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Five amphiphilic fluorophores (N*N*, N¥, 2N¥, 3N"and 6N") with phenylene-
ethynylene fluorogenic units are employed as the fluorescent probes for investigation
of fluorescence responses in nano-confined environments of DNAs, BSA protein,
surfactants and cyclodextrins in aqueous media. 3N" represents one of the most
responsive probes to all analytes. For example, the strong fluorescence enhancement
of 3N" by y-cyclodextrin is due to a 1:1 stable inclusion complexation (K, = 3.0x10*
M™). The discovery of fluorescence enhancement of 3N* via charge interaction with
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INTRODUCTION

1.1 Overview

During the past few decades, we have witnessed rapid progress in sensor and
biosensor applications based on fluorescent compounds. Success of the fluorescent
sensors relies largely on their sensitive signal transduction via various energy and
electron related processes upon fluorophore-analyte interactions. Direct detection of
double stranded deoxyribonucleic acids (DNAs) by organic dyes consisting of rigid
planar fused aromatic rings is based mainly on fluorescence enhancement via DNA-
dye intercalation [1-4]. Protein sensing has been achieved via varieties of
intermolecular interactions ranging from hydrophobic, hydrogen bonding, dipole-
dipole and electrostatic forces [5-6]. The host-guest chemistry of a well-defined
structure such as cyclodextrins (CyDs) are widely applied in sensing and controlled
release applications via inclusion complexes [7-15]. These supramolecular
interactions have been attributed to changes of electron energy levels, self-
aggregation, energy and electron transfers. Characterization of the supramolecular
interaction affecting the fluorescence signals of the fluorophore is thus fundamentally
important for development of efficient fluorescence sensing system.

Recently, water-soluble conjugated polyelectrolytes (CPs) present a useful
platform for the development of highly sensitive fluorescence-based sensors for
chemical [16-18] and biological detections [19-24]. Especially, cationic conjugated
polymers (CCPs) have been effectively utilized for DNA sensing [25-32] including
labeled-free system [33-35]. Despite the applications of CPs show higher sensitivity,
due to amplification effect, than that of the corresponding small conjugated molecules
with similar structures [36-41]. The conformation of linear CCPs are very complex
that their 3-D molecular structures are highly unpredictable. The nature of
fluorescence responses associated to their molecular and supramolecular structures
thus cannot be easily drawn [42-43]. The difficulty in controlling molecular weight

distribution of linear CPs is another concern in obtaining reproducible responses for



practical uses [44]. It is thus interesting to investigate an alternative class of
structurally well-defined cationic fluorophores possessing the beneficial features of
CPs i.e. multiple charges and fluorogenic units.

Dendrimers, which are hyperbranched architectural macromolecules, can be
constructed with exactly controlled structures and globular shape by the stepwise
synthetic approach [45]. Compare to their linear analogues, the dendrimers can
display a high density of functional groups [46-48] and chromophores [49-51] within
the same molecular radius. The rigid spherical dendrimers have been applied for
modeling or studying of photophysical properties [52-54]. Because its excellent
fluorescence and high quantum efficiency, phenyleneethynylene fluorophores have
been successfully exploited as fluorescent signal transducer for various chemical and
biological sensing systems [55-59]. Recently, a new series of water-soluble
fluorescent dendritic phenylene-ethynylene with ionic peripheries were synthesized
and used as fluorescence sensors for metal ions and biological agents [60-63]. The
water soluble compounds with phenylene-ethynylene fluorogenic units are also
interesting probes for studying the supramolecular interactions of their strong
fluorescence responses to the nano-confined environments and more predictable
geometries [64-65].

Surfactant molecules and micellar solutions are also known to be used in a wide
variety of fields such as organic reactions, catalysis, polymerization and controlled
drug delivery [66-70]. Many literature reports revealed that the presence of surfactants
in solution can lead to the changes of photoproperties (i.e. band shift and quantum
yield enhancement and have been applied in increasing sensitivity and selectivity in
DNA detection [66-81]. Moreover, the collisional probability and solvation dynamics
of water in the nano-confined micellar systems are considerably slowed down leading
to changes in their physical and chemical properties of the probes in aqueous systems
[82-85]. As mentioned earlier, it is thus important to investigate the supramolecular
binding events of the water soluble phenylene-ethynylene fluorophores with various
types of nano-confined environments mainly via fluorescence spectroscopic data in
aqueous media that should also be helpful in host-guest pairs for applications such as

controlled release system.



