent fullerene-fullerene interactions. On the other hand,
FPy binds efficiently to shorter DNA strands such as 20-mer dsDNA and ssDNA
primarily through electrostatic interactions and subsequent charge neutralization
lead to significantly crystalline nanosheets with lateral dimensions in the
micrometer range. Since DNA condensation is not facile in this case, binding
interactions of amphiphilic FPy, subsequent charge neutralization and fullerene-
fullerene interactions guide this assembly. In both cases, subtle changes in the
hydrophilic-hydrophobic balance of the amphiphilic fullerene derivative upon
interactions with DNA play a major role in the self-assembly process. Further, the
addressability of the DNA/FPy nanostructures were demonstrated using a Cy3-
modified ssDNA (DNA2-Cy3), which also forms highly crystalline nanosheets in
presence of FPy and exhibit strong quenching of Cy3 fluorescence through possible
electron transfer from Cy3 to fullerene facilitated by the ordered assembly of
fullerene and Cy3-modified ssDNA.4546 These results open up new prospects in the
development of functional DNA nanostructures through non-covalent interactions

and hence have potential applications in the context of DNA nanotechnology.
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2A.5. EXPERIMENTAL SECTION
2A.5.1. MATERIALS AND METHODS

The synthesis and purification of amphiphilic, pyridinium appended fullerene
derivative, FPy was carried out by following modified literature procedures33, and
was characterized thoroughly using various spectroscopic and analytical techniques
(*H NMR, 13C NMR, HRMS) before subjected to further photophysical and DNA
interaction studies. IH-NMR spectra were recorded using DPX 500 MHz spectrometer
using tetramethylsilane (TMS) as the internal standard and deuterated solvents were
used for the measurements. JEOL JM AX 505 HA electron spray HRMS was used to
record mass spectra. MALDI-TOF mass spectra were obtained on an AXIMA-CFR PLUS
(KRATOS SHIMADZU) MALDI-TOF mass spectrometer. All reagents and materials for
synthesis were purchased from Sigma-Aldrich, Alfa Aesar and Spectrochem chemical
suppliers. All the oligonucleotides used in this chapter (Linear A-DNA, circular
plasmid DNA (pBR322 DNA) and short ssDNAs) were purchased from Sigma Aldrich.
The 20-mer DNA sequences used in the present studies are DNA1: 5’-CGT CAC GTA
AAT CGG TTA AC-3’, DNA2: 5’-GTT AAC CGA TTT ACG TGA CG-3’ and DNA2-Cy3 : 5'-
Cy3-GTT AAC CGA TTT ACG TGA CG-3. DNA1/DNA2 forms the duplex DNA (dsDNA)
upon annealing while DNA2 and DNA2-Cy3 were used as single strands.

2A.5.2. DNA INTERACTION STUDIES OF FPy

For DNA interaction studies of FPy, all the experiments were performed in
10% DMSO-PBS mixture (10 mM PBS, 2 mM NaCl). The fullerene derivative was
initially dissolved in DMSO and then diluted to obtain appropriate concentrations in
10% DMSO-PBS mixture. DNA interaction studies of FPy solutions (3uM) were

carried out in quartz cuvette with a path length of 1 cm. Small aliquots of DNA were
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added and monitored the absorbance using Shimadzu UV-2600 PC UV-Vis
spectrophotometer. The fluorescence emission spectra were recorded on a SPEX
FLUOROLOG-3 (FL3-221) spectrofluorometer. Ethidium bromide displacement assay
were carried out by the measurement of fluorescence emission with subsequent
addition of FPy to DNA/EtBr complex at an excitation wavelength of 515 nm. Circular
dichroism measurements were performed on a Jasco J-810 spectropolarimeter with a
quartz cuvette having 1 mm path length. Fluorescence quenching experiments were
done by recording the emission spectra of DNA2-Cy3 (1.5 uM) by adding different
equivalence of FPy (Aexc = 530 nm). DLS analyses were carried out with DLS-Zetasizer
(Malvern Nano ZS) operating with a He-Ne laser at a wavelength of 633 nm. Each
analysis was triplicated and the mean value is reported. In each run, 10-15
measurements were made.
2A.5.3. MORPHOLOGICAL ANALYSIS OF DNA/FPy HYBRIDS

TEM samples were prepared by mixing DNA and FPy in 10% DMSO-PBS
mixture with an incubation time of 30 minutes and dropped on carbon coated Cu
grid. HRTEM measurements were carried out by using FEI-Tecnai T 30, with EDAX at
accelerating voltage of 300 kV. Samples were imaged with a Hamamatsu ORCA CCD
camera. AFM samples were prepared by mixing DNA and FPy in 10% DMSO-PBS
mixture with an incubation time of 30 minutes, dropped on mica surface and dried in
air. AFM analyses were carried out with BRUKER MULTIMODE AFM operating with a
tapping mode regime and a micro fabricated TiN cantilever tips (NT-MDT-NSG series)
with a resonance frequency of 299 kHz and a spring constant of 20 to 80 Nm-1.
Confocal imaging was done by dropping the solution as such on a cleaned glass plate
using a NIKON A1R Si spectral confocal microscope (Nikon, Tokyo, Japan) at a

wavelength of 561 nm to view the red fluorescence.
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2A.5.4. SYNTHESIS AND CHARACTERIZATION OF FPy
2A.5.4.1. Synthesis of [6, 6]-Phenyl-C61-butyric acid, PCBA

To a solution of PCBM (200 mg, 0.22 mmol) in toluene (100 mL), glacial acetic
acid (30 mL) and concentrated hydrochloric acid (15 mL) was added. The mixture was
refluxed for 20 hours. The reaction was monitored by TLC (silica/toluene : PCBM, Rs:
0.6; PCBA, Rf : 0.0). Aqueous layer in the reaction mixture was discarded and the
volatile components in the organic layer was removed under reduced pressure. The
product was precipitated by methanol, dried to obtain black solid with quantitative
yield (189 mg, 0.20 mmol). Mass (HRMS); calculated for C71H1202, 896.09; found,
897.09 (M+H).
2A.5.4.2. Synthesis of 2-(2-(2-bromoethoxy)ethoxy) ethanol , TEGBr

To a solution of 2,2’-(ethane-1,2-diylbis(oxy)diethanol (10 g, 0.066 mmol) in
toluene (150 mL), HBr (15 mL of 48% aqueous solution) was added. The reaction was
refluxed at 110 °C for 36 hours. The organic layer was separated using ethyl acetate
(2 x 100mL). The solvent was reduced by rotary evaporation and the crude product
was purified by column chromatography using 30% ethyl acetate-hexane mixture (Rf
: 0.5) to a yellow liquid in 11.3% yield (0.75g). 1H NMR (500 MHz, CDCI3), & (ppm):
3.84 (t,] =6 Hz, 2H), 3.76 (t, ] =4 Hz, 2H), 3.66 (s, 4H), 3.63 (t, ] =4.5 Hz, 2H), 3.50 (t, ]
=6 Hz, 2H); 13C NMR (125 MHz, CDCl3), § (ppm): 72.56, 71.15, 70.50, 61.70, 30.56;
HRMS (m/z): [M]+ calculated for C¢H13Br03, 212.00; found, 213.01 (M+H).
2A.5.4.3. Synthesis of 2-(2-(2-bromoethoxy)ethoxy) ethyl [6,6]-phenyl-C61-
butyrate, F-Br

To a solution of PCBA (100mg, 0.0558 mmol) in 1,2-dichlorobenzene (6mL),
4-dimethylaminopyridine (12 mg, 0.0558 mmol), EDC-HCI (64 mg, 0.1674 mmol)

were added and stirred for 10 min at 0 °C. To the reaction mixture 2-(2-(2-
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bromoethoxy) ethoxy)ethanol (32 pL, 0.1116 mmol) was added directly and stirred
overnight at room temperature. The crude mixture was separated by column
chromatography using chloroform (R¢: 0.7) to give the pure product as brown colour
solid in 31% yield (38.6 mg). 1H NMR (500 MHz, CDCl3), § (ppm): 7.93 (d, ] =7.5Hz,
2H), 7.56 (t,] =7Hz, 2H), 7.48 (t, ] =6.5Hz, 1H), 4.24 (t, ]= 4.5Hz, 2H), 3.82 (t, ] =6.5Hz,
2H), 3.7(m, 6H), 3.5(t, ] =6Hz, 2H), 2.93(t, ] =8Hz, 2H), 2.57(t, ] =7.5Hz, 2H), 2.19 (m,
J=7.5Hz, 2H). 13C NMR (125 MHz, CDCl3), § (ppm): 174.23, 148.29, 147.80, 145.85,
145.70, 145.26, 145.01, 144.88, 144.69, 144.58, 144.43, 144.32, 144.17, 144.03,
143.61, 143.05, 142.73, 142.08, 142.12, 141.19, 141.06, 139.04, 138.57, 135.79,
133.61, 128.04, 127.26, 121.72, 78.97, 70.06, 69.43, 68.20, 67.93, 62.9, 32.91, 27.42,
22.3; MALDI (m/z): [M]+ calculated for C77H23BrOs4*, 1090.07; found, 1113.06
(M+Na).
2A.5.2.3. Synthesis of 1-(2-(2-(2-(([6,6]-phenyl-C61-butyroyl)oxy)-
ethoxy)ethoxy) ethyl)pyridine-1-ium bromide, FPy
(2-(2-(2-bromoethoxy)ethoxy)ethyl [6,6]-phenyl-C61-butyrate (20 mg, 0.018
mmol) was added in 2 mL of pyridine. The reaction mixture was refluxed at 100 °C for
24 h. Pyridine was evaporated and the residue was washed with methanol Black
colour solid thus obtained is the product, FPy. 1H NMR (500 MHz, DMSO-ds ), 6
(ppm): 9.03 (d, ] = 5.5 Hz, 2H), 8.18 (t,] = 7 Hz, 2H), 8.06 (d, ] = 7.5 Hz, 2H), 7.60 (t,] =
7.5 Hz, 2H), 7.49 (s, 1H), 4.8 (t, ] = 4.5 Hz, 2H), 4.08 (t,] = 4.5 Hz, 2H), 3.91 (t,] = 4.75
Hz, 2H), 3.47 (t,] = 4.25 Hz, 4H), 2.93 (t,] = 8 Hz, 2H), 2.56 (t, ] = 7 Hz, 2H), 2.07 (m, ]
= 7.66 Hz, 2H); 13C NMR (125 MHz, CDCl3), § (ppm): 173.09, 146.06, 145.21, 145.12,
145.07, 144.71, 144.57, 144.52, 144.42, 144.22, 143.37, 143.13, 143.05, 142.98,
142.95, 142.91, 142.69, 142.15, 142.10, 141.98, 141.76, 139.02, 138.47, 136.71,

133.10, 128.34, 125.27, 122.55, 100.81, 79.46, 71.31, 70.20, 69.18, 68.10, 64.29,
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50.15, 32.66, 22.19; MALDI (m/z): [M]+ calculated for Cg2H2sNO4+, 1090.20; found,

1090.20.
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CHAPTER 2 - PART B

ANIONIC POLYMER ASSISTED ORDERED ASSEMBLY OF
AMPHIPHILIC FULLERENES WITH ENHANCED
ELECTRON TRANSPORT PROPERTIES

PSS/FPy /

2B.1. ABSTRACT

Ordered assembly of fullerenes via self-assembly or templated assembly have
high significance in organic electronic applications, especially since the charge
mobility across fullerenes is highly dependent on the structural order. In this work, we
have employed polymer directed assembly of the pyridinium appended fullerene
derivative, FPy, to enhance its charge carrier mobility by lowering the energy disorder.
In the previous Chapter (Chapter 2A), we have demonstrated the mutually assisted
assembly of the amphiphilic fullerene derivative, FPy with anionic biopolymer, DNA,
through electrostatic and groove binding interactions leading to ordered

fullerene/DNA nanostructures. In the present chapter, the ordered fullerene assembly
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is achieved through the interaction with a commercially available anionic polymer,
polystyrene sulfonate (PSS). Interaction of FPy with PSS was initially investigated
using UV-visible absorption spectroscopy and the corresponding morphological
changes were monitored through SEM, TEM and AFM analyses. Morphological
analyses reveal the formation of ultrathin crystalline nanosheets with an ordered
assembly of fullerenes. Crystallinity of nanosheets can be deduced from SAED pattern
and is further confirmed by XRD analysis. Fullerenes in the PSS/FPy hybrid forms FCC
lattice structure with the disappearance of peaks related to other lattice structures
present in bare FPy. Electron mobility of fullerene nanosheets measured by SCLC
method (0.92 x 103 cm?V-1S-1) showed one order enhancement in PSS/FPy hybrid
compared to FPy alone, which could be attributed to the reduced energy disorder in
FCC lattice structure of the former. The results presented in this work suggest the
potential use of the polymer assisted assembly of amphiphilic fullerenes in improving

the electron transport properties of various optoelectronic devices.

2B.2. INTRODUCTION

Fullerene, with its unique structure and electronic properties, has become an
excellent choice in organic electronic applications as an electron acceptor and
transport material. The extended use of fullerenes in organic electronic devices such
as organic solar cells (OSCs) and organic field effect transistors (OFETs) is due to
low reorganization energy, accelerated forward and backward electron transfer
when compared to planar electron acceptors and also their excellent carrier
mobility.l: 2 The role of fullerenes and its derivatives in Organic Field Effect
Transistors (OFETs) are very significant. Among the numerous members of fullerene

family, fullerene-Ceo is the most utilized one in OFETs and also the one with highest
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reported mobility.3 The high mobility of fullerene-Ceo is due to the high symmetry

and the deep-lying LUMO.#

Another reason for the wide utilization of Phenyl-Cei-butyric acid methyl
ester (PCBM) in optoelectronics applications is its better solution processability.
The combination of PCBM and the semiconducting polymer P3HT is a popular
donor-acceptor system (Figure 2B.1) used in polymer bulk heterojunction solar cells
and its charge carrier properties rely on the blend morphology and its
heterogeneity.> ¢ Several attempts have been made to improve the long range
crystallinity of the active layer in order to enhance the charge carrier properties by
utilizing various solution processes, deposition methods?-10 and by incorporating

suitable additives and compatibilizers.11-13

Ca-Cathode

P3HT:PCBM 200nm
PEDOT PSS 30nm
ITO-Anode 120nm
Glass
Photon t
T Sunlight T

Figure 2B.1. A) Schematic representation of photo-induced electron transfer from
p3HT to PCBM and the typical device structure of bulk- hetero junction solar cells
(Adapted from reference 5).

P3HT block copolymer can act as a better compatibilizer in improving the
morphology of p3HT/PCBM blend as discussed in several literature reports.14-16 Sun
et al. employed a diblock copolymer consisting of polystyrene and p3HT as a
compatibilizer to improve the p3HT crystallinity and thereby to enhance the power

conversion efficiency of polymer bulk heterojunction solar cells (Figure 2B.2A).17
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Besides, Sofia et al. proposed a synthetic methodology to generate hybrid
copolymers with covalently linked fullerene units, as shown in Figure 2B.2B, to use

as a compatibilizer in order to improve the morphology of p3HT/PCBM blend.18-20

A) B)
Copolymer Hybrid Copolymer , g sccepror
8 F !
sy Donor
S x
PSblock 2 Gl PO

CET

Figure 2B.2. A) Optimized structure of an oligomeric blend of P3HT/PCBM with a
single copolymer chain of PS-b-P3HT; B) Schematic representation and
corresponding TEM images of copolymer consists of rr-poly(3-alkyl-thiophene) and
poly(perfluorophenyl-quinoline) blocks and hybrid copolymers attached with
fullerenes (Adapted from reference 17 & 18).

The dependence of device performance on surface heterogeneity and
morphology has been discussed in several literature reports which suggest the
ordered molecular arrangement in the active layer for better photovoltaic
performance.21-23 Huang and co-workers have investigated the correlation between
structural disorder and energy disorder (ie. broadening of energy levels) in fullerene
electron transport layers and open-circuit voltage in perovskite solar cells.22 The
studies show that a simple solvent annealing method lower the structural disorder
in PCBM assembly by forming an FCC lattice structure (Figure 2B.3A). This, in turn
reduce the energy disorder in the system and thereby enhances the electron
transport properties and open-circuit voltage of the device. Over the same period,
the pioneering work of Lei and co-workers on fullerene ammonium iodide (PCBANI)

established the n-doping mechanism and improved electron transport properties of
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PCBANI through partial electron transfer from iodide to fullerene core.23 Further,
they have improved the electron transport properties by the formation of a more

ordered lamellar assembly of PCBANI through a solvent dispersion method (Figure

2B.3B).24
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Figure 2B.3. A) Device structure of the perovskite solar cells and the schematic
representation of disordered and ordered PCBM structures formed through various
methods. B) Schematic representation of the structure of self-assembled PCBANI
through solvent dispersion method and the corresponding optimized structures

from computational modelling (Adapted from reference 22 and 24).

Various strategies have been developed to obtain an ordered fullerene
assembly in charge carrier transport layer in order to enhance the charge
conductance.?5-28 Nakanishi and co-workers have achieved the formation of closely
packed fullerenes in lamellar mesophase structures by the design of alkyl
substituted fullerene derivatives (Figure 2B.4) and investigated the charge carrier

mobility of organized fullerenes in liquid crystalline states, that exhibit high charge
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conductance.?> The co-assembly of an amphiphilic fullerene derivative and insoluble
fullerene derivatives has been adopted by Zhang et al, which results in large

crystalline domains with high conductance.?8
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Figure 2B.4. A) Polarizing optical microscopic image of mesophase structures of
fullerene derivative shown in the insight and B) the schematic representation of

corresponding liquid crystalline assembly (Adapted from reference 25).

Covalent cross-linking is another well-accepted strategy adopted in bulk
heterojunction solar cells that impart excellent structural durability for the device
by preventing the high aggregation or crystallization tendency of fullerene
molecules.?? Hsu and co-workers have improved the power conversion efficiency of
an inverted polymer solar cell by the thermal cross-linking of a fullerene derivative
functionalized with a dendron containing two styryl groups.30 Further, the same
group utilized oxetane functionality for cross-linking, which also helps to make
better adhesion with the TiO; surface.3! Functionalities like epoxides32, halides33,
azides3* etc. are also utilized for cross-linking and contribute to the advances in
fullerene based solar cells. Recently, our group has adapted the cross-linking
approach to develop solvent resistive adhesive films through the design of a
fullerene-benzoxazine derivative3> for electron transport in inverted polymer solar

cells (Figure 2B.5A) and put forward a rational design strategy for the development
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of new polyfullerenes with aniline appended fullerene derivative by employing

oxidative polymerization of aniline (Figure 2B.5B).3¢

NH;

=~
NH
Oxidative g
Polymerisation AL

Figure 2B.5. A) Device structure and the cross-linked solvent-resistive adhescent
film in the electron transport layer consist of fullerene-benzoxazine derivative and
B) Schematic representation of polymer grafted fullerenes formed through oxidative
polymerization of aniline appended fullerene derivative (Adapted from references

35 and 36).