1.2 Supramolecular chemistry

Supramolecular chemistry has been defined as the chemistry of a non-covalent
bond between a host and guest molecules as expressed by Jean-Marie Lehn [86].
Modern supramolecular chemistry can be categorized into two main systems; host-
guest chemistry and self assembly [87]. The host is termed as a larger molecule that
can enclose another smaller one called guest via non-covalent interactions such as
hydrogen bonding, electrostatic forces, dative bonding, van der Waals forces and
crystal close packing, metal-to-ligand binding, n—n stacking interactions and closed
shell interactions where their host-guest relationships associate with binding sites
[88]. The host-guest aggregate is held together in the binding site which is a region of
the host or guest that interact with the correct size, geometry and chemical nature of
the other species. While self-assembly is termed that the two or more components
joining to form a larger, non-covalently bound aggregate with the spontaneous and
reversible association resulting to the most thermodynamically stable aggregate
structure under the prevailing condition system. This equilibrium process is
responsible for the structure and complexity of many biological systems and
molecular devices [89-90]. A variety of not only two-dimensional but also three-
dimensional morphologies can be formed by a cooperative interaction and balancing
between three classes of distinctive forces; an attractive driving force and a repulsive
opposition force are responsible for nondirectional self-assembly while a functional
force including such as hydrogen bond, coordination bond and steric repulsion acts
uniquely to be directly responsible for directionality [91]. Futhermore, supramolecular
chemistry is very useful for the development of molecular devices and
nanotechnology, biological recognition and biomimetic chemistry, pharmaceuticals
and medicinal systems, catalysis design approaches, green chemistry applications and
radioactive waste treatments [92-95]. Therefore, the study of non-covalent
interactions to understand the relationship between supramolecular chemical
principles and the biological influences often provides the inspiration behind

supramolecular phenomenon researches in the chemistry of life.



1.3 Cyclodextrins

One of the most important compounds using in the host-guest chemistry is
cyclodextrins (CyDs) that are a group of cyclic oligosaccharides produced
enzymatically by Bacillus macerans [92-93]. Some physiochemical properties of
cyclodextrins (a-, B-, and y-CyD) that contain six, seven and eight glucose entities
respectively were compared as shown in Table 1.1. The inner cavity diameter of CyD
increases in proportion to the glucosyl units but the depth remain the same height [96-
99]. However, the inclusion complex formation is mainly disciplined by the guest
thickness compared to their internal diameter, guest thicker than the minimum
diameter do not penetrate to the CyD cavity to form a stable axial inclusion complex
with its hydrophobic part [100].
Table 1.1 Cyclodextrins properties [96-100].

Property a-CyD B-CyD v-CyD
Number of glucopyranose
g Py 6 . g

units
Molecular Weight (g/mol) 972 1135 1297
Outer diameter (A) 14.6 15.4 17.5
Minimum internal diameter

4.4 5.8 7.4
(A)
Height of torus (A) 7.9 7.9 7.9
Cavity volume (A?) 174 262 427
[a]p at 25°C +150+0.5 +162.5+0.5 +177.41+0.5
Water molecule in cavity 6 11 17

Cyclodextrin structures are shaped like cones with the secondary hydroxyl
groups of the C2 and C3 positions extending from the wider rim and the primary
groups of the C6 position extending from the narrow rim due to chair formation of the
glucopyranose units as shown in Figure 1.1. While H5 hydrogen of glucosyl units
located at a CyD bottleneck of toroidal shape refer to the minimum internal diameter.
Therefore, the toroidal shape contained hydrophobic internal cavity and hydrophilic
external surface which a high electron density inside CyD cavity can activate

electrons of the guest molecule [101].
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Figure 1.1 Structure of cyclodextrins

Inclusion complexes with various guest molecules of CyDs upon the
supramolecular size and shape and also the environments that correspond to the guest
which penetrate into cyclodextrin cavity have been effectively proved by various
methods. Various characterization techniques can be used to determine the
interactions between CyDs and guest molecules; for example, '"H NMR [102-106],
mass spectrometry [107], electrophoresis, [108] UV-vis absorption spectroscopy
[109], fluorescence spectroscopy [110-114], x-ray crystallography [115-118] and
computational chemistry. [119] In addition, a binding constant (K,) of molecular
interaction of host-guest types for stoichiometric 1: 1 inclusion complex ratio was

derived from a linear plot corresponding to Benesi-Hilderbrand equation [120-126]:

—. m 1 1
I =1, L =1y (I = Io)Kp [CyD]

Where that I, corresponds to the initial fluorescence intensity of free guest
(blank solution), I; is the intensity of the guest/CyD complex and I is the observed

fluorescence intensity of the mixtures. The ground state association constant (Kj) for

1: 1 complex formation was derived from a linear graph plotting ﬁ against as
— 1o

[CyD]

Y-intercept . . . . 1 .
equal to K, = — TP since is the intercept on the Y axis and —————is a
gradient I = I (I — Ig)Kp

gradient of the linear fit as followed the equation.
Due to their complexation ability, low cytotoxicity effects, the capable
modified material properties, cyclodextrins are widely use in different application

areas such as industrial products, technologies and analytical methods, drug carrier,



food and flavors, cosmetics, packing, textiles, separation processes, environment

protection and fermentation and catalysis [127-130].

1.4 Deoxyribonucleic acid (DNA)

Deoxyribonucleic acid (DNA) is a nucleic acid that is a central molecule in the
transmission, expression, and conservation of genetic information. The main role of
DNA molecules is as the carrier of genetic information that it blueprints set contains
the genetic instructions needed to construct other essential components of cells such
as proteins and ribonucleic acid (RNA) molecules used in the development and
functioning of all know living organisms [131]. DNA structure was elucidated as a
double helix that consists of two long polymers of simple units called nucleotides,
with backbones contains sugar and phosphate groups joined by ester bonds (Figure
1.2) and these two nucleic acids strands run in opposite direction to each other called

anti-parallel [132-133].
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Figure 1.2 (left) chemical formula of a single chain of DNA and (right) Diagram of
DNA double helix that the two ribbons represent the two phosphate-sugar chains, and
the horizontal rods the pair of bases holding the chain together. The vertical line
marks the fiber axis [133].

All nucleotides repeating unit consists of three components: a phosphate
group, a pentose sugar that is 2-deoxy-D-ribose and one of four nitrogen heterocyclic
bases that are monocyclic pyrimidines or bicyclic purines. The major purines: adenine
(A) and guanine (G) and the major pyrimidines: cytosine (C) and thymine (T) are
found in DNA bases (Figure 1.3) [134].
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Figure 1.3 Chemical structures of DNA bases

According to first discovered by James D. Watson and Francis Crick, the

DNA structure of right-handed double helix B-form has 10 base pairs per complete
turn, and the paired bases are almost exactly perpendicular to and stacked over the
helix axis with each the helical rise ~3.4 A [135] and a helical pitch of 34 A. In DNA
double helix, the two chains are held together with hydrogen bond between the bases
that there are two hydrogen bonds in an AT pair and three in a C*G pair as the
dominant pattern of Watson-Crick base paring shown in Figure 1.4. Major groove,
which posseses a wider gap between the strands in the helix, is ~12 A wide while the

width of the minor groove is ~6 A [136].
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Figure 1.4 Watson-Crick bases pairing for C+G (left) and T*A (right) [134].

Moreover, not only B-DNA double helix or duplex but also alternate
conformations such as A-form and Z-form in functional organism and higher-order

structure such as a triple helix or triplex, a guanine quadruplex, and a Holliday

junction structure are found upon their environmental conditions (Figure 1.5).
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Figure 1.5 (fop) 3D structures of double helical DNA; the A, B, and Z forms [131]
and (bottom) crystal structures of the PNA-DNA triplex, the potassium form of the
interamolecular quadruplex, and the Holliday junction [136].

The interaction of double-stranded DNA (dsDNA) with small molecules are
mainly classified into three binding modes; outside-edge binding, intercalation, and
groove binding (Figure 1.6) [134, 137]. Outside-edge binding relates to a ligand
binding such as Na*, Mg®" or polyamines that can interact non-specifically with the
sugar-phosphate  backbone through mainly electrostatic interactions. While
intercalation is involved in a planar or near planar aromatic ring system such as
ethidium, daunomycin, proflavin, actinomycin, or acridines that inserts in between
two adjacent base pairs, perpendicular to the helical axis. Intercalators that can have
an extended, electron-deficient, planar aromatic ring system generally form a platform
of approximately the same size as a DNA base pair [138-143]. Also, groove binding is
evolved into a bound ligand such as netropsin, or lexitropsins that fit its molecular
contact direction with functional groups on the edges of the bases into the floor of
grooves [144]. DNA conformation and stability has been effected by the outside-edge,
electrostactic interactions of the positively charged counterions and DNA polyanion

association. However, an electrostatic potential, hydrogen-bonding characteristics,



steric effects, and hydration have also influenced to groove binding interactions

between groove binder and the major or minor DNA grooves.