Since all the aforementioned strategies require millimolar concentration of
fullerenes to meet the desired electron mobility and most of these processes are
laborious and energy consuming, the search for more facile methods is still
continuing. Herein, we have adopted the electrostatic interaction between cationic
pyridinium appended fullerene derivative (FPy, Figure 2B.6A) and an anionic
polymer, polystyrene sulfonate (PSS, Figure 2B.6B, used in combination with PEDOT
as a solubilizing agent in photovoltaic devices) to generate long-range ordered
assembly of fullerenes for better charge transport properties using micromolar
amounts of fullerenes. As in the case of DNA/FPy assemblies, the electrostatic
interactions and m- 1 interactions guide the assembly of FPy and PSS to form
ultrathin crystalline nanosheets. XRD analysis shows the FCC lattice structure of
PSS/FPy hybrid and all other peaks in bare FPy, which corresponds to triclinic and

octahedral lattices, get diminished on assembling with PSS. Consequently, we have
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achieved enhanced electron mobility for PSS/FPy hybrid compared to bare FPy in
response to the long-range crystalline order. Further, we have carried out a
comparative study with PCBM and PSS/PCBM hybrid in order to understand the
significance of amphiphilic design of FPy and the PSS/FPy assembly process in

enhancing the electron transport properties.

2B.3. RESULTS AND DISCUSSION
2B.3.1. INTERACTION STUDIES OF FPy WITH PSS

As reported in the previous chapter, the absorption of FPy in 10% DMSO-
water mixture shows two absorption peaks around 260 nm and 334 nm. Interaction
of FPy with the anionic polymer, PSS was initially monitored through the changes in
absorption spectrum of FPy (3 pM) with subsequent addition of PSS (Figure 2B.6C).
A gradual reduction in absorption is observed at 334 nm, indicating the aggregation
of fullerene molecules in presence of PSS due to the possible electrostatic
interaction of cationic fullerene with the anionic polymer and m- m interactions
between fullerene units. The sudden reduction in absorption around 260 nm with
the first addition of PSS is also due to the fullerene aggregation via interaction with
PSS and further increase in absorption around 260 nm is due to the absorption of
PSS in this wavelength range. The strong electrostatic interaction between
pyridinium moiety and the sulphate groups on PSS reduce the repulsion between
cationic fullerene molecules and gradually bring FPy molecules together to form an

assembly of fullerenes.
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Figure 2B.6. Molecular structure of A) FPy, B) PSS and C) Changes in the absorption
spectra of FPy with the addition of PSS.

2B.3.2. MORPHOLOGICAL ANALYSIS OF PSS/FPy HYBRID

The morphology of PSS/FPy hybrids were thoroughly characterised through
SEM, TEM and AFM analysis and is compared with the sheet like structures of PSS
alone in 10% DMSO-water mixture. SEM analysis shows the formation of
micrometre sized sheet like morphology of PSS/FPy hybrid with fine edges, which
can be visually distinguished from the sheet like morphology of amorphous PSS as
seen in Figure 2B.7 A & B. TEM analysis of PSS/FPy hybrid reveals the crystallinity
of the nanosheets originates from the ordered array of fullerenes and is further
confirmed from the SAED pattern (Figure 2B.7C, D & E). PSS/FPy hybrid and PSS
alone can also be distinguished from the AFM images as shown in Figure 2B.8, that

show smaller nanosheets of PSS/FPy hybrid, with a lateral dimension of 100-500

105



Anionic Polymer Assisted Ordered Assembly of Amphiphilic Fullerenes

nm and thickness around 3 nm, compared to larger amorphous sheets (~ 2 um) of

PSS.

Figure 2B.7. SEM images of A) PSS alone; B) PSS/FPy hybrid; TEM images of C) PSS
alone; D) PSS/FPy hybrid and E) Magnified TEM image of PSS/FPy hybrid (Inset :
SAED pattern).

Figure 2B.8. AFM images of A) PSS alone and B) PSS/FPy in 10% DMSO-water

mixture dropcasted on mica surface.
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2B.3.3. XRD ANALYSIS

To get more insight into the ordered assembly of fullerenes on the nanosheet
structures, we have carried out the XRD analysis of PSS/FPy hybrid and were
compared with that of bare FPy, under similar conditions (Figure 2B.9). The XRD
peaks of bare FPy can be assigned to various close packed structures of fullerene,
including FCC, octahedral, triclinic etc.37-40. But the peaks corresponding to FCC
alone is retained in the XRD pattern of PSS/FPy hybrid, which clearly support the
ordered assembly of fullerenes in the nanosheet structures. Moreover, the peculiar
FCC structure of fullerene is highly recommendable in electron transporting layers

due to less energy disorder in the FCC close packed structure.22
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Figure 2B.9. XRD spectra of FPy alone & PSS/FPy hybrid.

2B.3.4. ELECTRON MOBILITY MEASUREMENTS BY SCLC METHOD

Since the FCC structure has significance in reducing energy disorder and
thereby enhancing the electron transport properties in photovoltaic devices, we
have carried out the electron mobility measurements of the PSS/FPy hybrid

nanosheets via space charge limited current (SCLC) method. In comparison to bare
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FPy, a significant enhancement in electron mobility can be seen while assembling
FPy with PSS and it can be attributed to the FCC lattice structure of FPy in the
hybrid nanosheets. Bare FPy shows an electron mobility of (1.2 £ 0. 5) x 104 cm?2V-
1S-1and is ten times enhanced in PSS/FPy hybrid ((0.92 £ 0.2) x 10-3 cm?2V-1S-1) with

comparable layer thickness as shown in Figure 2B.10.
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Figure 2B.10. A) Device structure for electron mobility measurements by SCLC

method and B) Mobility measurements of FPy and PSS/FPy.

A control experiment has been carried out with PCBM to specify the
importance of molecular design and highly ordered organization of FPy with anionic
polymer, PSS. The experiments have been done in similar conditions to avoid the
effects of solution processing. Bare FPy shows comparable electron mobility ((3.8 £
0.3)x 104 cm?2V-1S-1) with the standard PCBM ((5 £+ 0.5)x 104 cm?V-1S-1) and the
incorporation of PSS reduces the electron transporting ability of PCBM to (1.6 *
0.04) x 104 cm?2V-1S-1, since organisation of PCBM is altered in presence of PSS.
Contrarily, PSS can enhance the electron mobility of FPy to (1.8 £ 0.6) x 10-3 cm?2V-

1S-1by organizing the fullerene moieties in an FCC lattice structure (Figure 2B.11).

108



Chapter 2B

44 = PCBM (230 nm)
= PCBM/PSS (175 nm)
FPy/PSS (200 nm) -
34 u
= FPy (175 nm) .
< .
S K
— 2 .I.
&"
I.....
14 " u H
..I. ....:::.l
..I.. I==l...
u
....l.l. ..llllllllll
0 LTI PTTLL : .
0 1 2
V, Volts

Figure 2B.11. Mobility measurements of PCBM, PSS/PCBM, FPy and

PSS/FPy.
2B.4. CONCLUSIONS

In this chapter, we have employed the suitably designed cationic fullerene
derivative, FPy and an anionic polymer, polystyrene sulfonate (PSS) to achieve an
ordered fullerene assembly, mainly through electrostatic interactions. The
formation of ultrathin crystalline nanosheets is observed through the morphological
analysis of fullerene/polymer hybrid and the crystalline nature of the assembly is
confirmed from SAED pattern. The XRD analyses revealed the reorganisation of
fullerenes in presence of PSS to an FCC lattice structure, which is favourable for the
enhanced electron transporting properties of fullerene layer. Subsequently, the
electron mobility measurements of FPy and PSS/FPy hybrid by SCLC method
showed one order enhancement in the electron transporting ability of PSS/FPy
hybrid compared to bare FPy. Further, the comparative study of electron
transporting properties of FPy and PSS/FPy hybrid with that of PCBM and

PSS/PCBM hybrid signify the importance of amphiphilic design of cationic fullerene
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and its ordered assembly within PSS/FPy hybrid in enhancing the electron
transport property. In summary, this chapter put forward a facile method, utilising
micromolar concentration of fullerenes, to improve the charge carrier transport of
fullerene layers in optoelectronic devices by the suitable design of an amphiphilic
fullerene derivative and its interaction with a commercially available anionic

polymer.

2B.5. EXPERIMENTAL SECTION
2B.5.1. MATERIALS AND METHODS

All the reagents and solvents were purchased from Sigma-Aldrich, TCI
chemicals and Spectrochem chemical suppliers. Poly(sodium-4-styrene)sulfonate
(PSS) with an average molecular weight of 70,000 was used in the present study and
is purchased from Sigma-Aldrich.
2B.5.2. INTERACTION STUDIES OF FPy WITH PSS

Interaction of FPy with PSS was initially monitored with Shimadzu UV-2600
PC UV-Vis spectrophotometer by the subsequent addition of PSS from a stock solution
of 1 mg/mL to a fixed concentration of FPy (3 uM).
2B.5.3. MORPHOLOGICAL AND XRD ANALYSIS

All the samples were prepared with fixed concentrations of FPy (3 uM) and
PSS (10 pg/mL). TEM samples were prepared by passing 20-30 uL of solutions
through a carbon-coated Cu grid. HR-TEM analyses were carried out with FEI-Tecnai
G2 30, with EDAX at accelerating voltage of 300 kV. Samples were imaged with a
Hamamatsu ORCA CCD camera. SEM and AFM samples were prepared by drop-
casting 20-30 uL of samples to freshly cleaved mica surface. The samples were dried

in air overnight and kept in vacuum desiccator prior to analysis. The SEM images
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were recorded after sputtering with gold using Zeiss EVO 18cryo SEM Special Edn.,
operating with an accelerating voltage of 20 kV. AFM analyses were carried out with a
Bruker multimode AFM instrument operating with a tapping mode regime. Micro-
fabricated TiN cantilever tips (NT-MDT-NSG series) with a resonance frequency of
299 kHz and a spring constant of 20-80 Nm-! were used. AFM section analyses were
performed offline using Nanoscope Analysis 1.5 software. XRD analyses were
performed by XEUSS SAXS/WAXS system using a Genix microsource 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 Mar345 image plate detector and Fit2D software were used to obtain the
2D- WAXS pattern.
2B.5.4. SCLC MEASUREMENTS

The fullerene solution (FPy or PSS/FPy) in 10% DMSO-water mixture was
drop-casted on an ITO surface after depositing Al electrode through thermal
evaporation. The drop-casted ITO plates were allowed to dry on a hot plate at 70°C to
get an active layer on top of the surface. The devices were finished by glass
encapsulation to avoid degradation of the active layer. Control devices (PCBM and
PSS/PCBM) were fabricated through similar procedure using PCBM solutions in
10% THF-water mixture. Charge carrier mobility is measured in the SCLC regime as
described by J=9¢oe:uV2/8L3, where g is the permittivity of free space (8.854x10-12
F/m), &:is the dielectric constant of the active layer (~3), L is the electron mobility, V

is the voltage drop across the device and L is the active layer thickness.*!
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CHAPTER 3

HIERARCHICAL ASSEMBLY AND DNA ASSISTED REASSEMBLY

OF TETRAPHENYLETHYLENE AMPHIPHILES
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3.1. ABSTRACT

This chapter discusses the design, synthesis and assembly/re-assembly process

of three aniline appended amphiphilic TPE derivatives (TPE1, TPE2 & TPE3) in the

presence of CTDNA and short dsDNA. DNA plays a key role in the reassembly process as

it alters the hydrophilic-hydrophobic balance of the system and provides specific

binding possibility to achieve a directional assembly without compromising the

ultimate morphology of the respective assemblies. TPE derivatives were synthesized by

modified synthetic procedures and characterized using NMR and HRMS techniques.

Hierarchical assembly process of these TPE amphiphiles from fibrillar to

nanoribbons/nanosheets structures has been discussed in detail and the disassembly
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and reassembly of TPE amphiphiles in presence of DNA, leading to more ordered
nanostructures is probed through different spectroscopic and morphological
techniques. The difference in the number of triethylene glycol chains attached to the
TPE amphiphiles significantly contribute to the distinct assemblies of TPE1, TPE2 and
TPE3. The initial fibril formation might be originated from the slipped stacking of TPE
cores along with the van der Waals interaction between triethylene glycol chains.
Lateral association of fibrillar structures and formation of nanoribbons/nanosheets
rely mostly on the van der Waals interaction between the triethylene glycol chains
which in turn stabilize the TPE assemblies in water. The crystalline assembly of TPE
can be observed in all the three TPE/DNA hybrids and the reassembly process of TPE2
in presence of CTDNA is studied in detail. Short dsDNA act as more rigid template for
the assembly of TPE amphiphiles and is found to form more ordered structures

compared to the crystalline assemblies formed by lengthy, flexible CTDNA.

3.2. INTRODUCTION

Tetraphenylethylene (TPE) is well-known for its AIE behavior that results
from the restricted intramolecular rotation of phenyl rings upon molecular
aggregation (Figure 3.1A).1 This unique photophysical process of TPE attracts major
interest in optoelectronics and bio/chemosensors.27 Apart from the excellent
optical properties, the AIE luminogens also have advantage of easy synthesis,
functionalization and self-assembling properties.8 ° The stimuli-responsive
molecular aggregation and AIE behavior of TPE are frequently applied in
bio/chemical sensors,? fluorescence imaging,1° optoelectronic devices etc. and is
made possible through different non-covalent interactions like m-m stacking,11

electrostatic!?2 and van der Waals interactions,!3 metal co-ordination,14 host-guest
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interactions15> etc. Based on electrostatic interaction, Li et al. have developed a
glucose sensing probe consists of ammonium modified TPE derivative and an
anionic polymer having a phenylboronic acid group. In presence of glucose and
glucose oxidase, the electrostatically bound TPE/polyanion hybrid get disaggregated
since the H;02 produced during glucose oxidation can reduce the phenyl boronic
acid to a weaker phenolic acid, thereby lessens the negative charges on the
polyanion.16 Later, Li et al. have developed an enzyme responsive fluorescent vesicle
based on ionic complexation between a water-soluble TPE derivative and an enzyme
substrate, myristoylcholine chloride, that may find applications in the treatment of
Alzheimer’s disease (Figure 3.1B).17 Dinca and co-workers have employed metal co-
ordination based enhanced emission of TPE for the first time, by anchoring
luminogens within a rigid matrix (Figure 3.1C).18 Later, Yin et al. have developed
supramolecular rosettes with tunable emission properties through co-ordination
driven self-assembly of terpyridine conjugated TPE ligands and have achieved pure
white-light emission under wide range of water fractions.1® Likewise, a covalent
polymerization method has also been employed by Zhao and co-workers to restrict
the rotation of TPE rotors and produce porous ultrathin 2D nanosheets sensitive to
volatile organic compounds (VOCs) (Figure 3.1D). The vapor sensing is achieved by
virtue of the enhanced emission on interaction with electron rich volatile organic
molecules, which is similar to AIE behavior.20 The host-guest interaction has also
utilized in the design of AIE based luminescent materials, mainly to provide stimuli
responsive properties. Huang and co-workers have reported the controllable self-
assembly of a pillar[5]arene based amphiphilic supramolecular copolymers with
TPE and viologen units to find application in self-imaging targeted drug-delivery

(Figure 3.1E).21
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Figure 3.1. Schematic representation of A) AIE in TPE molecule caused by RIR; B)
Self-assembly and enzyme responsive disassembly of TPE based fluorescent vesicle
based on electrostatic interaction; C) AIE induced by metal co-ordination; D)
Formation of ultrathin 2D nanosheets through covalent polymerization method and
E) Self-assembly and stimuli-responsive drug release based on host-guest

interactions. (Adapted from references 7, 17, 18, 20 and 21, respectively)

The interactions of TPE with biomolecules like proteins, DNA etc. have been
investigated by several research groups in order to employ the AIE properties in
sensing, bio-imaging and various other biological applications.?2-24 In early years,
charged TPE derivatives are widely suggested for the fluorescence based biosensing
applications as it produce significant changes in the fluorescence signal on
interaction with bioanalytes.1¢ Ben-Zhong Tang and co-workers, who first proposed

the concept of AIE,! have utilized the AIE character of TPE to design a label-free
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fluorescent probe for G-qudraplex formation and real-time monitoring of DNA
folding.25 Later, they have introduced a thymine functionalized TPE derivative for
the selective detection of adenine rich ssDNA based on AIE characteristics (Figure
3.2A)2%6. A bimodal fluorogenic/magnetic resonance probe has been designed by Li
et al. with a four-armed star shaped TPE based copolymer for bacterial detection, in
response to the non-covalent interaction between copolymer and bacteria surface.?”
Similarly, Han and co-workers put forward the design of a sugar bearing TPE
molecule to use as a ‘turn-on’ fluorescence sensor for carbohydrate binding protein,

lectins and glycosidase based on differential interaction with these bioanalytes.28

Moreover, quite a few attempts have been made to control and modulate the
AIE properties by the proper incorporation of AlEgens in different biomolecular
scaffolds. Haner and co-workers have designed TPE modified complementary DNA
strands and its molecular aggregation and emission properties have been controlled
by DNA hybridization (Figure 3.2B).2° Later, Lei et al. have employed a tetrapod G-
quadruplex and i-motif to achieve controlled molecular assembly and modulate
fluorescence intensity. Further they have demonstrated the utility of the probe as a

sequence-specific DNA detection assay.30

The supramolecular systems based on TPE assemblies are highly
recommended for drug/gene delivery applications as it provides an additional
advantage of fluorescence-based delivery monitoring. Zhang et al. has developed a
novel gene delivery strategy, based on effective plasmid DNA condensation by a
cationic peptide functionalized TPE core that enables the tracking of gene delivery
process (Figure 3.2C).31 Recently, our group has investigated the DNA condensation

and assembly process of a viologen appended TPE derivative (Figure 3.2D).32 Wang
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and co-workers have achieved the formation of fluorescent supramolecular
nanoparticles for intracellular trafficking of protein delivery by the design of TPE
involved metal-organic cages.3? Likewise, Yang and co-workers have developed a
self-imaging drug delivery vehicle by the hierarchical assembly of an amphiphilic
peptide polymer conjugate and they found that the DOX-loaded tubisomes are

efficient for inhibition of cancer cell proliferation.34
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Figure 3.2. Schematic representation of A) Selective detection of adenine rich
ssDNA based on AIE properties of thymine attached TPE derivative; B) DNA
hybridization controlled AIE behavior of TPE/DNA conjugate; C) plasmid DNA
condensation and gene delivery using peptide functionalized TPE derivative and D)
CTDNA condensation and self-assembly of viologen appended TPE derivatives.