Z %

Outside-edge binding Intercalation Groove binding

Figure 1.6 Three binding modes of double-stranded DNA with small molecules;
outside-edge binding, intercalation, and groove binding [ 134].

Triplex DNA can be formed when a single-stranded oligonucleotide (ODN) or
a short single stranded DNA (ssDNA) fragment specifically recognizes the major
groove and forms hydrogen bonds with the base pairs of the duplex DNA that given a
number of different conformations. Therefore, the intermolecular triplex-forming
oligonucleotides have been a versatile and powerful tool for an antigene therapy due
to their specificity of base-base interactions. For the reason of low stability under
physiological conditions, high cation concentrations are required or an intercalating
ligand is used to stabilize the triplex DNA [134, 136]. In addition,
polyelectrolyte/hybridized nucleic acid triplex are effectively applied to use for DNA
detection via fluorescence methods [25-28, 32, 35, 81]. Another higher-order
structure, G-quadruplex that four guanine bases can form self-associate cyclic, planar
tetrameric structures known as G-tetrads have high potential in structure/sequence-
specific agents for human treatment diseases [134]. Specific sequence of single-
stranded G-rich aptamers, which are artificial nucleic acid ligands that can be
generated against amino acids, drugs, proteins and other molecules, can be formed G-
quadruplex with target molecules such as K [146-147], neomycin B [148], hemin
[149-150] and ochratoxin A [151] leading to useful in vitro diagnostic assays [152-
154]. In addition, the other single-stranded forms such as hairpin and beacon has been
also exhibited high-throughput approaches for many recently applications and

researches [33, 155-163].
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1.5 Protein structures

Proteins are the major functional molecules of life that are products of evolution
including duplications or deletions and mutations by changing the nucleotide
sequences of genes.

Due to their useful properties, we can employ the protein as therapeutic agents,
catalysts, and materials. Protein with mutations that cause detrimental changes in
structure and/or function may results in a disease, as a consequence, many diseases
such as muscular dystrophy, Creutzfeld-Jakob disease or other transmissible
encephalopathies, amyloidosis, and cancers result from protein structure change, a
loss of physical function or mutations. Moreover, enzymes and receptors that are a
protein analogue can usually be drug targets, restore function or destroy infectious
agents or cancers. Therefore, the prediction of protein structures and protein activity
assays are ultimate goal to be able to design and synthesize novel catalysts, materials,
or drugs that will eradicate diseases and minimize illness [164-165].

Proteins are unbranched polymers consisting of 20 different amino acids
connected by peptide bonds. The sequence of the different amino acids in a protein,
which is directly determined by the sequence of nucleotides in the gene encoding, is
called its primary structure that it is usually given starting with the N-terminal and
ending with the C-terminal amino acids due to the addition order of amino acids
during protein synthesis. Secondary structure refer to the local conformation of amino
acids in the protein main-chain that stabilized by hydrogen-bonding interactions
between amino- (N-H) and keto- (C=0O) groups of the peptide bonds. These groups
holding partial positive and negative charges can form hydrogen bond with only a
relatively small energy to give two major forms that are alpha helices and beta sheets.
The combinations of alpha and/or beta recurring substructures or folds may form a
supersecondary structures or motifs. In a globular form, tertiary structure refers to the
three-dimensional structure of a single protein molecule which elements of its
secondary structure are arranged in space. The protein folds are determined by ionic
interactions between charged amino acids R-groups, by non-specific hydrophobic
interactions (hydrophobic residues is buried inside while hydrophilic part can interact
with water), by hydrogen and van der Waals forces and rarely by disulfide (S-S)

bonds between cysteine residues. Many proteins are formed by association of the
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folded chains of more than one polypeptides resulting to a larger assembly called
quaternary structure. The quaternary structure is stabilized by the same interactions
that are non-covalent bonds and disulfide bonds as the tertiary structure (Figure 1.7)
[164, 166-169].