(Adapted from references 26, 29, 31 and 32, respectively).

Apart from the benefits of AIE characteristics, the supramolecular aspects of TPE are
less revealed due to the difficulty in achieving well-defined structures from these
non-planar AIE luminogens. Nevertheless, the assembly of AlEgens are highly

desirable as it provide well-ordered emissive nanoscale materials for advanced
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applications in various fields. AIEgen based ordered supramolecular assemblies can
only be achieved through the precise molecular design and suitable choice of

supramolecular strategies.

A) VM" "‘Y\/\/\/\/
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Figure 3.3. A) Schematic representation of possible pathway for the formation of
chiral superstructures from achiral TPE derivative; B) Molecular structure of amino
acid attached TPE derivative, Val-TPE and the SEM, TEM and fluorescent images of
helical nanofibres formed on solid substrate through solvent evaporation and C)
Schematic representation of formation of chiral sheet by the self-assembly of TPE
amphiphile and enantioselective sorption. (Adapted from references 35, 36 and 37,

respectively).
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Bhosale and co-workers have designed a TPE derivative with four long alkyl chains
attached through amide linkages and achieved the ordered right-handed chiral
superstructure from achiral TPE (Figure 3.3A).35 Likewise, Tang and co-workers
have reported the formation of helical nanofibers from a chiral amino acid attached
TPE derivative, which exhibit AIE characteristics along with aggregation-induced
circular dichroism (AICD) and circularly polarized luminescence (CPL). The AICD
and CPL indicates that the chirality of amino acid is transferred to TPE moiety
(Figure 3.3B).3¢ Later, Lee and co-workers have reported the self-assembly of
amphiphilic TPE derivatives to chiral 2D-nanosheets capable of enantioselective
sorption with fluorescence based sensing characteristics (Figure 3.3C).37 Recently.
our group has demonstrated the dynamic switching of self-assembled nanofibers
formed from diaminotriazine appended TPE derivative by wusing molecular
recognition strategy and achieved better control over the morphology of 1D

assemblies of TPE AlEgens.38

Thus, the amphiphilic self-assembly of TPE is highly encouraged for the
development of well-defined ordered nanostructures in recent years. However,
there are fewer reports on reorganization and formation of ordered crystalline
assembly of TPE amphiphiles via molecular recognition. Crystalline supramolecular
assemblies are of great interest due to their exciting material properties that can be
suitably modulated via external stimuli and modify the inherent molecular
interactions within the system.3°41 The stimuli responsive behaviour in
supramolecular assemblies is often accompanied by morphological
transformation#2-44 or switching between H and ] assembly.#> Certain external agents

can also induce pathway dependent assembly process to yield entirely different
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morphological structures. There are fewer reports suggesting the molecular
reorganization that finally attain an indistinguishable morphology, since it is difficult
to probe molecular reassembly process that doesn’t leave much evidence after

reorganization.

Herein, we have investigated the DNA assisted supramolecular reassembly of
hierarchically assembled TPE amphiphiles through DNA intercalation. Stable,
supramolecular nanoribbon assemblies have been achieved with micromolar
concentrations of TPE1 and TPE2 amphiphiles, having single and double
hydrophilic arms appended with an aniline moiety, in ethanol-water mixtures by
adjusting the ethanol percentage in the aqueous media according to the structural
organization requirement of the molecule. The hydrophobic-hydrophilic balance in
the assembly gets altered by the addition of DNA to the initial assemblies, causing a
spontaneous reorganization of TPE1 molecules along with the intercalation of
aniline moiety in between the nucleobase pairs. Even though, the process doesn’t
make any changes in the overall morphology after reassembly, DNA gets
incorporated in the nanoribbon, which is confirmed through EDAX analysis.
Moreover, XRD analysis and SAED patterns of TPE1/CTDNA hybrid suggest more
ordered arrangement of amphiphiles in the DNA incorporated structures due to the
directional assembly of TPE1 through intercalative binding with DNA. The
observation is further supported by fluorescence lifetime measurements. On the
other hand, TPEZ2, having two hydrophilic arms reassemble gradually with time and
the reassembly is well-probed through morphological and spectroscopic analysis.
TPE3 with four side arms form stable nanosheet structures in 10% DMSO-PBS

mixture and is reassembled with dsDNA to get more crystalline nanosheets. DNA
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incorporated assemblies of TPE2 and TPE3 were compared with the reassembled
structures of respective molecules after heat-cool, which show significant difference
in the crystallinity of both assemblies. Thus, herein, we have demonstrated the
supramolecular reassembly of tetraphenylethylene amphiphiles through interaction
with DNA to achieve crystalline supramolecular assembly, which is different from
the less ordered initial assembly of all three TPE amphiphiles, without any

morphological transformations.

3.3. RESULTS AND DISCUSSION

3.3.1. SYNTHESIS AND CHARACTERISATION OF TPE AMPHIPHILES

A) B)
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Figure 3.4. Molecular structures of A) TPE1, B) TPE2, and C) TPE3.

Design of tetraphenylethylene amphiphiles TPE1, TPE2 and TPE3 is
envisioned to form DNA nanostructures in aqueous media through supramolecular
assembly strategies. One, two and four aniline moieties are incorporated in the
molecular design of TPE1, TPE2 and TPE3, respectively to ensure the interaction
with DNA through intercalation, and these aniline groups are attached to the TPE
core through hydrophilic triethylene glycol chains to impart amphiphilicity to the

TPE derivatives (Figure 3.4A, B & C).
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Scheme 3.1. Synthesis of aniline appended TPE amphiphile, TPE1.

The syntheses of TPE amphiphiles have been achieved through a multi-step
synthesis procedure as shown in Scheme 3.1. TPE core is synthesised by following
McMurry reaction by using different hydroxy-benzophenone derivatives. Aniline

group is attached to the triethylene glycol chain through O-alkylation of 2-
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aminophenol and the synthesised aniline appended triethylene glycol chain is
attached to the hydroxyl derivatives of TPE through another O-alkylation step to get
TPE1B, 2B & 3B. Subsequent Boc-deprotection using Tetrafluoroacetic acid (TFA)
yielded the respective final products TPE1, 2 & 3 in quantitative yield. The Boc-
deprotection is confirmed through NMR analysis by the disappearance of peak at
1.5. Detailed synthetic procedures and characterization data for all the

intermediates and final molecules are given in the experimental section.
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Scheme 3.2. Synthesis of aniline appended TPE amphiphile, TPEZ2.

130



Chapter 3

HO IOH

TPE30OH
K,COj3, Nal NHBoc
Acetonitrile O~~~ Ourg)

110°C, 24 Hrs
APTEGCI

NHBoc I:j
l:tro\/NO’\’°~/‘o ~~0

O O 0‘/\0/\’0 NHBoc
I

NHBoc
(0)

TPE3B NHBoc

TFA, CHCl,
4-6 Hrs
Q
(0]
2

|
T o SAS
[j:r oY O~ ~Ourg

TPE3 NH,

Scheme 3.3. Synthesis of aniline appended TPE amphiphile, TPE3.

3.3.2. PHOTOPHYSICAL STUDIES AND AGGREGATION BEHAVIOUR OF TPE

AMPHIPHILES

TPE amphiphiles with predominant changes in their chemical structure show
considerable difference in their solubility, and thereby show different aggregation
tendency in different solvent systems. The aggregation tendencies are initially
monitored through absorption studies and are further confirmed through AFM

analysis before choosing the right solvent system for further studies.
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Figure 3.5. A) Absorption spectra showing the aggregation tendency of TPE1 in
various ethanol/PBS mixtures. AFM images of TPE1 in B) 40% ethanol/PBS & C)
30% ethanol/PBS at a concentration of 16 uM; D, E & F) AFM images of TPE1 in 10%

ethanol/PBS mixture at concentrations of 0.3 uM, 3 uM & 25 pM, respectively.

TPE1 and TPE2 are found to be readily soluble in ethanol and the absorption

spectra show maximum at 290 nm with a shoulder band around 320 nm

corresponding to the TPE absorption as shown in Figures 3.5A & 3.6A. The

corresponding absorption spectra of TPE1 and TPE2 at different ethanol/PBS

mixtures clearly indicate the aggregation tendency in these aqueous systems. In the
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case of TPE1, there are no changes in the absorption spectra with time, up to 40%
ethanol/PBS and further decrease in ethanol percentage shows significant
aggregation of TPE1. Corresponding AFM image of TPE1 in 40% ethanol/PBS also
didn’t show formation of any aggregates (Figure 3.5B). But in 30% ethanol/PBS
mixture, it started to form larger aggregates as shown in Figure 3.5C. Moreover, AFM
images of TPE1 in 10% ethanol/PBS show various aggregated structures like
nanoflakes, nanosheets at different concentrations of TPE1 as shown in Figure 3.5D,
E & F. Meanwhile, TPE2 forms elongated nanoribbon-like structures in 40%
ethanol/PBS through lateral association of initially formed nanofibrils and is shown

in Figures 3.6B, 3.6C & 3.6D.

Based on these aggregation studies, we have selected suitable aqueous media
for each TPE derivative for further experiments. We have also considered the use of
minimum ethanol percentage in the solvent system required for stable assembly
formation in order to avoid the condensation of CTDNA during DNA interaction
studies. For TPE1 and TPE2, which are readily soluble in ethanol, the studies have
been carried out in 10% ethanol/PBS and 40% ethanol/PBS, respectively. The broad
absorption of both TPE1l and TPE2 in ethanol-PBS solutions indicates TPE
aggregation as shown in Figures 3.7A & 3.7B. TPE3 tends to aggregate in 10%
DMSO-PBS mixture as observed from the broad absorption band shown in Figure
3.7C. Hydrophilic-hydrophobic balance imparted by the amphiphilic molecular
design of these TPE amphiphiles assist the molecular assembly in respective
aqueous environments to form characteristic nanoscale structures, which are

thoroughly investigated further by TEM and AFM analysis.
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Figure 3.6. A) Absorption spectra showing the aggregation tendency of TPE2 in
various ethanol/PBS mixtures; B, C & D) AFM images and corresponding height
images of TPE2 in 40% ethanol/PBS mixture at a concentration of 7 pM, showing
the formation of nanoribbon-like structures through possible lateral association of

elongated fibrillar units.
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Figure 3.7. Change in absorption spectra of A) TPE1; B) TPE2 and C) TPE3 in

suitable aqueous media selected for further studies.
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3.3.3. SELF-ASSEMBLY OF TPE AMPHIPHILES

TPE1, TPE2 and TPE3 tend to assemble in aqueous media due to the
synergistic effect of m-mt stacking between the TPE core and aniline moieties and van
der Waals interaction within the ethylene glycol chains.#6-48 AFM analysis of TPE1
assembly shows the formation of nanosheet like structures with a thickness around
3 nm and the lateral dimension of the nanosheets get varied from 150 nm to 1 um as
shown in Figure 3.8A. TPE2 forms nanoribbon like structures with few micrometres
in length as shown in Figure 3.8B. On the other hand TPE3, with its four side arms,

forms nanosheets in 10% DMSO-PBS and is shown in Figure 3.8C.

3.7.nm

=24 nm

Height

E) | | F)

Figure 3.8. AFM images of A) TPE1; B) TPE2 & C) TPE3 drop casted from 10%
ethanol-PBS, 40% ethanol- PBS and 10% DMSO-PBS mixture, respectively and the
corresponding TEM images of D) TPE1; E) TPE2 & F) TPE3.

Nanosheet formation is also encouraged by the comparatively lower polarity
of the solvent mixture which tries to reduce the exposure of triethylene glycol chains

on four sides to the outer surface, thereby facilitating more lateral associations. TEM
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analysis of the respective assemblies further confirms the ribbon and sheet like
morphologies (Figures 3.8D, 3.8E & 3.8F).

A close look at the TPE1 nanosheet reveal the presence of repeating fibrillar
units of width around 25 nm, which can accommodate around ten TPE1 molecules
and these fibrillar units are separated by a distance of ~4 nm (Figure 3.9A). Thus, we
can assume that larger nanosheets are formed through the lateral association of pre-
formed fibrils of stacked TPE cores, having hydrophilic, triethylene glycol arms at
both ends as shown in Figures 3.9B, 3.9C & 3.9D. The initial fibril formation might be
originated from the slipped stacking of TPE cores along with the van der Waals
interaction between triethylene glycol chains. Better understanding of the lateral
assembly process is obtained from TPE2 assembly in 40% ethanol-PBS. The higher
ethanol content in the solvent mixture helps to understand the assembly process
better. Lateral association of fibrils can be clearly seen in TPE2 assembly, which
eventually form nanoribbon like structures with a thickness of ~3.6 nm,
corresponding to three stacked layers of TPE2 (Figures 3.9E, 3.9F, 3.9G & 3.9H). The
increase in thickness might be due to the more slipped stacks of TPE2 compared to
TPE1, since the m- m stacking of TPE core in TPE2 assembly in higher ethanol
percentage is comparatively weaker than that of TPE1. Single fibrillar width within
a nanoribbon is around 33 nm as shown in the height profile which can
accommodate around ten units of TPE2 while considering the molecular dimension.
Formation of more elongated assemblies of TPE2 nanoribbons might be due to the
presence of hydrophilic arms on both sides of TPE2, which provide more stability to
the assembled system in aqueous media, compared to the shorter assemblies of

TPE1 having single arm. This might also be the reason for stable nanofibrils we
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could see in the AFM images of TPE2 assembly with less lateral association as seen

in Figure 3.6.

Figure 3.9. A) AFM image of TPE1 in 10% ethanol-PBS; B) Corresponding height
profile; C & D) Schematic representation of TPE1 with corresponding molecular
dimensions and the formation of nanosheets; E) AFM image of TPE2 in 40%
ethanol-PBS; F) Corresponding height profile; G & H) Schematic representation of

TPE2 with corresponding molecular dimensions and the formation of nanoribbons.

3.3.4. DNA INTERACTION STUDIES AND REASSEMBLY OF TPE AMPHIPHILES

The addition of anionic DNA can alter the hydrophilic-hydrophobic balance in
the systems by possible interactions with the amphiphilic TPE derivatives with
appended anilines, which further make the assembly susceptible for reorganisation.
Aniline moieties are known to interact with DNA through intercalation and the

hydrophobic TPE core can promote further assembly process.4 50
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Figure 3.10. A) Changes in absorption spectra and B) Emission spectra of TPE1
with addition of CTDNA in 10% Ethanol-PBS; C) Changes in absorption spectra of
TPE2 with addition of CTDNA in 40% Ethanol-PBS; D) Absorption changes at 260
nm in the presence and absence of TPE2 with increasing concentration of CTDNA;
E) Changes in absorption spectra of TPE3 with addition of CTDNA in 10% DMSO-
PBS and F) Absorption changes at 260 nm in the presence and absence of TPE3 with

increasing concentration of CTDNA.
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Interaction of DNA with the hierarchical assembly of TPE amphiphiles were
initially monitored through UV-vis absorption spectroscopy by observing the
changes in the absorption spectra of preformed TPE1, TPE2 and TPE3 assemblies
with the addition of Calf Thymus DNA (CTDNA). DNA interaction with TPE1
assembly can be assessed by the changes in absorption bands at 290 nm and 320
nm. Absorption around 320 nm shows hypochromism along with a 13 nm red shift
which indicates the interaction of TPE1 assembly with CTDNA (Figure 3.10A). The
absorption around 290 nm also reduced considerably in the first addition of DNA
due to the disassembly of TPE and further increase in absorbance is attributed to the
nucleobase absorption around 260 nm. Disassembly of TPE1 can be further
confirmed from the decrease in fluorescence intensity with addition of DNA (Figure
3.10B), since TPE is an AlEgen.

Addition of CTDNA to TPE2 assembly shows an increase in overall
absorption at 290 nm and 320 nm as shown in Figure 3.10C and the positive change
in absorption might be due to the contribution from CTDNA alone if there is no
interaction between TPE2 and CTDNA. But, the interactions in TPE2/CTDNA can be
confirmed by a control experiment by monitoring the absorption change at 260 nm
with subsequent addition of CTDNA in the presence and absence of TPE2 and the
secondary plot (Figure 3.10D), which suggests comparatively less interaction of DNA
with TPE2 assembly. These significant differences in DNA interaction with TPE1
and TPE2 might be due to the higher molecular interactions within TPE2
amphiphiles compared to TPE1, due to the van der Waals forces acting between two
hydrophilic arms in TPE2. Accordingly, TPE3, with four hydrophilic arms, form
much stronger assembly than TPE1 and TPE2 and show smaller changes in the

absorption on interaction with CTDNA as evident from Figures 3.10E & 3.10F.
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3.3.4.1. Reassembly of TPE1 with CTDNA

Prior to the reassembly studies, we have carried out the interaction studies of
TPE1 in 40% ethanol/PBS with CTDNA in order to understand the capability of DNA
to trigger the self-assembly of TPE1, since there’s no aggregate formation in 40%
ethanol-PBS (Figure 3.5B) as observed in the previous studies. The absorption
studies show a gradual enhancement in the overall absorption of TPE1 and the
secondary plot indicates comparatively less interaction of TPE1 with CTDNA

(Figures 3.11A & 3.11B).
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Figure 3.11. A) Changes in absorption spectra of TPE1 in 40% ethanol/PBS with
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addition of CTDNA; B) Absorption changes at 260 nm in the presence and absence of
TPE1 with increasing concentration of CTDNA and C) AFM images of TPE1/CTDNA
(16 uM : 25 puM) in 40% ethanol/PBS.

However, morphological analysis of TPE1/CTDNA after 30 minutes of incubation
showed the formation of nanoribbon-like structures from nanofibrillar units as
shown in the AFM images (Figure 3.11C), which could be resulted from the change in

solvent polarity after addition of anionic DNA
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Since AFM and TEM analysis provide more insight into the reassembly
process of TPE amphiphiles in presence of CTDNA, we have mainly focused on the
morphological analysis of the respective TPE/DNA hybrid assemblies in selected
aqueous media. For example, Figures 3.12A & 3.12B show the AFM image and height
profile of TPE1 (25 uM) in presence of CTDNA (25 uM) in 10% Ethanol-PBS solvent
mixture. Formation of comparatively stable assemblies of TPE1 with CTDNA is
evident from the AFM image which shows that the fibrillar assembly width in
between two grooves is increased from 25 nm for TPE1 alone to 45 nm for
TPE1/CTDNA and there is a slight increase in the lateral dimension of ribbons from
~200 to ~300 nm (Figures 3.12A & 3.12B). This might be due to the incorporation of
CTDNA in between the TPE assembly which can hold more TPE1 molecules together
in an assembly than individual assembly among TPE1 amphiphiles. TEM analysis
shows the highly crystalline assembly of TPE1/CTDNA as observed in the SAED
pattern (Figures 3.12C & 3.12D), which is in agreement with the XRD analysis
(Figure 3.13A) also. Lifetime measurements of TPE1 and TPE1/CTDNA show three
component decay profile, as shown in Figure 3.13B and Table 3.1, in which
TPE1/CTDNA possess longer lifetime compared to TPE1 and this might be due to
the extended exciton migration in TPE1/CTDNA assemblies.5! These morphological
observations along with the spectroscopic studies collectively suggest the TPE1
reassembly in presence of CTDNA. The proposed reassembly process involves
possible intercalative interaction of aniline moieties between the DNA nucleobases,
which aligns more TPE amphiphiles on both sides of DNA as schematically

represented in Figure 3.12E.
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Figure 3.12. A) AFM image; B) Corresponding height profile; C) TEM image and D)
Corresponding SAED pattern of TPE1/CTDNA (1:1) in 10% Ethanol-PBS mixture

and E) Cartoonic representation of reassembly of TPE1 in presence of CTDNA.
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Figure 3.13. A) XRD spectra and B) Fluorescence lifetime measurements of TPE1

and TPE1/CTDNA.

Table 3.1. Lifetime measurements of TPE1 and TPE1/CTDNA with corresponding

relative amplitudes.

Life time (ns) Relative Amplitude
7.28 45 %
TPE1 1.51 40 %
0.262 15%
7.81 52 %
TPE1/CTDNA 1.89 13%
0.435 35%
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3.3.4.2. Reassembly of TPE2 with CTDNA

The disassembly and reassembly of TPE2 through CTDNA interactions is
evident in AFM and TEM images in which the existence of smaller irregular
aggregates, fibres and well-formed nanoribbon like structures are identified
(Figures 3.14A-D). The crystalline nature of as-formed nanoribbons can be
confirmed from the clear lattice fringes in the high-resolution TEM image as shown
in Figure 3.14E. The presence of DNA in the well-formed nanoribbon is further

confirmed through EDAX analysis (Figure 3.15A).
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Height

Figure 3.14. A & B) AFM images and C, D & E) TEM images of TPE2/CTDNA (1:3.5)
in 40% ethanol/PBS, showing the reassembly of TPE2 in presence of CTDNA.

The disassembly and reassembly of TPE2Z with CTDNA can be portrayed
through time dependent DLS analysis which shows the disappearance of larger
(~500 nm sized) assemblies and subsequent formation of smaller (~250 nm sized)
assemblies within 2 hours. Further formation of larger (~750 nm sized) assemblies
can be monitored within 3 hour and it retain the hydrodynamic size even after one

day (Figure 3.15B). Further, we have monitored the time dependent changes in
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TPE2 fluorescence (Figure 3.15C) that shows an initial reduction in emission
intensity followed by a time dependent enhancement close to the initial value.
Disassembly and reassembly of TPE2 can be clearly observed by plotting the change
in emission intensity at 340 nm as shown in Figure 3.15D. Addition of CTDNA causes
an immediate reduction in fluorescence intensity and is further decreased to a
minimum value within 1 hour, indicating the gradual disassembly of TPE2 in
presence of CTDNA. After 1 hour, TPE2 amphiphiles reassemble with DNA to get a

comparable fluorescence as that of the initial assembly.
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Figure 3.15. A) EDAX analysis of TPE2/CTDNA; B) Time dependent DLS analysis of
TPE2/CTDNA; C) Time dependent fluorescence analysis of TPE2/CTDNA and D)
Time dependent fluorescence changes at 340 nm for TPE2/CTDNA.

Moreover, temperature dependent fluorescence measurements of respective

assemblies (Figures 3.16A & 3.16B) and the plot of temperature versus fluorescence
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intensity of TPE2 and TPE2/CTDNA at 367 nm show that TPE2Z/CTDNA assemblies

begin to form even at 50 °C on cooling, while TPE2 at 40 °C, indicating the more

stable assembly of TPE2/CTDNA (Figure 3.16C).
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Figure 3.16. Temperature dependent fluorescence analysis of A) TPE2 and B)
TPE2/CTDNA; C) Fluorescence based melting curve for TPE2 and TPE2 /CTDNA.

Further, we have studied the assembly and reassembly of TPE2 in 10%

DMSO-PBS on interaction with CTDNA and also during heat-cool process.

Absorption studies show the aggregation tendency of TPE2 in 10% DMSO-PBS as

evident from the broadened spectrum, shown in Figure 3.17A. The TEM image

shows that TPE2 forms nanosheets having a lateral dimension below 500 nm in

10% DMSO-PBS mixture (Figure 3.17B). Interaction of CTDNA is initially monitored

through absorption studies that show considerable hypochromism and spectral

broadening during CTDNA titration (Figure 3.17C). On the other hand, the heat-cool
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process shows significantly different spectral changes as showed in Figure 3.17D.
The broad absorption band of TPE2 aggregate around 330 nm is gradually reduced
and probably reached monomeric state during gradual heating to 80 °C. Further
cooling doesn’t bring back the initial assembly, instead forms a new assembly with a
slight blue shift in the 285 nm peak (Figure 3.17D). These initial observations clearly
indicate the formation of entirely different assemblies during interaction with
CTDNA and heat-cool process of TPE2. But, the morphological analysis of
TPE2/CTDNA hybrid shows that the addition of CTDNA doesn’t significantly change
the nanosheet morphology (Figure 3.18A). However, the nanosheets become more
crystalline as evident from the SAED pattern (Figure 3.18C). This might be due to the
reorganisation of TPE2 molecules by the incorporation of CTDNA through
intercalation of aniline moieties. Meanwhile, heating and subsequent cooling of
TPE2 alone form more extended, stable and well-ordered nanosheets with high
crystalline nature, in response to the strong interaction among hydrophilic arms on
both sides of TPE2 during heat-cool process (Figures 3.18B & 3.18D). XRD analysis
also confirms the high crystallinity of individual TPE2 assembly after heat-cool
compared to the TPE2/CTDNA assembly (Figure 3.18E). The less ordered assembly
of TPE2 with CTDNA might be due to the lengthy and flexible nature of CTDNA that
controls the assembly process. Therefore, the use of a short and rigid dsDNA scaffold
might provide more information and comparatively more ordered nanoscale

structures.
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Figure 3.17. A) Absorption spectra of TPE2 in DMSO and 10% DMSO-PBS; B) TEM

image of TPE2 (15 pM) in 10% DMSO-PBS; Changes in absorption spectra of TPE2 in

10% DMSO-PBS C) with addition of CTDNA, D) with heat-cool process.
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Figure 3.18. TEM images of A) TPE2/CTDNA; B) TPE2 after heat-cool in 10%
DMSO/PBS; C & D) Corresponding SAED patterns of TPE2/CTDNA and TPE2 after

heat-cool, respectively; E) XRD spectra of TPE2 after heat-cool & TPE2/CTDNA.
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Figure 3.19. A) Changes in absorption spectra of TPE2 in 10% DMSO-PBS with
addition of short 20-mer dsDNA; B) TEM image of TPE2/dsDNA in 10% DMSO-PBS
and C) Schematic representation of reassembly of TPE2 with long dsDNA, short
dsDNA and after heat-cool process.

The interaction of TPE2 assembly in 10% DMSO/PBS with short 20-mer
dsDNA is confirmed through absorption studies and shows significant
hypochromism in TPE2 absorption during titration experiment as shown in Figure
3.19A. As expected, the assembly of TPE2 with short and rigid 20-mer dsDNA

scaffold bring out more ordered crystalline assembly as evident from the clear
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lattice fringes in TPE2/dsDNA nanosheet structures (Figure 3.19B). Thus, we can
modulate the ordered crystalline assembly of TPE2, without significant
morphological change, by the suitable choice of short/long dsDNA or by heat-cool
process. Figure 3.19C shows the cartoonic representation of probable reassembly of

TPE2 with different stimuli.

3.3.4.3. Reassembly of TPE3 with dsDNA

TPE3, with four hydrophilic side arms form more stable and extended
nanosheets in 10% DMSO-PBS due to strong hydrophobic interaction within TPE3.
As we observed from the previous studies, the interaction of stable TPE3 assembly
with CTDNA is comparatively less. Thereby, we have studied the interaction with
short 20-mer dsDNA and the small reduction in absorbance around 330 nm clearly
indicates the interaction of TPE3 assembly with short dsDNA (Figure 3.20A). Figure
3.20B shows the formation of extended nanosheets in TPE3/dsDNA hybrid and it
shows clear lattice fringes in the nanosheets, depicting the high crystallinity. The
SAED pattern, shown in Figure 3.20D, also confirms the high crystallinity of
TPE3/dsDNA nanosheets. Thus, the introduction of dsDNA tends to realign the
TPE3 molecules by disturbing the initial arrangement, for the interaction with
dsDNA through intercalation as shown in Figure 3.20C. Moreover, the heat-cool
process of TPE3 alone results in the formation of highly crystalline nanosheets,
which is significantly different from that of TPE3/dsDNA (Figures 3.20E-G), as in
the case of TPE2. Here also the van der Waals interaction between four hydrophilic
triethylene glycol arms in TPE3 play a major role in achieving the highly ordered

nanosheets during the heat-cool process.
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Figure 3.20. Changes in absorption spectra of TPE3 in 10% DMSO-PBS with
addition of 20-mer dsDNA; B) TEM image; C & D) corresponding schematic
representation and SAED pattern of TPE3/dsDNA assembly in 10% DMSO-PBS; E)
TEM image; F & G) corresponding schematic representation and SAED pattern of
TPE3, after heat-cool in 10% DMSO-PBS.

3.4. CONCLUSIONS

Herein, we have demonstrated the hierarchical assembly and reassembly of
suitably designed tetraphenylethylene amphiphiles in aqueous environment
utilizing its DNA binding capability. Hierarchical assembly of TPE amphiphiles to
nanoribbons/nanosheets through lateral association of initial fibrillar structures is
well studied using TEM and AFM analysis. The disassembly and reassembly of TPE
amphiphiles along with DNA is probed through different spectroscopic and
morphological analysis. DNA plays a key role in the reassembly process as it alters
the hydrophilic-hydrophobic balance of the system and provide specific binding
possibility to achieve a directional assembly without compromising the ultimate
morphology of the respective assemblies. Moreover, crystallinity of the assembly
can be differentially modulated for these TPE amphiphiles, without involving any

morphological transformations, through suitable choice of aqueous media, short or
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long dsDNAs or by heat-cool process. This simple strategy to organize suitably
designed small amphiphilic molecules with DNA can significantly contribute to the
functional advances in these types of DNA nanostructures and emerging field of DNA

nanotechnology.

3.5. EXPERIMENTAL SECTION
3.5.1. MATERIALS AND METHODS

All the reagents and solvents were purchased from sigma Aldrich, TCI and
Spectrochem chemical suppliers. CTDNA and 20-mer ssDNAs were purchased from
Sigma Aldrich. dsDNA used for the present study was prepared by the hybridization
of complementary strands (DNA1: 5’-CGT CAC GTA AAT CGG TTA AC-3’ and DNAZ2:
5-GTT AAC CGA TTT ACG TGA CG-3’) by annealing the two strands in 10 mM PBS

with 2mM NacCl.

The TPE assemblies were prepared by the addition of molecularly dissolved
TPE1, TPE2 and TPE3 in ethanol or DMSO to the respective solvent mixtures as
specified in each experiment to get 25 uM, 15 uM and 30 uM concentrations of
TPE1, TPE2 and TPE3 respectively and the TPE/nucleobase ratio for each hybrid is
specified in the figure caption. All the experiments were carried out in this specified
concentration of TPE amphiphiles, unless otherwise mentioned. Addition of
micromolar concentration of CTDNA or dsDNA results in the TPE/DNA assembly.
The heat-cooled samples were prepared by the gradual heating and cooling from

80 °C to 20 °C at a rate of 5°C/min.
3.5.2. SPECTROSCOPIC ANALYSIS

Absorption studies were carried out in a quartz cuvette having a path length

of 1 cm using Shimadzu UV-2600 PC UV-Vis spectrophotometer. Emission spectra
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were recorded using SPEX FLUOROLOG-3 (FL3-221) Spectrofluorometer with a slit
width of 1.5 at an excitation wavelength of 380 nm and 290 nm for TPE1 and TPE2,
respectively. Lifetime measurements were carried out by picosecond Time Resolved
Single Photon Counting system (TC-SPC, Horiba, Delta Flex) employing 270 nm laser
as excitation source and picosecond photon detection module (PPD-850) as a
detector. The life time decay profiles were deconvoluted using EzTime software and
fitted with chi-square value 1 £ 0.1.
3.5.3. MORPHOLOGICAL ANALYSIS

AFM samples were prepared by dropping 20 uL solutions of respective
assemblies to freshly cleaved mica sheets having a dimension of 1 cm x 1 cm. The
samples were air dried for one day and vacuum dried prior to the analysis. AFM
analyses were carried out with Bruker Multimode AFM operating with a tapping
mode regime and micro fabricated antimony doped Si cantilever tips (Bruker-TESP
series) with a resonance frequency of 320 kHz and a spring constant of 42 Nm-1.
TEM samples were prepared by passing 20 uL solutions through carbon coated Cu
grid. The samples were air dried overnight and vacuum dried prior to analysis.
HRTEM measurements were carried out by using JEOL JEM-F200 instrument with
STEM, EDS and dual EELS at an accelerating voltage of 200 kV.

3.5.4. DLS AND XRD ANALYSIS

Dynamic Light Scattering experiments have been done by DLS-Zetasizer
(Malvern Nano ZS) operating with a He-Ne laser at a wavelength of 633 nm. Each
analysis was triplicate and the mean value is reported. In each run, 10-15
measurements were made. WAXS analyses were performed on XEUSS SAXS/WAXS

system using a Genix microsource from Xenocs and the generator was operated at
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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 mar345 dtb image plate

detector and Fit2D software were used to obtain the 2D-WAXS pattern.

3.5.5. SYNTHESIS AND CHARACTERISATION OF TPE AMPHIPHILES

3.5.5.1. Synthesis of 4-(1,2,2-triphenylvinyl)phenol, TPE10H :

HO
HO O O TiCl,/Zn O O
‘ ‘ _— I
THF, Reflux I Ny
o 16 Hrs O <

TPE20OH

OH

Scheme 3.4. Synthesis of TPE20OH.

Benzophenone (2 g, 11 mmol), 4-hydroxybenzophenone (2.18 g, 11 mmol)
and zinc dust (6.47 g, 99 mmol) were taken in a 250 mL round bottom flask fitted
with a reflux condenser. The flask was evacuated and purged with argon three times.
75 mL of dry THF was added under argon atmosphere and the mixture was cooled
to 0-5°C. TiCl4 (6.02 mL, 55 mmol) was slowly added to the cooled mixture and was
warmed to room temperature, stirred for 30 minutes, and then refluxed overnight.
The reaction was quenched with 10% aqueous potassium carbonate solution and a
large amount of water was added until the solid turned grey or white. The mixture
was extracted with ethyl acetate three times and the collected organic layer was
washed twice with brine solution. The mixture was then dried over NazSO4
anhydrous sodium sulphate. The solvent was evaporated and the crude product was
purified through column chromatography on silica-gel using 2% hexane-ethyl
acetate as eluent. White solid, yield = 36%. 1H NMR (500 MHz, CDCl3), § (TMS, ppm):

7.08 (t,] = 5.5 Hz, 6 H), 7.07 (t, ] = 3 Hz, 6H), 7.03 (t, ] = 4.5 Hz, 3H), 6.88 (d, ] = 10 Hz,
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2H), 6.56 (d, ] = 10 Hz, 2H), 4.76 (s, 1H); 13C NMR (100 MHz, CDCl3), § (TMS, ppm):
154 .05, 144.02, 143.92, 143.91, 143.74, 140.97, 140.46, 140.19, 136.35, 132.75,
131.56, 131.39, 131.36, 131.35, 128.17, 127.73, 127.66, , 127.63, 126.42, 126.40,
126.28, 115.31, 114.62; HRMS (m/z): [M]* calculated for Cz26H200, 348.15; found,

348.15.

3.5.5.2. Synthesis of tert-butyl (2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)

phenyl)carbamate (APTEGCI)

NHBoc K,COs3, Nal NHBoc
OH Acetone O~ Our g

Reflux, 24-36 Hrs
APTEGCI

Scheme 3.5 Synthesis of APTEGCI.