(a) Primary (b) Secondary
N TACEVAEISYKKFROLIQVN p
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Figure 1.7 Levels of protein structure illustrated by the catabolite activator protein;

ANYY

(a) primary-, (b) secondary-, (c) tertiary- and (d) quaternary structures [167]

In addition, the determination methods of three-dimensional structure of protein
can be achieved by x-ray crystallography, x-ray and neutron diffraction, NMR
spectroscopy, optical spectroscopy, mass spectrometry, electrophoresis, cryo-electron

microscopy and immunochemical analysis. [165-173]

1.6 Surfactants

Surface active agents or surfactants are amphiphilic molecules containing a
hydrophilic head or polar moiety, which is readily soluble in water, and a
hydrophobic tail or nonpolar moiety, which is generally insoluble in water [174].
There are four primary groups of the surfactant classification based on the nature of
the hydrophilic head; anionic, cationic, nonionic, and zwitterionic [175-176]. In
addition, the hydrophobic tail is usually a long hydrocarbon chain even though a
halogenated, oxygenated or siloxane chains can be used [177]. Surfactant molecules

and micellar solutions are known to be used in a wide variety of fields that are
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detergents and cleaners, cosmetics and personal care products, pharmaceuticals,
petroleum recovery processes, high-tech areas, medicine and biochemical research,
plant protection and pest control, foods and packaging, paper and cellulose products,
paints and coating products, plastics and composite materials, metal processing,
textiles and fibers, leather and furs, oilfield chemicals, mining and flotation, and
chemical and industrial applications [175, 178]. One of the most important parameters
for surfactant characterization is the critical micelle concentration (CMC) which
surfactant aggregates or micelles are spontaneously formed at this concentration. The
physico-chemical properties of self-assembled structures that differ from surfactant

molecules show an abrupt change at and above CMC as illustrated in Figure 1.8.

Osmotic pressure

Turbidity Solubilization

Magnetic resonance
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Equivalent
conductivity

Self-diffusion
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Figure 1.8 Plots of physical properties as a function of surfactant concentration [176].

Therefore, CMC have now been determined by several methods, for examples;
conductivity [179-181], osmometry [182], surface tension [183-187], nuclear
magnetic resonance (NMR) spectroscopy [188], UV-Vis [189-190] and fluorescence
spectroscopy [69, 191-194], X-ray diffraction (XRD), electron spin resonance (ESR),
small-angle neutron scattering (SANS), light scattering, and calorimetry. Moreover,
one of effective surfactant detections is achieved by fluorometric method [195-196].
Also, in the mixed micellar system including polyelectrolyte-surfactant complexes
[71-72, 197-201] and fluorescence dye-surfactant aggregate [53] have been studied to
discover supramolecular formation, and cyclodextrin-surfactant complex [73] or even
deoxyribonucleic acid (DNA) systems [77-79, 202-203] has been utmost interested in

by recently researchers for biological application approaches.
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1.7 Fluorescence

Fluorescence is an emission of light from the excited state by a substance that
has absorbed light or other electromagnetic radiation returning to the ground state.
The fluorescent processes that occur between the absorption and emission of light are
usually described by the Jablonski diagram (Figure 1.9) [204]. Molecules that can
absorb photons relating to the electronic, vibrational, and rotational energy levels, is
allowed to reach an excited state after absorption within 107" s and thus absorbed
photons induces excitation. Following light absorption, a fluorophore, molecule can
give the fluorescence, is usually excited to some higher vibrational level of either S1
or S2 and form an excited fluorophore, and then rapidly relaxes to the lowest level of
S1 within 107'* s or less by internal conversion. The fluorescence signal is observed
when the excited fluorophore relaxes to ground singlet electronic state (Sy) via photon
emission that the fluorescence lifetime goes from 10~ to 10™'% s. Molecules can also
undergo a spin conversion of its S1 state to the first triplet state T1 called intersystem
crossing and then emit the phosphorescence by transition from T1 to the singlet
ground state. From the diagram, phenomenon that the fluorescence naturally occurs at
the lower energies or longer wavelength than the absorption is observed as called as
the Stokes shift. This phenomenon can be caused by energy losses between excitation
and emission which are the rapid decay to the lowest vibrational level of SI, or
thermalization of the excess vibrational energy from the decay of fluorophores to
higher vibrational levels of SO, and also occurred by solvent effects, excited-state

reactions, complex formation, and/or energy transfer. [31]
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Figure 1.9 Jablonski diagram [204]