To a solution of Boc protected aminophenol (500 mg, 2.39 mmol) in acetone
was added K>COs (825.74 mg, 5.97 mmol) and Nal (823.9 mg, 5.5 mmol) and
refluxed for 30 minutes. 1,2-bis(2-chloroethoxy)ethane (447.07 mg, 2.39 mmol) was
added to this mixture and was refluxed for 36 hours. The reaction mixture was
filtered and the crude product was purified through silica gel column
chromatography using 15 % hexane-ethyl acetate as eluent. Yellow viscous liquid,
yield = 70 %. 'H NMR (500 MHz, CDCls), 6 (TMS, ppm): 8.06 (s, 1H), 6.94 (m, 3H),
6.87 (d, J]= 7.5 Hz, 1H), 4.18 (t, J= 5 Hz, 2H), 3.86 (t, ]= 5 Hz, 2H), 3.76 (m, 7H), 3.72 (s,
1 H), 1.5 (s, 9 H); 13C NMR (100 MHz, CDCl3), § (TMS, ppm): 153.05, 146.85, 129.02,
122.5, 118.9, 112.46, 77.03, 70.75, 70.42, 69.53, 68.68, 68.55, 42.45, 28.41; HRMS
(m/z): calculated for C17H26CINOs, 359.15; Found : 382.14 28 (M+23). Check the

correct format and modify. Delete this comment)
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3.5.5.3. Synthesis of tert-butyl(2-(2-(2-(2-(4-(1,2,2-triphenylvinyl)phenoxy)

ethoxy)ethoxy)ethoxy)phenyl) carbamate, TPE1B

HO O

J

TPE10OH

NHBoc
@zox/‘o’\/o\/\m K,COs3, Nal

APTEGCI Acetonitrile
110°C, 24 Hrs

NHBoc y

Se

|
1> O
TPE1B
Scheme 3.6. Synthesis of TPE1B.
To a solution of TPE10H (40 mg, 0.115 mmol) in acetonitrile was added
K2CO3 (40 mg, 0.287 mmol) and Nal (4 mg, 0.026 mmol) and refluxed for 30
minutes. APTEGCI (50 mg, 0.138 mmol) was added to this mixture and was refluxed
for 36 hours. The reaction mixture was filtered and the crude product was purified
through silica gel column chromatography using 10% hexane-ethyl acetate as
eluent. Yellow viscous liquid, yield = 40%. 'H NMR (500 MHz, CDCls), 6 (TMS, ppm):
8.02 (s, 1H), 6.98 (m, 8H), 6.95 (d, ] = 1, 2H), 6.94 (t, ]= 2, 2H), 6.92 (m, 6H), 6.8 (m,
6H), 4.07 (t,J= 4 Hz, 2H), 3.95 (t, J= 5 Hz, 2H), 3.74 (m, 4H), 3.64 (s, 4H), 1.5 (s, 9 H);
13C NMR (100 MHz, CDCl3), 6 (TMS, ppm): 156.20, 151.80, 145.67, 142.90, 139.43,

139.08, 135.27, 131.45, 130.30, 128.08, 126.66, 126.55, 125.31, 125.20, 121.27,
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120.85, 117.40, 112.64, 111.77, 79.5, 69.84, 69.86, 68.78, 68.54, 67.86, 66.11, 27.37;

HRMS (m/z): [M]* calculated for C43H4sNOs, 671.32; found, 694.32 (M+23).

3.5.5.4. Synthesis of 2-(2-(2-(2-(4-(1,2,2-triphenylvinyl)phenoxy)

ethoxy)ethoxy)ethoxy)aniline, TPE1

NHBoc
|
TPE1B
TFA, CHCl,
16 Hrs
NH,

TPE1

Scheme 3.7. Synthesis of TPE1.

TPE1B (420 mg, 0.625 mmol) in chloroform (3 ml) was added trifluoroacetic
acid (765 pL) and stirred overnight at room temperature. The solvent was removed
under reduced pressure and the reaction mixture was extracted with chloroform
(10 mL). The organic layer was washed with water (2 x 10 mL) and neutralised with
sodium bicarbonate (1 M). It was then separated, dried over Na;S04 and evaporated
under reduced pressure to give the product as brown viscous liquid in quantitative
yield. 1H NMR (500 MHz, CDCI3), § (ppm): 7.08 (m, 8H), 7.01 (m,7H), 6.91 (d, ] = 8.5,

2H), 6.78 (t, J= 1.5, 2H), 6.70 (m, 2H), 6.64 (d, = 8.5, 2H), 4.15 (t, J= 4.5 Hz, 2H), 4.05
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(t, J= 4.5 Hz, 2H), 3.83 (m, 4H), 3.73 (s, 4H); 13C NMR (100 MHz, CDCls), § (TMS,
ppm): 157.20, 146.61, 143.98, 143.93, 140.46, 140.14, 136.38, 136.24, 132.51,
131.36, 131.34, 131.32, 127.71, 127.58, 126.35, 126.25, 126.22, 121.91, 118.93,
115.81, 113.69, 113.21, 70.80, 70.74, 69.80, 68.47, 67.21; HRMS (m/z): [M]*

calculated for C3gH37NO4, 571.70; found, 572.28 (M+1).

3.5.5.5. Synthesis of 1,2-Bis(4-hydroxyphenyl)-1,2-diphenylethene, TPE20OH

HO
HO O O TiCly/Zn O O
\‘\g/‘ THF, Reflux O I O
16 Hrs OH
TPE20OH
Scheme 3.8. Synthesis of TPE20OH.
4-hydroxybenzophenone (5 g, 25 mmol) and zinc dust (8.17 g, 125 mmol)
were taken in a 250 mL round bottom flask fitted with a reflux condenser. The flask
was evacuated and purged with argon three times. 75 mL of dry THF was added
under argon atmosphere and the mixture was cooled to 0-5 °C. TiCls4 (13.7 mL, 125
mmol) was slowly added to the cooled mixture and was slowly warmed to room
temperature, stirred for 30 minutes, and then refluxed overnight. The reaction was
quenched with 10% aqueous potassium carbonate solution and a large amount of
water was added until the solid turned grey or white. The mixture was extracted
with ethyl acetate three times and the collected organic layer was washed twice with
brine solution. The mixture was dried over anhydrous sodium sulphate. The solvent
was evaporated and the crude product was purified through column
chromatography on silica- gel using 10% hexane-ethyl acetate as eluent. White solid,

yield = 64%. 1H NMR (500 MHz, CDCl3), § (TMS, ppm): 7.00-7.11 (m, 10H), 6.8 (t,
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4H), 6.5 (d, 4H); 13C NMR (100 MHz, CDCl3), 6 (TMS, ppm): 154.02, 144.12, 139.69,
136.54, 132.70, 131.37, 127.61, 126.22, 114.56; calculated for Cz2sH2002, 364.15;
found, 364.15.

3.5.5.6. Synthesis of (E)-di-tert-butyl((((((((((1,2-diphenylethene-1,2-
diyl)bis(4,1-phenylene))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-
2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(2,1-phenylene))

dicarbamate, TPE2B

TPE20OH
NHBoc
K,CO3, Nal O~ ~Ourc
Acetonitrile
110°C, 24 Hrs APTEGCI
NHBoc
0\/\0/\,0\/\0

Y
>¥s
O O Owowowo@

TPE2B NHBoc

Scheme 3.9. Synthesis of TPE2B.
To a solution of TPE2OH (100 mg, 0.274 mmol) in acetonitrile was added
K2C03 (239.2 mg, 1.71 mmol) and Nal (234.8 mg, 1.57 mmol) and refluxed for 30
minutes. APTEGCI (297 mg, 0.824 mmol) was added to this mixture and was
refluxed for 36 hours. The reaction mixture was filtered and the crude product was
purified through silica gel column chromatography using 10% hexane-ethyl acetate

as eluent. Yellow viscous liquid, yield = 40%; 'H NMR (500 MHz, CDCl3), 6 (TMS,

159



DNA Assisted Reassembly of Tetraphenylethylene Amphiphiles

ppm): 8.05 (s, 2H), 7.72 (d, 2H), 7.44 (d, J= 7.5 Hz, 2H), 7.32 (d, J= 7.5 Hz, 2H), 6.91
(m, 16 H), 6.56 (m, 2H), 4.13 (m, 6H), 3.82 (m, 5H), 3.70 (t,] = 10 Hz, 9H), 3.59 (d, ] =
6 Hz, 2 H), 3.40 (m, 2H), 1.51 (s, 18 H); 13C NMR (100 MHz, CDClz), 6 (TMS, ppm):
171.24, 157.1, 152.8, 146.7, 139.6, 136.6, 132.5, 131.3,129.1, 127.6, 127.5, 121.8,
114.7, 112.8, 80.2, 72.3, 70.7, 69.6, 28.4; HRMS (m/z): [M]* calculated for
CeoH70N2012, 1010.49; found, 1033.49 (M+23).

3.5.5.7. Synthesis of (E)-2,2'-(((((((((1,2-diphenylethene-1,2-diyl)bis(4,1-
phenylene))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1diyl))bis

(oxy))bis(ethane-2,1-diyl))bis(oxy))di aniline, TPE2

NHBoc
TN
|
ll; llB 0\/«0/\¢0\/~0J[;J
TPE2B NHBoc
TFA, CHCl;
8 Hrs
NH,

@,o\/so«\,owo O I
O O 0\/‘0/\/0\/\0@

TPE2 NH,

Scheme 3.10. Synthesis of TPE2.

To a solution of TPE2B (100 mg, 0.098 mmol) in chloroform (717 pL) was
added trifluoroacetic acid (239 pL, 3.136 mmol) and stirred 8 hours at room

temperature. The solvent was removed under reduced pressure and the reaction
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mixture was extracted with chloroform (10 mL). The organic layer was washed with
water (2 x 10 mL) and neutralised with sodium bicarbonate (1 M). It was then
separated, dried over Na;SO4 and evaporated under reduced pressure to give the
product as brown viscous liquid with 90 % yield. tH NMR (500 MHz, CDCl3), § (TMS,
ppm): 6.99 (m, 8 H), 6.91 (m, 5H), 6.81 (t, ] = 7 Hz, 2H), 6.72 (m, 6 H), 6.69 (m, 4 H),
6.64 (d, 1H), 4.16 (m, 6H), 4.04 (t, ] = 4.5 Hz, 2H), 3.86 (t, ] = 4.5 Hz, 8 H), 3.75 (mm,
4H), 3.63 (m, 4H); 13C NMR (100 MHz, CDCl3), 6 (TMS, ppm): 171.24, 157.1, 152.8,
146.7, 139.6, 136.6, 132.5, 131.3,129.1, 127.6, 127.5, 121.8, 114.7, 112.8, 80.2, 72.3,

70.7, 69.6, 28.4; HRMS (m/z): [M]* calculated for CsoHs4N20s, 810.39; found, 810.39.

3.5.5.8. Synthesis of tert-butyl tetra-tert-butyl(((((((((ethene-1,1,2,2-
tetrayltetrakis(benzene-4,1-diyl))tetrakis(oxy))tetrakis(ethane-2,1-diyl))
tetrakis(oxy))tetrakis(ethane-2,1-diyl))tetra kis(oxy)) tetrakis (ethane-2,1-

diyl)) tetrakis(oxy))tetrakis(benzene-2,1diyl))tetra carbamate, TPE3B

To a solution of TPE40H (22 mg, 0.055 mmol) in DMF was added K2CO3 (96
mg, 0.687 mmol) and Nal (95.4 mg, 0.64 mmol) and refluxed for 30 minutes.
APTEGCI (100 mg, 0.277 mmol) was added to this mixture and was refluxed for 36
hours. The reaction mixture was filtered and the crude product was purified through
silica gel column chromatography using 50 % hexane-ethyl acetate as eluent. Yellow

viscous liquid, yield 40%.
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HO OH
QL0
HO I: OH

TPE3OH
KoCOg, Nal NHBoc
Acetonitrile Owof\,owm
110°C, 24 Hrs
APTEGCI
NHBoc
O~
0™~\-O~0 o ~90+0
@ O @ ~"0 NHBoc
NHBoc
(@)
Or~0~O90 & O O~ Ourg
TPE3B NHBoc

Scheme 3.11. Synthesis of TPE3B.

1H NMR (500 MHz, CDCl3), & (TMS, ppm): 8.05 (s, 4H), 7.43 (d, 4H), 6.90 (m,
20H), 6.61 (d, ] = 8.5, 8H), 4.16 (t, ]= 4.5 Hz, 8H), 4.03 (t, ]= 5 Hz, 8H), 3.83 (m, 16H),
3.73 (s, 16H), 1.51 (s, 36 H); 13C NMR (100 MHz, CDCI3), § (TMS, ppm): 156.97,
152.86, 146.72, 138.37, 137.02, 132.50, 129.12, 122.32, 121.90, 118.45, 113.66,
112.82, 80.26, 70.89, 70.74, 69.87, 69.60, 68.91, 67.15, 28.42; HRMS (m/z): [M]*
calculated for Co4H120N4024: 1688.83; found, 1711.83 (M+23).
3.5.5.9. Synthesis of 2,2',2",2""-((((((((ethene-1,1,2,2-tetrayltetrakis (benzene-
4,1-diyl))tetrakis(oxy))tetrakis(ethane-2,1-diyl))tetrakis(oxy))tetrakis
(ethane-2,1-diyl))tetrakis(oxy))tetrakis(ethane-2,1-diyl))tetrakis
(oxy))tetraaniline, TPE3

TPE3B (67 mg, 0.039 mmol) in chloroform (582 pL) was added

trifluoroacetic acid (194 pL, 2.537 mmol) and stirred overnight at room
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temperature. The solvent was removed under reduced pressure and the reaction
mixture was extracted with chloroform (10 mL). The organic layer was washed with
water (2 x 10 mL) and neutralised with sodium bicarbonate (1 M). It was then
separated, dried over Na;SO4 and evaporated under reduced pressure to give the

product. Brown viscous liquid, yield = 70%.

NHBoc @
(o)

Svs

NHBoc
O ro~O0 (J O O~o~Ourp
TPE3B NHBoc

TFA, CHCI,
4-6 Hrs

9

QLG
NH
EpononsD Bn )

TPE3 NH,

Scheme 3.12. Synthesis of TPE3.

1H NMR (500 MHz, CDCl3), § (TMS, ppm): 6.89 (d, ] = 8.5 Hz, 8H), 6.78 (t, ] = 7 Hz,
8H), 6.67 (d, ] = 7.5 Hz, 8H), 6.63 (t, ] =10.5 Hz, 8 H), 4.12 (m, 8 H), 4.03 (d, J= 4.5 Hz,
8H), 3.83 (m, 16H), 3.73 (m, 16H); 13C NMR (100 MHz, CDCls), § (TMS, ppm):156.9,
146.3, 132.5, 121.8, 118.3, 115.4, 113.7, 113.1, 70.7, 69.6, 68.4, 67.2, 60.38; HRMS

(m/z): [M]* calculated for C74HggN40O16, 1288.62; found, 1311.69.
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CHAPTER 4

POLYTHYMIDINE ASSISTED ORDERED HIERARCHICAL
ASSEMBLY OF DIAMINOTRIAZINE APPENDED
TETRAPHENYLETHYLENE AMPHIPHILES

A
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4.1. ABSTRACT

This chapter demonstrates the formation of hierarchical flower-like structures
from diaminotriazine appended TPE derivative (TPE4) in aqueous media and its
polythymidine assisted ordered assembly through nucleobase recognition. Formation
of highly emissive, crystalline flower-like nano- and micro-structures are achieved
through polythymidine assisted assembly, and the significant difference in the
assembly pathway has been investigated through morphological analyses. The
hierarchical self-assembly of TPE4 alone is primarily guided by hydrophobic
interactions to form 1D structures, which undergo lateral association through double
self-complementary H-bonding and van der Waals interactions within triethylene

glycol chains to form ribbon like structures. Lateral winding of these long, flexible
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ribbons leads to the formation of nanosheet structures which further stack to form
flower-like assemblies. Ordered assembly of TPE4 can be achieved through the
polydeoxythymidine (dT,) assisted templated assembly, by virtue of more stronger
triple H-bonding between thymine and diaminotriazine units. Presence of dT, prevents
the initial lateral association of TPE4 and the templated assembly results in the 1D-
organization of amphiphiles on the oligonucleotide strands, which eventually
transforms to 2D-network structures through further m-m stacking and van der Waals
interactions. The lateral association of more TPE amphiphiles on this network
structures result in the formation of nanosheets which further stack to form flower-like
assemblies with more ordered TPE4/dT, arrangement compared to the initial TPE4
assembly. Thus, the present studies highlight the possibility of nucleobase recognition
to trigger the ordered assembly of small amphiphilic molecules with suitable
modifications to follow an entirely different pathway in order to attain highly ordered

DNA nanostructures.

4.2. INTRODUCTION

The very famous DNA double helix, attained by virtue of mt-m stacking and H-
bonding interactions between purine and pyrimidine nucleobases, draw great
attention due to its elegant supramolecular structure. DNA nucleobases with various
H-bonding motifs provide several options to make complementary H-bonds with
each other and the finite choice significantly determine the ultimate structure of
DNA. The standard choice of a double helical structure by DNA primarily relies on
canonical Watson-Crick base pairing that strictly follow A-T and G-C combinations.!
Suitable variations in the arrangement of bases and orientation of H-bonds can lead
to the formation of alternative DNA structures like triplexes?, G-quadruplexess3,
intercalated motifs (i-motifs)* etc. A triplex DNA structure is typically formed by the
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antiparallel orientation of a third strand on a duplex structure through non-
canonical Hoogsteen base pairing.2 Similarly, G-quadruplexes are shaped by the self-
association of guanines with each other through Hoogsteen base pairing.3 In i-motifs,
two parallel-stranded duplexes intercalated in an antiparallel orientation and held
together by hemi-protonated cytosine-cytosine+ (C:C+) base pair.* Thus, the mode of
H-bonding interactions has great influence on the final structures of DNA based
supramolecular constructs and is highly engaged for the development of various

DNA nanostructures.

As inspired from the unique structure of DNA, supramolecular chemists dive
into the possibilities of H-bonding interactions to make excellent nanostructures by
employing different DNA nucleobase analogues, like melamine, cyanuric acid,
barbituric acid, diaminotriazine etc., with similar H-bonding motifs (Figure 4.1A).> 6
Among these, the melamine and cynauric acid are generally accepted as best H-
bonding partners in supramolecular systems and employed for the generation of
several elegant nanostructures with tunable properties.6-8 The crystal structure of a
two dimensional H-bonded molecular construct from this melamine-cyanuric acid
partners has been first discovered by Wang et al.? Later, Whitesides and co-workers
identified three sub-motifs in the solid state, namely a) infinite linear tapes, (b)
infinite crinkled tapes, and (c) finite cyclic rosette motifs.10. 11 Sleiman and co-
workers, who contributed significantly in the area of DNA nanotechnology, reported
the first DNA-analogue hexameric rosette by employing triaminopyrimidine and
cyanuric acid based nucleosides.!? In the following decades, this combination is well-
explored to generate plenty of functional assemblies by the design of suitable

derivatives.13 14 Similar analogues like barbituric acid and diaminotriazine are also
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well utilized in the design of supramolecular assemblies based on H-bonding
interactions.1#16 Recently, our group has demonstrated the H-bond directed
assembly of diaminotriazine appended TPE derivatives to 1D fibers in dodecane.
Further, we have investigated its morphological transformation on co-assembling
with an alkylated thymine derivative through nucleobase recognition and it suggests
the utility of nucleobase recognition to control and tune the physical and

morphological behaviour of TPE-based 1D fibers.1”

Supramolecular assemblies based on H-bonding interactions often prefer
aprotic solvents for the assembly process since these competitive H-bonds are more
stable in organic aprotic solvents. Thus, most of the previous reports preferred
alkylated derivatives of nucleobase analogues for H-bond based assembly in order to
achieve a perfect solubility for the assembly process to occur.18-20 Instead, the protic
solvents serve as a strong competitor for nucleobase analogues in forming H-bonds
that weakens the supramolecular assemblies. In the later stages, several efforts have
been invested on H-bonded assemblies in aqueous media and it gradually paves way
to the incredible supramolecular designs in water.2l 22 Most of these nucleobase
analogues show tendency to form columnar stacks in water through m-m stacking
instead of forming H-bonds.23 But, the extent of H-bond strength in water can be
enhanced by providing a proper hydrophobic pocket to save hydrogen bonding
motifs from competing water molecules as observed in the case of a DNA double
helix. Thus, the supramolecular assembly of nucleobase analogues in aqueous media
can be modulated through suitable design of its amphiphilic derivatives. Meijer and
co-workers adopted this concept to build a set of DNA-like supramolecular
assemblies and first they have demonstrated the formation of a DNA-like nanofiber
assembly by the interaction of a novel thymidine-appended bolaamphiphile with
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oligoadenylic acids.?2* Furthermore, they have employed the strategy for the
templated assembly of chromophores by the H-bonding interactions of
diaminotriazine appended naphthalene?> and oligo(phenylene)vinylenel®

derivatives with oligothymine strands (Figure 4.1B).

A) NH, o o NH,
N)%N HN)J\NH NH N” N
H,oN N NH, (o) H o o H o N NH,
Melamine Cyanuric acid Barbituric acid Diaminotriazine
B)

)

-\ wma

Figure 4.1. A) Molecular structures of nucleobase analogues and B) Schematic
representation of ssSDNA template assembly of chromophores on oligothymine (dTh)
strands and corresponding molecular structures of dTn, naphthalene (NT) and

oligo(phenylene)vinylene (OPVT) derivatives (Adapted from reference 16).

Later, the strategy get promoted in the area of DNA nanotechnology, where
the interactions of nucleobase analogues with specific, modified and unmodified
DNA strands can achieve a library of more versatile DNA nanostructures.2¢ One of
the important breakthroughs in DNA nanostructure design is reported by Sleiman

and co-workers, where they employed cyanuric acid with polyadenine strands to
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Figure 4.2. A) Schematic representation and AFM images of cyanuric acid mediated
assembly of dAn; B) Schematic representations of H-bonding interactions in
polythymine-melamine duplex and C) Schematic representations and AFM images of
1D and 2D arrays from melamine mediated DNA self-assembly. (Adapted from

reference 26 and 27, respectively).

mediate the co-operative growth of supramolecular polymers to generate DNA
nanofibers with high aspect ratio (Figures 4.2A & 4.2B).26 Subsequently, the same
group has demonstrated the association of two poly(T) strands with the assistance
of melamine to form antiparallel homoduplexes and well defined nanostructures

controlled by the design (Figure 4.2B).2” These DNA-small molecule assemblies are
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more dynamic compared to Watson-Crick base pairing and produce stimuli-
responsive, functional DNA nanostructures. A slightly different design strategy has
been adopted by Tan and co-workers to assemble long DNA building block to
nanoflower-like structures that involve rolling circle replication of a designer
template exclusively based on non-canonical base pairing. Further, they have
demonstrated the multifunctionality of these DNA nanoflowers in biomedical

applications.28

Besides the templated assemblies with oligonucleotide strands, simple
nucleosides are also amenable to self-assembly in water through H-bonding
interactions. Yang and co-workers well-explored the self-assembly of Janus-type
pyrimidopyrimidine nucleosides and finally achieved the formation of flower-like
structures in water (Figure 4.3). The assembly process follows a two stage
mechanism that involve a nucleation process through non-specific H-bonding,
followed by a reorganization process to achieve more specific H-bonding

interactions.2®

Figure 4.3. SEM images of flower-like assemblies of pyrimido[4,5-d]pyrimidine

nucleosides and the formation of flower-like assemblies (Adapted from reference 28).
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Hierarchical assemblies of organic small molecules to flower-like
superstructures are of great importance due to their potential application in
catalysis, superhydrophobic material development, biomedical and optoelectronic
applications.30-32 But, still there are fewer reports on hierarchically assembled
organic flower-like structures with tunable properties. The first reported organic
flower-like structures are achieved from an alkylated fullerene derivative as a result

of -1 interactions and van der Waals interactions in an organic solvent system.33

Figure 4.4. Schematic representation of flower-like assembly from A) Phosphonic

acid appended naphthalene diimide with melamine and B) Tetraphenylethylene

derivatives (Adapted from reference 33 and 34, respectively).
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Later, Bhosale et al. described the stepwise growth of flower-like structures
through the two-component self-assembly of phosphonic acid appended
naphthalene diimide and melamine by virtue of - and H-bonding interactions in
water (Figure 4.4A).3* Moreover, the same group has reported the solvophobic
controlled assembly of tetraphenylethylene derivatives in polar and mixtures of
polar and non-polar solvents (Figure 4.4B).35 In both these examples the flower-like
structures are formed by the combined effect of dispersive interactions and H-
bonding interactions. But, most of the H-bond directed flower-like structures
reported further are mainly discussed the assemblies obtained from non-polar
aprotic solvents3® 37 and there are limited reports on highly ordered flower-like

structures from organic small molecules in aqueous media.

In the current chapter, we have demonstrated the formation of flower-like
structures through hierarchical arrangement of nanosheets from diaminotriazine
appended tetraphenylethylene amphiphiles (TPE4) due to self-association in
aqueous media. Furthermore, we have attempted the polythymidine assisted
ordered reorganisation of TPE4 amphiphiles through stronger triple H-bonding
interactions. The changes in H-bonding pattern in TPE4/dT, transformed the
assemblies to more extended micrometer sized flower-like structures with high
crystalline order. This directional assembly of TPE4 on polythymidine templates is
differentiated from the initial TPE4 assemblies through AFM, TEM and XRD analysis.
Concentration dependent AFM analyses provide more insight into the different
morphological pathways for the formation of flower-like structures from TPE4 and

TPE4/dT.
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4.3. RESULTS AND DISCUSSION

4.3.1. INTERACTION STUDIES WITH dTn

Design of diaminotriazine appended TPE derivative (Figure 4.5A)
contemplates the idea of nucleobase recognition to generate ordered assemblies in
DNA nanostructures. Triethylene glycol chains on both phenyl rings impart
hydrophilicity to the molecule and this molecular design prefers to self-assemble in
aqueous media, owing to its amphiphilic nature. The synthesis, molecular behaviour
and aggregation induced emission characteristics of TPE4 are already discussed in a
previous thesis from our group (synthetic scheme and experimental details adapted
from this thesis are also given in “Experimental Section”, for the ready reference of
the reader).17 In this Chapter, we are focusing on the polythymidine assisted ordered

assemblies of TPE4 through H-bonding interactions.

4.3.1.1. Spectroscopic analysis

Interaction of TPE4 amphiphile with dT, was initially monitored through
absorption studies and carried out in 20% THF-PBS with 2mM NaCl. TPE4 shows
typical TPE absorption around 290 nm and 350 nm. TPE4/dT2o hybrid is prepared
through a controlled heat-cool process within the temperature range of 10 - 70 °C.
The absorption spectrum of TPE4/dTz0 shows significant difference from that of
TPE4 alone and TPE4 after heat-cool process. As shown in Figure 4.5B, the
absorbance shows hypochromism around 350 nm on interaction with dT2o, but
there are no significant changes in TPE4 absorption after heat-cool process.
Fluorescence emission spectrum of TPE4 with a Amaxat 474 nm, shows an enhanced
emission with a slight red shift (Amax =477 nm) on assembling with dT2¢ as shown in

the Figure 4.5C, indicating that TPE rotor get arrested effectively in the hybrid
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assembly. The emission enhancement for annealed sample of TPE4 is very less

compared to that of TPE4/dT20 hybrid and is in agreement with the absorption

studies.
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Figure 4.5. A) Molecular structure of TPE4; B) Changes in absorption spectra of
TPE4 in 20% THF-PBS, 2 mM NacCl on interaction with dT2¢ after heat-cool and the
TPE4 alone after heat-cool and C) Changes in emission spectra of TPE4 in 20% THF-
PBS, 2 mM NaCl on interaction with dT32o after heat-cool and after heat-cool of TPE4

alone.
4.3.1.2. Morphological analysis

AFM analysis of TPE4 alone in 20% THF-PBS containing 2 mM NaCl shows
the formation of stacked nanosheets (Figure 4.6A). On interaction with dTzo, TPE4
forms more extended microflower-like assemblies via ordered stacking of the
nanosheets as shown in Figure 4.6B. On the other hand, the heat-cooled sample of
TPE4 forms more extended nanosheets having micrometer lateral dimensions with

fewer stacked layers (Figure 4.6C).
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Figure 4.6. AFM images of A) TPE4; B) TPE4/dTzo (20 : 1) and C) TPE4 (Heat-
cooled) assemblies in 20% THF-PBS, 2 mM NaCl.

Similarly, TEM analyses also reveal the differential assembly process of TPE4
and TPE4/dT2o as shown in Figure 4.7. TPE4 alone shows the presence of stacked
nanosheets within 1 pm lateral dimension (Figure 4.7A) and the TPE4/dT2o hybrid
shows the formation of more extended flower-like assemblies (Figure 4.7B). The
assembled nanosheets in the flower-like structures of TPE4/dT2o hybrids are found
to be highly crystalline as evident from the clear lattice fringes in high resolution
TEM image and the corresponding FFT pattern (Figure 4.7C), which is not observed
in the case of TPE4 alone assemblies. Moreover, the moderately emissive assemblies
of TPE4 and highly emissive flower-like assemblies of TPE4/dT2o (Figures 4.7D and
4.7E) are distinguished through fluorescence microscopic images, which also
confirm the flower-like assembly formation in solution phase itself. Further, the
absence and presence of DNA in the respective assemblies of TPE4 and TPE4/dT2o
is confirmed through EDAX analyses, where TPE4/dT20 showed the presence of
unique phosphorous peaks corresponding to the phosphate backbone of DNA

(Figures 4.8A and 4.8B).

182



Chapter 4

1000 nm
[ ]

Figure 4.7. TEM images of A) TPE4 assembly; B) TPE4/dTzo (20:1) assembly in
20% THF-PBS, 2 mM NacCl, C) Magnified TEM image of TPE4/dT2o (20:1) assembly,
showing high crystallinity (Inset: Corresponding FFT pattern); D & E) Fluorescence
microscopic images of TPE4 and TPE4/dT20 assembly respectively in 20% THF-
PBS, 2 mM NaCl
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Figure 4.8. EDAX analysis of A) TPE4 and B) TPE4/dT2o in 20% THF-PBS, 2 mM

NaCl

4.3.1.3. XRD analysis

Crystalline nature of these assemblies is further investigated through XRD

analyses, which revealed the highly crystalline nature of TPE4/dT20 hybrids

compared to both TPE4 alone and heat-cooled samples of TPE4 alone.
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Figure 4.9. XRD spectra of TPE4 assembly, TPE4/dT2o (20:1) and TPE4 (Heat-
Cooled) in 20% THF-PBS, 2 mM NaCl.
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The prominent sharp peaks in TPE4/dTzo hybrids confirm the high crystalline
nature of the hybrid assembly compared to that of TPE4 alone assemblies (Figure
4.9). Besides, the peaks correspond to d-spacing values around 0.2 - 0.3 nm
emphasize the role of H-bonding in the assembly processes of TPE4.38 The
emergence of new peaks corresponds to d-spacing values of 0.359 nm, 0.303 nm,
0.252 nm, 0.249 nm and 0.242 nm indicate the additional m-m interaction and H-

bonding interactions between TPE4 and thymine nucleobases.38 3°

4.3.2. ASSEMBLY PROCESS AND MORPHOLOGICAL PATHWAY

In order to understand the key difference in the assembly processes involved
in TPE4 and TPE4/dT2o assemblies, we have substituted the NaCl salt with MgCl>
salt which might prevent the aggregation to some extent by disturbing the H-

bonding interaction4? 41 and reveal the intermediate steps in the assembly process.

4.3.2.1. Spectroscopic analysis

In order to understand the effect of polythymidine strand length in the
assembly process, we have carried out the interaction studies with dTzo and dT4o
strands. Absorption studies show similar results in the case of TPE4/dT2o hybrid in
20% THF-PBS, 1 mM MgCl; (Figure 4.10A) on comparing with the initial studies
with 2 mM NaCl salt. Fluorescence changes are also in agreement with the initial
observations. But there is no considerable change observed in TPE4 absorption and
emission on interaction with dT4 as shown in Figures 4.10B and 4.10C. In contrast,
the CD analysis of TPE4/dT20 and TPE4/dT40 hybrids reveal significant changes in

the CD signal compared to that of bare dT, (Figure 4.10D).
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Figure 4.10. Changes in absorption spectra of TPE4 in 20% THF-PBS with 1 mM
MgCl; on interaction with A) dT2o (20:1) and B) dT40 (40:1); C) Changes in emission
spectra of TPE4 in 20% THF-PBS, 1 mM MgCl: on interaction with dTz0and dTso; D)
Changes in the CD signal of dT, on interaction with TPE4.

4.3.2.2. Morphological analysis

AFM analyses of TPE4 and TPE4/dT2o assemblies provide more insight into
the morphological assembly pathways. Figures 4.11A-C and 4.11D-F clearly show
each step in the hierarchical assembly of TPE4 in 20% THF-PBS, 1 mM MgCl..
Nanoribbon-like structures are formed through the lateral association of very long
and flexible initially formed 1D structures that eventually undergo lateral winding to
form TPE4 nanosheets. These hierarchically assembled nanosheets further undergo

stacking to form flower-like structures. TEM analysis further confirms the lateral
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winding of nanoribbon-like structures to form nanosheets (Figures 4.11DG and

4.11H).

11.3 nm 6.6 nm 27.6 nm
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Figure 4.11. A, B & C) AFM images of TPE4 assembly in 20% THF-PBS, 1 mM MgCl;,
showing the formation of nanosheets through lateral winding of ribbon-like
structures that eventually forms flower-like assemblies;, D, E & F ) Zoomed AFM

images of corresponding circled portions. and G & H) Corresponding TEM images.

Morphological analyses of TPE4/dT20 also show the formation of nanosheets
and its further stacking. However, the nanosheets are found to be formed through
the lateral network formation instead of lateral winding as shown in Figure 4.12A.
TEM images also show the formation nanosheet-like morphology from the initial,
lateral network structures (Figure 4.12B) and the corresponding SAED pattern

reveal the crystalline nature of the hybrid nanosheets (Figure 4.12C). AFM analysis
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of TPE4/dT40, as shown in Figure 4.12D, which forms more network-like structures
and the nanosheets are found to be formed from the network inter-junctions. The
observation is further confirmed through TEM analysis (Figures 4.12E and 4.12F)
and the magnified TEM image clearly shows the presence of nanonetworks formed
from long, rigid 1D structures. The presence of more nanonetwork structures and
less formation of nanosheets in TPE4/dT40 compared to TPE4/dT2o might be due
to the ability of long polythymidine strands to restrict the initial aggregation
tendency of TPE4 molecules and to trigger the template 1D organisation of TPE4 on

long polythymidine strands.

35.1 nm

-39.5 nm

1790m |

-15.4 nm

Height 1.0 ym

Figure 4.12. A) AFM and B) TEM images of TPE4/dTz0 (20 :1) and C)
corresponding SAED pattern; D) AFM, E & F) TEM image and magnified TEM image
of TPE4/dT40 (40 :1).

As a control experiment, we have carried out the morphological analyses of
TPE4/dA20 and TPE4/dsDNA in similar conditions. AFM images show the stacked
nanosheets that are formed through the lateral association of 1D structures as

obvious from Figures 4.13A and 4.13B due to the assembly of TPE4 alone.
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Height 400.0 nm Height 400.0 nm

Figure 4.13. AFM images of A) TPE4/dAz0 and B) TPE4/dsDNA in 20% THF-PBS, 1
mM MgCla.

4.3.2.3. Concentration dependent studies

In order to confirm the role of polythymidine strands in controlling the self-
assembly of TPE4 and further formation of nanonetwork structures, we have
carried out the morphological analysis of TPE4/dTz0 hybrids with varying
concentration of dTzo. At a ratio of 20:1, TPE4/dT20 shows the formation of
nanosheet-like structures with nanonetwork structures as shown in Figure 4.14A.
On the other hand, it shows the formation of more network-like structures and
eventual formation of nanosheets from highly interconnected networks with
increase in dT2o concentration (Figure 4.14B). The morphological results imply that
the polythymidine strands prefer to orient the TPE4 molecules on polythymidine
networks in a linearly ordered fashion which further associate laterally to form
interconnected networks. Eventually, the highly interconnected network
interjunctions get transformed to nanosheet structures which is facilitated by excess

TPE4 molecules in the system.
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Height 2.0 im Height 2.0 im

Figure 4.14. AFM images of TPE4/d T2 at various ratios A) 20:1 and B) 20:2.

Further, we have done the morphological studies of TPE4/dT2, with varying
concentrations of TPE4 to validate the above assumption. At higher ratios of TPE4,
Figure 4.15 clearly shows the lateral association of 1D structures to form long,
flexible ribbon-like structures which have a tendency to bend and wind. The
tendency for lateral association is getting reduced on decreasing the TPE4/dT
ratio as shown in Figures 4.15B and 4.15C, and it finally transform to rigid network
structures from flexible ribbon-like structures as shown in Figure 4.15D. From these
observations, we can conclude that dT, prevents the initial lateral association of
TPE4 by triggering H-bond directed assembly of TPE4 on dT.. H-bond directed
assembly of TPE4/dTn forms 1D structures, which further forms 2D network
structures through lateral association of TPE4 molecules bind to nucleotides
through further m-m stacking and van der Waals interactions. Association of excess
TPE4 molecules at the network interjunctions results in the formation of nanosheets
and further hierarchical arrangement results in the formation of flower-like

structures.
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Figure 4.15. AFM images of TPE4/dT20 under various ratios of TPE4:dT;o A) 30:1,
B) 20:1, C) 10:1, D) 2.5:1; Zoomed AFM images of circled portions at TPE4/dT2o
ratios of E) 30:1 & F) 2.5:1 in 20% THF-PBS, 1 mM MgCl:

A possible assembly mechanism can be predicted from these results and is
shown in Figures 4.16A and 4.16B that include hydrophobic interaction between
TPE cores, van der Waals interaction between triethylene glycol chains,
intermolecular H-bonding within TPE4 or between TPE4 and thymidine units. The
delicate balance between these non-covalent interactions brings the molecules
together in 20% THF-PBS mixture. The differential assembly processes involved in
both TPE4 assembly and TPE4/dT, assembly are mainly based on the hydrophilic -
hydrophobic balance in the system and also on nucleobase recognition of
diaminotriazine units. In TPE4 assembly, the 1D structures are initially formed by
the hydrophobic interactions within TPE cores in the aqueous media, and it further
laterally associates through self-complementary H-bonding within the
diaminotriazine units at the surfaces to form ribbon like structures. Further H-

bonding interactions and van der Waals interactions promote lateral winding of
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these ribbon-like structures to form nanosheets and later stacked to form flower-

like structures.

i N TPE4
A) i B) A1} "
i bl + éﬂ
+ ; SERYr
1 g +.
- { £
: . ((} \ + &
: T A é'TPE/-l/dT
: L
TPE4 in 20% THF-PBS | TPE4/dT, in 20% THF-PBS !
1
|

Lateral network

Lateral winding

Figure 4.16. Schematic representation of A) TPE4 assembly, B) TPE4/dT,assembly
in 20% THF-PBS with the corresponding AFM images showing lateral winding and

lateral network formation respectively.

In TPE4/dT, assembly, the more effective triple H-bonding interactions
between diaminotriazine units and polythymidine strands initially assemble the
TPE4 molecules in an ordered fashion on dT, templates to form rigid network-like
structures and further possible m-m interactions and van der Waals interactions
bring TPE4 molecules together by more interconnections and form nanosheets from
the interjunctions. The processes get repeated on top of each nanosheet to form

flower-like stacking of nanosheets.

4.4. CONCLUSIONS
In this chapter, we have demonstrated the DNA templated assembly of a
diaminotriazine appended TPE derivative with polydeoxythymidine strands. Here,

we have utilised the AIE behaviour of TPE and complementary H-bonding
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interactions of diaminotriazine and thymine units to form highly emissive,
crystalline flower-like structures. The ordered assembly of TPE is achieved in
hierarchical flower-like structures by employing the directional H-bonding
interaction with polydeoxythymidine templates. The strong and specific triple H-
bonding interactions of diaminotriazine and thymine prevent the initial - stacking
of TPE derivatives in aqueous media. Instead, the polythymidine template helps in
the 1D-organisation of TPE derivatives by providing three complementary H-
bonding motifs that gradually transform into rigid 2D-network structures through
further m-m stacking and van der Waals interactions. The nanosheets formed from
these interconnected networks eventually transform into nanosheets, which further
stack to form flower-like structures. In conclusion, DNA templated assembly create
significant difference in the primary organisation of TPE amphiphiles that in turn
affect the entire morphological pathway to promote the growth of highly organised

DNA nanostructures.

4.5. EXPERIMENTAL SECTION
4.5.1. MATERIALS AND METHODS

The reagents and solvents were purchased from Sigma-Aldrich, TCI chemicals
and Spectrochem chemical suppliers. Synthesis of TPE4 is achieved through a multi-
step synthetic procedure as shown in Scheme 4.1. The 4,4'-(2-(4-bromophenyl)-2-
phenylethene-1,1-diyl) diphenol, (i) has been synthesized through McMurry coupling
using 4,4’-dihydroxybenzophenone and 4-Bromobenzophenone. Subsequent O-
alkylation of both hydroxyl groups with 2-(2-(2-bromoethoxy) ethoxy)ethan-1-o]
(RBr)yield (ii). Cyanine group has been incorporated in the TPE core by the Bromide

to Cyanide conversion using CuCN under reflux condition to yield (iii). Finally, TPE4
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has been synthesized by the reaction of (iii) with dicyandiamide and KOH in 2-
methoxyethanol. Detailed synthetic procedure of TPE4 is already reported in a

previous thesis.l”

Br
HO OH Br  TiCly, Zn, THF O O
) Overnight, reflux O O

HO OH

(o)

K,CO3, 18-Crown 6

RBr Dry DMF, reflux

Y
O //N ~ CucN, DNF 0 Br

(iii) I 60 h, reflux

|
~
SRS SRS
RO OR RO OR

NH KOH, MeOCH,CH,OH

(i)

N
H 48 h, reflux

Y NH, R = Ao A0S N0oH

Scheme 4.1. Syntetic scheme of diaminotriazine appended TPE derivative, TPE4.

All the experiments have been carried out with 0.5 mM concentration of
TPE4, unless specified, in 20% THF-PBS with 2 mM NaCl or 1 mM MgCl; salt.
TPE4 /dT, hybrids were prepared by the addition of required concentration of dT, to

TPE4 solution and gradual heat-cool process between 70 °C to 10 °C.
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4.5.2. SPECTROSCOPIC ANALYSIS

Absorption spectra were monitored with Shimadzu UV-2600 PC UV-Vis
spectrophotometer. Emission spectra were recorded using SPEX FLUOROLOG-3 (FL3-
221) spectrofluorometer with a slit width of 1.5 at an excitation wavelength of 350
nm. CD analyses were carried out with JASCO ]J-810 spectropolarimeter having Peltier
controlled thermostatic cell holder with an accumulation of 2 and scan speed of 200
nm/min. XRD analyses were performed by XEUSS SAXS/WAXS system using a Genix
microsource 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 Ko radiation with A = 1.54 A. A Mar345 image plate detector and Fit2D
software were used to obtain the 2D- WAXS pattern.
4.5.3. MORPHOLOGICAL ANALYSIS

AFM samples were prepared by drop-casting 20 pL of samples to freshly
cleaved mica surface. The samples were dried in air overnight and kept in vacuum
desiccator prior to analysis. AFM analyses were carried out with a Bruker multimode
AFM instrument operating with a tapping mode regime. Micro-fabricated antimony
doped Si cantilever tips (Bruker- TESP series) with a resonance frequency of 320 kHz
were used. AFM section analysis was performed offline using Nanoscope Analysis 1.5
software. TEM samples were prepared by passing 20 uL of solutions through a
carbon-coated Cu grid HR-TEM analyses were carried out with JEOL JEM-F200
instrument with STEM, EDS and dual EELS at an accelerating voltage of 200 kV. The
samples for fluorescence microscopic analyses were dropped on a cleaned glass plate

and observed through a Leica DM2500P Optical Microscope equipped with UV
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excitation (330-380 nm), violet excitation source (379-420 nm) and DFC 490 camera.

All the samples were incubated for 30 minutes prior to drop-casting.
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DNA nanotechnology prevails in engineering functional nanostructures through DNA origami, DNA tile
assembly and assembly of DNA amphiphiles. These current technologies rely on the design, synthesis and self-
assembly of synthetic and modified oligonucleotides which make it highly expensive and restrict the large scale
production of DNA nanostructures. Thus, generation of long-range ordered, functional DNA nanostructures
from random, unmodified oligonucleotides is more desirable. In the First Chapter, we give a brief introduction
on supramolecular assembly strategies and supramolecular DNA assemblies with a general introduction on
DNA nanotechnology. Moreover, the chapter discusses the key challenges in this area and highlights the major
objectives of the present thesis.

The long range ordered arrangements of functional moieties with nanoscale precision is highly
recommended in various optoelectronic applications and is often achieved through various physico-chemical
methods. Supramolecular assembly is recognised as a better strategy to achieve precise organization of
materials with good programmability. The unique structure of DNA make it a versatile tool in supramolecular
assembly for the organisation of small organic molecules, nanoparticles etc. and is made possible through
different DNA binding possibilities such as phosphodiester recognition, nucleobase recognition, intercalation,
and major and minor groove binding interactions. In the Second Chapter, we have utilised electrostatic
interactions between the cationic side chain of the amphiphilic fullerene derivative, FPy and anionic DNA as a
general strategy to make ordered fullerene/DNA nanostructures. The addressability of such nanostructures
were demonstrated by incorporating a fluorophore labelled oligonucleotide, which undergo efficient
fluorescence quenching via electron transfer between the fluorophore and fullerene units in the assembly
(Chapter 2A). Further, the generality of this approach was demonstrated in Chapter 2B using an anionic
polymer, PSS which also form ordered nanostructures via electrostatic interactions and exhibit better electron
transport properties.

In the Third Chapter, the DNA intercalative binding of aniline moiety is employed for the ordered
assembly of TPE derivatives (TPE1, TPE2 and TPE3) by the suitable design of aniline appended TPE
amphiphiles. The hierarchical assembly and DNA assisted reassembly of TPE amphiphiles were investigated in
detail and the directional assembly is achieved through the specific binding of aniline appended TPE
amphiphiles to DNA. DNA plays a key role in the reassembly process as it alters the hydrophilic-hydrophobic
balance in the system. The crystallinity of these TPE assemblies can be modulated appropriately through
suitable choice of aqueous media, short or long dsDNAs or by heat-cool process, without significant changes in
the ultimate morphology of the assemblies.

In the Fourth Chapter, we have demonstrated the DNA templated assembly of a diaminotriazine

appended TPE derivative (TPE4) with polydeoxythymidine strands by engaging the complementary H-bonding
motifs. Ordered assembly of TPE is achieved in hierarchical flower-like structures of TPE4 by employing the
directional H-bonding interaction with polydeoxythymidine templates. The specific H-bonding interactions of
diaminotriazine and thymine prevent the initial lateral association of TPE4 and formation of ribbon-like
structures. Instead, the template help in 1D-organisation of TPE4 which eventually transform into 2D- network
structures. This significant difference in the primary organisation of TPE amphiphiles is reflected in the
crystallinity of final hierarchical structures and is achieved through the DNA templated assembly involving
complementary H-bonding interactions. In summary, we have put forward simple strategies to make DNA
nanostructures by the mutually assisted assembly of DNA and small amphiphiles via non-covalent approaches.
These strategies make use of the inherent tendency of the amphiphiles to assemble in aqueous media, directed
by the unique structural characteristics of DNA. These simple strategies to organise suitably designed small
amphiphilic molecules with DNA can significantly contribute to the emerging field of DNA nanotechnology.
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ARTICLE INFO ABSTRACT
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DNA nanotechnology propose various assembly strategies to develop novel functional nanostructures utilizing
unique interactions of DNA with small molecules, nanoparticles, polymers, and other biomolecules. Although,
well defined nanostructures of DNA and amphiphilic small molecules were achieved through hybridization of
covalently modified DNA, attaining precise organization of functional moieties through non-covalent in-

g:ﬁg::::ts teractions remain as a challenging task. Herein, we report mutually assisted assembly of an amphiphilic fullerene
Cyanine dye derivative and various DNA structures through non-covalent interactions, which leads to initial DNA conden-
AFM sation and subsequent assembly yielding ordered fullerene-DNA nanosheets. The molecular design of the
TEM cationic, amphiphilic fullerene derivative (FPy) ensures molecular solubility in the 10% DMSO-PBS buffer sys-

tem and facile interactions with DNA through groove binding and electrostatic interactions of fullerene moiety
and positively charged pyridinium moiety, respectively. The formation of FPy/DNA nanostructures were thor-
oughly investigated in the presence of A-DNA, pBR322 plasmid DNA, and single and double stranded 20-mer
oligonucleotides using UV-visible spectroscopy, AFM and TEM analysis. A-DNA and pBR322 plasmid DNA
readily condense in presence of FPy leading to micrometer sized few layer nanosheets with significant crystal-
linity due to ordered arrangement of fullerenes. Similarly, single and double stranded 20-mer oligonucleotides
also interact efficiently with FPy and form highly crystalline nanosheets, signifying the role of electrostatic
interaction and subsequent charge neutralization in the condensation triggered assembly. However, there is
significant differences in the crystallinity and ordered arrangements of fullerenes between these two cases, where
longer DNA form condensed structures and less ordered nanosheets while short oligonucleotides lead to more
ordered and highly crystalline nanosheets, which could be attributed to the differential DNA condensation.
Finally, we have demonstrated the addressability of the assembly using a cyanine modified single strand DNA,
which also forms highly crystalline nanosheets and exhibit efficient quenching of the cyanine fluorescence upon
self-assembly. These results open up new prospects in the development of functional DNA nanostructures
through non-covalent interactions and hence have potential applications in the context of DNA nanotechnology.

1. Introduction are closely packed in the micrometer sized nucleosome core particle
with the assistance of positively charged histone proteins through
electrostatic interaction and is termed as DNA condensation [5].

Cationic lipids [6], polymers [7,8], dendrimers [9], dendrons [10],

The exciting molecular design of DNA provides room for various
sorts of non-covalent molecular interactions such as electrostatic, n-n

stacking, hydrophobic interactions etc. Scientific community inquisi-
tively focuses on non-covalent interactions which can alter the second-
ary and tertiary structures of DNA to make functional DNA
nanoarchitectures [1,2]. Unique organization of DNA in nucleosome
core particle exists as an inspiring model for the researchers to inquire
more into the possible DNA nanostructures [3,4]. Centimeter long DNAs

nanoparticles [11] etc. have been employed for effective DNA conden-
sation and these condensates find applications in templated nano-
structure synthesis [12], gene delivery [4,13-15] etc.

The wide opportunities extended by the unique DNA structure have
been explored since the emergence of DNA nanotechnology as proposed
by Nadrian. C. Seeman [16]. The technology, mainly rely on DNA
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Fig. 1. A) Structure of FPy, consisting of cationic pyridinium moiety covalently linked to fullerene through triethylene glycol linkage, which can electrostatically
interact with the negatively charged phosphate backbone of DNA, leading to charge neutralization and subsequent DNA condensation; B) & C) Change in absorption
spectra of FPy (3 uM) in 10% DMSO-PBS (pH 7.4) with increasing concentration of A-DNA and pBR322 DNA, respectively. The arrows show the trend of 260 nm
absorption with the addition of DNAs in two different concentration ranges; and D) Absorption changes at 260 nm in the presence and absence of FPy with increasing
concentration of A-DNA and pBR322 DNA. Expected values are sum of absorbance values corresponding to FPy and added DNA.

hybridization based assemblies such as tile assembly and DNA origami,
contributes well in the field of nanomedicine [17-19] and nano-
electronics [20-22]. Small molecule based templated assemblies have
emerged in this field to generate functional DNA nanoarchitectures
through the co-assembly of suitably designed small functional molecules
and DNA, utilizing the benefits of base pairing and other directional and
non-directional interactions like n-r stacking, host-guest complexation,
electrostatic interactions etc. [23-25] Apart from these initial ap-
proaches, an advanced design strategy has been evolved by the amphi-
philicity driven self-assembly of DNA amphiphiles with the covalent
modification of DNA strands [26-28]. Li and co-workers introduced
another approach, a co-ordination driven self-assembly process for the
synthesis of DNA nanomaterials with high scalability, tunability and
functionality [29]. Even though these methods provide better precision
and fine tunability, the materials and methods involved in DNA nano-
technology are highly demanding and expensive. Thus, the search for
more facile strategies based on directional and non-directional non-co-
valent interactions are in progress. For example, Li et al showed self-
assembly of poly (T) strands with the help of directional, non-covalent
interactions between thymine nucleosides and melamine monomers
leading to higly ordered structures with strong mechanical and tunable
thermal stabilities [30]. We have reported a non-covalent approach
involving non-directional interactions for the formation of

semiconducting DNA nanowires from random, unmodified duplex
strands using fullerene nanoclusters as stapler motifs [31]. However, the
design of precisely organized functional DNA nanoarchitectures,
exclusively involving non-directional interactions is challenging, but
highly desirable.

Long range, ordered assembly of chromophores, often achieved
through the templated assemblies based on DNA, peptides, polymers,
dendrimers etc., outshine the performance of conventional materials in
the field of optoelectronics and photovoltaics [32-35]. Among these
templates, DNA particularly take advantage of distinct binding possi-
bilities such as electrostatic interactions with the phosphate backbone,
major/minor groove binding and intercalation provided by its unique
structural features [36-38]. Precise ordering in the DNA nanostructure
is attained by the action of specific directional interactions such as
hydrogen bonding and often require the use of artificial building blocks
of DNA [39,40]. Meanwhile, the ordered templated assembly of small
functional molecule is less attempted on the basis of non-directional
intermolecular interactions like electrostatic interactions. In 2005,
Cheng and coworkers achieved the formation of well-ordered fullerene
arrays on DNA scaffolds from tile assembly, through the electrostatic
interaction of positively charged fullerene molecules and DNA phos-
phate backbone. But, it also demands the precise design of DNA scaffolds
through directional interactions.
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Fig. 2. Change in absorption spectra of FPy (3 pM) in phosphate buffer (10 mM; pH 7.4) with increasing concentration of A) dsDNA and B) ssDNA, C) Absorption
changes at 260 nm in the presence and absence of FPy with increasing concentration of dsDNA and ssDNA. Expected values are sum of absorbance values corre-

sponding to FPy and added dsDNA/ssDNA.

Organization of fullerenes is highly desirable in the field of nano-
device fabrication due to its unique opto-electronic properties and is
realized through different supramolecular assembly approaches
[41-43]. Construction of ultrathin fullerene films is generally achieved
by different solvent mediated techniques like liquid-liquid interface
precipitation and Langmuir-Blodgett technique etc. [44-46] and is
further advanced with the design of amphiphilic fullerenes and
fullerene-polymer conjugates either through covalent linkages or non-
covalent interactions [47-49]. The diverse molecularly ordered struc-
tures of fullerenes show high performance in optoelectronic devices such
as organic solar cells [25], organic field effect transistors etc. due to its
excellent physicochemical and electron transport properties [50].
Herein, we have achieved DNA assisted, long range, ordered assembly of
fullerenes leading to micrometer sized ultrathin nanosheets through a
facile non-covalent approach using a cationic fullerene amphiphile
(FPy) and various DNA structures. Longer duplex DNAs such as linear
A-DNA and circular pBR322 plasmid DNA readily condense in presence
of FPy to form nanosheet structures with sub-micrometer lateral di-
mensions. On the other hand, short single strand and double strand
DNAs form extended nanosheets with significantly higher crystallinity.
DNA binding of FPy through various non-covalent interactions, subse-
quent charge neutralization and change in hydrophilicity of FPy,
possible fullerene-fullerene and fullerene-nucleobase n-n stacking in-
teractions etc. contribute to the assembly of FPy/DNA nanosheet
structures.

2. Materials and Methods
2.1. Materials

Reagents and materials for synthesis were purchased from Sigma-
Aldrich, Alfa Aesar and Spectrochem chemical suppliers. Linear
A-DNA, circular plasmid DNA (pBR322 DNA) and short ssDNAs were
purchased from Sigma Aldrich. The 20-mer DNA sequences used in the
present studies are DNA1: 5'-CGT CAC GTA AAT CGG TTA AC-3’, DNA2:
5-GTT AAC CGA TTT ACG TGA CG-3' and DNA2-Cy3: 5'-Cy3-GTT AAC
CGA TTT ACG TGA CG-3'. DNA1/DNA2 forms the duplex DNA (dsDNA)
upon annealing while DNA2 and DNA2-Cy3 were used as single strands.
The detailed synthesis and characterization of amphiphilic fullerene
derivative, FPy was previously reported [51].

2.2. DNA Interaction Studies of FPy

For DNA interaction studies of FPy, all the experiments were per-
formed in 10% DMSO-PBS mixture (10 mM PBS, 2 mM NaCl). The
fullerene derivative was initially dissolved in DMSO and then diluted to
obtain appropriate concentrations in 10% DMSO-PBS mixture. DNA
interaction studies of FPy solutions (3 pM) were carried out in quartz
cuvette with a path length of 1 cm. Small aliquots of DNA were added
and monitored the absorbance using Shimadzu UV-2600 PC UV-Vis
spectrophotometer. The fluorescence emission spectra were recorded on
a SPEX FLUOROLOG-3 (FL3-221) spectrofluorimeter. Circular dichro-
ism measurements were performed on a Jasco J-810 spectropolarimeter
with a quartz cuvette having 1 mm path length. Fluorescence quenching
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Fig. 3. AFM and TEM images of A-B) FPy/A-DNA hybrid and D-E) FPy/pBR322 DNA hybrid; C) SAED pattern of nanosheet obtained from FPy/A-DNA hybrid; F)

Magnified TEM image of nanosheets obtained from FPy/pBR322 DNA.

experiments were done by recording the emission spectra of DNA2-Cy3
(1.5 pM) by adding different equivalence of FPy.

2.3. Morphological Analysis of FPy/DNA Hybrids

TEM samples were prepared by mixing DNA and FPy in 10% DMSO-
PBS mixture with an incubation time of 30 min and dropped on carbon
coated Cu grid. HRTEM measurements were carried out by using FEI-
Tecnai G2 30, with EDAX at accelerating voltage of 300 kV. Samples
were imaged with a Hamamatsu ORCA CCD camera. AFM samples were
prepared by mixing DNA and FPy in 10% DMSO-PBS mixture with an
incubation time of 30 min, dropped on mica surface and dried in air.
AFM analyses were carried out with BRUKER MULTIMODE AFM oper-
ating with a tapping mode regime and a micro fabricated TiN cantilever
tips (NT-MDT-NSG series) with a resonance frequency of 299 kHz and a
spring constant of 20 to 80 Nm~'. Confocal imaging was done using a
NIKON A1R si spectral confocal microscope (Nikon, Tokyo, Japan) at a
wavelength of 561 nm to view the red fluorescence.

3. Results and Discussion
3.1. DNA Interaction Studies

The amphiphilic fullerene derivative, FPy (Fig. 1A) has an appended
pyridinium moiety which ensures molecular solubility in DMSO and
10% DMSO-PBS buffer and can readily interact with various DNA
structures through non-covalent interactions. Fullerene is known to
interact with DNA via groove binding while pyridinium moiety can
undergo partial intercalation assisted by electrostatic interactions.
[13,52,53] We have recently reported effective condensation of Calf
Thymus-DNA by FPy, assisted by facile DNA interactions of fullerene
and pyridinium moieties, leading to charge neutralization and subse-
quent condensation. [51] In the current article, we are discussing the
interaction of FPy with various DNA structures such as A-DNA, pBR322

DNA (plasmid DNA), and single and double stranded 20-mer oligonu-
cleotides, which leads to the formation of significantly crystalline, few
layer nanosheets.

Interactions of FPy with different DNAs were investigated initially
through UV-Visible absorption spectroscopy. In a typical titration
experiment, small aliquots of DNA were titrated against 3 pM solution of
FPy in 10% DMSO-PBS with a maximum 5% dilution. The UV-Visible
absorption changes during the titration of FPy against A-DNA and
pBR322 DNA are shown in Fig. 1B & 1C. FPy has an absorption
maximum of 260 nm with a shoulder band around 334 nm. Since DNA
bases also strongly absorb around 260 nm, a gradual enhancement of
absorption around 260 nm is expected during the titration. On the other
hand, both the chromophore interactions with DNA and DNA conden-
sation are known to cause significant hypochromism at the chromo-
phore absorption band and the DNA absorption band at 260 nm due to
the enhanced masking of the chromophores [54]. Fig. 1B shows decrease
in the absorption around 260 nm up to a A-DNA concentration of 1.5 pg/
mL, followed by a slow and gradual increase in the absorption around
260 nm. Similar observations were made during the titration of pBR322
plasmid DNA to FPy solutions (Fig. 1C). The hypochromicity around
260 nm in these cases are affected by the increasing A-DNA/pBR322
plasmid DNA concentrations and hence a secondary plot of absorbance
at 260 nm was used for further analysis which provides a clear picture of
the changes in the 260 nm absorption band under the titration condi-
tions (Fig. 1D). Thus we obtained significant hypochromism values of
34% and 36% around 260 nm upon addition of A-DNA and pBR322 DNA,
respectively to FPy solutions. The observed large hypochromicity and
changes in the DNA absorption around 260 nm could be attributed to the
efficient condensation of these DNA structures in the presence of posi-
tively charged FPy via charge neutralization [51,55,56]. The gradual
enhancement of DNA absorption during the final additions could be due
to the presence of excess DNA after completion of DNA condensation
with available FPy molecules. It should be noted that relatively smaller
hypochromic perturbations were observed for the fullerene absorption
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Fig. 5. AFM height image of FPy/pBR322 DNA hybrid at different concentration of FPy; A) 1 yM; B) 3 pM and C) 6 pM with constant pBR322 DNA concentration

(3 pM).

around 334 nm, as shown in Fig. 1B and C, which are indicative of the
interactions between FPy and long double strand DNA through non-
covalent interactions, such as groove binding and partial intercalation.

In order to understand the role of DNA condensation in generating
hierarchical nanostructures, we have investigated the interaction of FPy
with 20-mer DNA oligonucleotide single and double strands. In princi-
ple, due to the short length of the 20-mer single strands and duplex,
effective condensation of DNA may not be possible and hence we can
differentiate the role of DNA condensation while using these single and
double stranded DNA oligonucleotides [57]. Unmodified oligonucleo-
tides (DNA1 & DNA2) were used for these studies, where DNA1/DNA2
form a duplex after annealing and DNA2 alone is used as single strand.

Upon successive addition of 20-mer dsDNA to FPy, DNA absorption
around 260 nm gradually increased as expected due to overlapping DNA
absorption, with a concomitant decrease in the fullerene absorption
around 334 nm as shown in Fig. 2A. Similar changes were recorded in
the case of ssDNA also (Fig. 2B). In order to understand the hypochromic
changes in the case of dsDNA and ssDNA, we have compared the changes
around 260 nm with control experiments where similar amounts of
dsDNA and ssDNA were added to blank solutions. Analyses using sec-
ondary plots (Fig. 2C) revealed the difference in the absorption around
260 nm in both cases (with FPy and blank), which clearly showed a
maximum hypochromicity of 13% for dsDNA and 20% for ssDNA. The
changes in the absorption around 260 nm for A-DNA/pBR322 DNA and



A. Bindu Ramesan et al.

-8.8 nm

Height

Height 1.0 pm

Journal of Photochemistry & Photobiology, B: Biology 226 (2022) 112352

-4.7 nm

Topm Height 10 pm

Fig. 6. AFM height image of FPy/ssDNA hybrid at different concentrations of FPy; A) 1 uM; B) 3 pM and C) 6 pM with constant ssDNA concentration (3 pM).
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dsDNA are significantly different where we observed large hypo-
chromicity (~36%) due to DNA condensation in the former case
whereas only moderate hypochromicity (10-20%) was observed due to
DNA binding interactions of fullerene in the latter case. On the other
hand, upon increasing the dsDNA and ssDNA concentration, we have
observed a maximum hypochromicity of 26% and 34%, respectively at
the fullerene absorption band around 334 nm, with an isosbestic point at
302 nm. The observed higher hypochromic changes for the fullerene
absorption in these cases are indicative of fullerene self-assembly/
aggregation [58] in presence of 20-mer dsDNA/ssDNA. Similarly, the
observed UV-Visible absorption changes of FPy in presence of dsDNA
and ssDNA indicate efficient interactions with both single stranded and
double stranded DNA suggestive of the major contribution of electro-
static interactions compared to the groove binding or intercalation. We
observed a very small change (ATm ~1 °C) in the thermal denaturation
studies of dsDNA in presence of FPy (Fig. S1) and negligible changes in
the CD signals for FPy/DNA hybrid at higher FPy concentrations
(Fig. S2), which further support the electrostatic binding interactions.

3.2. Morphological Studies

Atomic Force Microscopy (AFM) and Transmission Electron Micro-
scopy (TEM) imaging techniques were used for investigating the
morphology of various FPy/DNA hybrid nanostructures. The long linear
A-DNA (3 pg/mL) on interaction with FPy (3 pM) forms nanosheets
having thickness around 10 nm and sub-micrometer lateral dimensions
as shown in AFM (Fig. 3A) and TEM (Fig. 3B) images. These nanosheets,
comprised of several stacked layers of fullerene and DNA, were

significantly crystalline as evident from the selected area electron
diffraction (SAED) pattern (Fig. 3C). On the other hand, FPy in presence
of circular pBR322 DNA (2.5 pg/mL) under similar experimental con-
ditions, showed the formation of aggregated structures of smaller
nanosheets having thickness around 6 nm (Fig. 3D-F). In both cases, the
initial condensation of the longer DNA by FPy, further assist the orga-
nization of fullerenes through zn-n interactions leading to nanosheet
structures composed of DNA and fullerenes.

The AFM and TEM images of the nanosheet structures resulting from
the interaction of FPy with short dsDNA and ssDNA are shown in Fig. S3
and Fig. 4. Interaction of FPy with dsDNA lead to extended nanosheets
with lateral dimensions of several micrometers (Fig. S3), in contrast to
the more condensed, sub-micrometer structures in the case of longer
DNAs. Similarly, FPy and ssDNA interact efficiently to form larger and
more crystalline nanosheets as evidenced by the AFM, TEM images and
SAED pattern (Fig. 4A-D). As discussed earlier, due to the shorter length
of the DNA strands, the contribution of DNA condensation is minimum,
while charge neutralization via the electrostatic interaction between
FPy and dsDNA/ssDNA play a major role in the organization of fuller-
enes and DNA in these nanostructures. Here the nanostructures are
majorly guided by the fullerene-fullerene interactions and hence ssDNA
with more structural flexibility could lead to more crystalline and
extended nanosheets. Further the exposed hydrophobic nucleobases in
ssDNA also may be contributing via n-n interactions with fullerenes.
These results are in agreement with the UV-Vis titration experiments
which predicted efficient interactions of FPy with ssDNA leading to
extended fullerene/ssDNA assemblies. The presence of ssDNA across
these nanostructures was confirmed via EDAX analysis of FPy/ssDNA
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Fig. 8. A) TEM image of nanosheet formed through FPy/DNA2-Cy3 interaction, B) High resolution TEM image of FPy/DNA2-Cy3 hybrid (3 pM: 3 pM) (Inset:
Corresponding FFT pattern C) Fluorescence spectra showing the quenching of DNA2-Cy3 (1.5 pM) emission with gradual addition of FPy and D) Schematic rep-

resentation of nanosheets formed through DNA2-Cy3/FPyinteraction.

hybrid nanosheets (Fig. S4). A cartoonic representation of the possible
stacked arrangement of fullerenes and dsDNA/ssDNA is shown in
Fig. 4E. Further, we have examined the gradual growth of FPy/ssDNA
nanosheets with time using AFM analysis (Fig. S5), which showed as-
sociation of initially formed smaller nanosheets with time, to form larger
nanosheets. Although the lateral dimension of nanosheets increase with
time, we have not observed extensive layer-by-layer growth of the
sheets, which might be due to the excess amount of DNA present in the
nanosheet which causes repulsive interaction between the layers,
limiting the layer-by-layer growth.

To understand the role of FPy in the nanostructure formation, we
monitored the concentration dependent growth of nanosheet structures
through AFM analyses by varying the concentration of FPy from 1 pM to
6 pM with fixed concentrations of different DNAs. For example, Fig. 5
shows the changes of FPy/pBR322 DNA hybrid nanostructures with
increasing FPy concentrations, where considerable increase in the
amount of sub-micrometer sized nanosheets were observed, with minor
association of the smaller sheets to form larger ones. On the other hand,
the change in lateral dimensions of the nanosheets is more noticeable in
the case of FPy/ssDNA hybrid (Fig. 6), where the initially formed
smaller ultrathin nanosheets combine to form large nanosheets with
micrometer lateral dimensions at 3 pM FPy concentration, and finally to
larger nanosheet structures at 6 pM concentration of FPy, keeping
similar thickness values around ~3 nm (Fig. S6-H). These results
demonstrate that formation of ultrathin nanosheets is markedly facili-
tated by the increase in FPy concentrations.

3.3. Addressability of FPy/DNA Hybrid Nanostructures

The mutually assisted assembly of FPy and various DNA structures to
form significantly crystalline, ordered nanosheets open up the possibil-
ity of engineering functional nanostructures with these building blocks.
The addressability of these DNA nanostructures via functionalization of
the short oligonucleotide strand was demonstrated using a fluorescent
probe (Cyanine-3) modified single strand DNA (DNA2-Cy3). The for-
mation of nanosheet structures by the interactions of FPy with DNA2-
Cy3 was established using UV-Vis spectroscopy, AFM and TEM ana-
lyses. Further, we have probed the fluorescence of Cy3 to understand the
assembly properties using fluorescence spectroscopy and imaging
techniques. Fig. 7A, shows the changes in absorption spectra of FPy (3
pM) with increasing concentration of DNA2-Cy3. The changes in ab-
sorption at 260 nm corresponding to the combined absorption of FPy
and DNA and at 550 nm corresponding to the Cy3 absorption are plotted
against the concentration of DNA2-Cy3 (Fig. 7B). The decreased slope
for the 260 nm band is indicative of the hypochromicity at 260 nm, as
observed in the case of FPy binding with ssDNA. Morphological analysis
of FPy/DNA2-Cy3 nanostructures using AFM and TEM techniques show
the formation of nanosheets with lateral dimensions in the micrometer
range (Fig. 8A-B), very similar to the earlier observed FPy/ssDNA
nanosheet structures, but with significantly higher crystallinity as
evident from the lattice fringes and corresponding Fast Fourier Trans-
form (FFT) patterns. The interaction of hydrophobic Cy3 with fullerene
through possible n-n interactions also could be contributing to the or-
dered arrangement and higher crystallinity of the FPy/DNA2-Cy3
nanosheets.
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The fluorescence emission properties of DNA2-Cy3 in presence of
different concentrations of FPy are given in Fig. 8C. Even at very low
concentration (1.5 pM) of FPy, the fluorescence of DNA2-Cy3 strand
showed significant quenching, which could be attributed to possible
electron transfer from Cy3 to fullerene facilitated by the ordered as-
sembly of fullerene and Cy3-modified ssDNA [59,60]. At FPy concen-
trations of ~30 pM, corresponding to total charge neutralization (1:20
ratio of DNA2-Cy3 to FPy), we observed complete quenching of fluo-
rescence from DNA2-Cy3, which confirmed the FPy/ssDNA assembly.
Further, the confocal fluorescence images of the assembled FPy/DNA2-
Cy3 nanosheets (Fig. S7) showed fluorescence from the edges of the
nanosheets corresponding to free fluorophores on the edges, whereas the
cyanine fluorophores incorporated in the assembly got strongly
quenched. Thus, these fluorescence experiments support the hypothesis
that the short-oligonucleotides could be functionalized to demonstrate
the addressability of FPy/DNA nanostructures. Fig. 8D schematically
represent the possible ordered assembly of fullerenes and DNA2-Cy3 in
these nanosheet structures.

4. Conclusion

In conclusion, we have demonstrated the differential interaction of
an amphiphilic fullerene derivative, FPy with various DNA structures
and the resulting FPy/DNA hybrid nanostructures were characterized
using AFM and TEM imaging techniques. Longer double strand DNAs
such as linear A-DNA and circular pBR322 plasmid DNA readily
condense in presence of FPy to form few layer nanosheets with sub-
micrometer lateral dimensions. The assembly in this case is guided by
initial DNA condensation and subsequent fullerene-fullerene in-
teractions. On the other hand, FPy binds efficiently to shorter DNA
strands such as 20-mer dsDNA and ssDNA primarily through electro-
static interactions and subsequent charge neutralization lead to signifi-
cantly crystalline nanosheets with lateral dimensions in the micrometer
range. Since DNA condensation is not facile in this case, binding in-
teractions of amphiphilic FPy, subsequent charge neutralization and
fullerene-fullerene interactions guide this assembly. In both cases, subtle
changes in the hydrophilic-hydrophobic balance of the amphiphilic
fullerene derivative upon interactions with DNA play a major role in the
self-assembly process. Further, the addressability of the FPy/DNA
nanostructures were demonstrated using a Cy3-modified ssDNA (DNA2-
Cy3), which also forms highly crystalline nanosheets in presence of FPy
and exhibit strong quenching of Cy3 fluorescence through possible
electron transfer interactions with fullerenes in the FPy/DNA2-Cy3 as-
sembly. The reported strategy of using amphiphilic fullerene derivatives
and various DNA structures to control the assembly properties could find
applications in DNA nanotechnology.
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