Any processes that can decrease the fluorescence intensity of a given substance
are referred as quenching causing by different mechanisms such as excited state
reactions, energy transfer, complex-formation, excimer formation and collisional
quenching. The molecules that can cause the fluorescence quenching are called as
quenchers. For example, the photoinduced electron transfer (PET) can be occurred
whenever a lone electron pair is located in an orbital of the fluorophore itself or an
adjacent molecule and this orbital energy lies between those of the HOMO and
LUMO. The transfer of electron between fluorophore and quencher provides
nonradiative deactivation of the excited state leading to the quenching [206]. In
contrast, fluorescence resonance energy transfer (FRET) is a dynamic quenching
mechanism that the process occurs whenever the emission spectrum of a fluorophore
donor overlapping with the absorption spectrum of an acceptor (Figure 1.10). FRET is
influenced by the factors of the donor-acceptor distance, the extent of spectral overlap
between the donor emission and acceptor absorption, and the relative orientation of
the donor and acceptor dipole moment [207-208]. These quenching processes are

useful for the sensing application in the term of “turn-off” mode.
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Figure 1.10 (left) Electron-transfer fluorescence quenching and (right) Froster
resonance energy transfer [206-207]

Moreover, the reduction of self-quenching via deggregation of n-n stacking, the
decreasing of intramolecular charged transfer (ICT), or the increasing of molecular
rigidity via geometrical lock, and/or deleting any quenching factors can effectively
present fluorescence enhancement that be helpful in many sensing in the term of

“turn-on” mode. [205]

1.8 Literature surveys

In 1999, Chen [19] et al. showed that water-soluble polyanionic CP (poly(2-
methoxy-5-propyloxy)sulfonate phenylenevinylene, MPS-PPV) gave a greater
fluorescence quenching than million-fold amplification of the sensitivity relative to
that of corresponding small conjugated molecules with similar structure (Figure 1.11).
Also, this fluorescent polymer exhibited a much greater quenching than that of the

micelle system and sensitive and selectively applied for biological sensing.
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Figure 1.11 Amplification of fluorescence quenching sensitivity [19]
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Recently, many researchers have reported that water-soluble cationic conjugated
polymers (CCPs) such as poly(bis(fluorenyl)benzene [25, 28], polythiophene [26, 32]
and polyphenyleneethynylene [26] were effectively used for DNA sensors (Figure
1.12).
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Figure 1.12 Structures of cationic conjugated polymers [26]
In 2004, Porres [209] et al. exhibited that the octupolar fluorophore containing a
triphenylamine core with strong acceptor peripheral groups via phenylene-ethynylene

linkers gave high fluorescence quantum yield (® = 0.72) (Figure 1.13).
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Figure 1.13 Structure of the octupolar fluorophore [209]

In 2009 Zhang [59] et al. synthesized a dendritic fluorescent probe exhibiting
strong two-photon absorption and efficient intramolecular charge transfer (ICT) for
cysteine (Cys) and homocysteine (Hcy) with a turn-on mode in polar solvent
(DMSO). This is the first report that exhibits both greatly enhanced emission intensity
and large peak shift. This work should be a general guideline for the design of novel
multisignal one- and two-photon turn-on probes, based on ICT switch on/off, with
various sensing applications due to the potential reactivity of aldehyde toward other

nucleophiles (Figure 1.14).
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Figure 1.14 Structure of dendritic fluorescent probe (/eff) and the cycteine (Cys)

sensing based on ICT switch on (right). [59]

In 2009, Niamnont [60] and co-workers successfully synthesized a series of
water-soluble fluorescent dendritic compounds composed of phenylene-ethynylene
repeating units and anionic carboxylate or cationic ammonium peripheral groups.
These fluorophores can be dissolved in aqueous media. The first generation
fluorescent dendrimer containing nine phenylene-ethynylene units and six carboxylate
peripheral groups exhibited a highly selective fluorescence quenching by Hg*" ions.
The Stern-Volmer quenching constant (Ksv) was 33,700 M with wide linear Hg2+
concentration of the fluorescence responses (2-80 pM) in aqueous media in the

presence of Triton X-100 surfactant (Figure 1.15).
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Figure 1.15 Fluorescence quenching by Hg*" ions of the first generation dendritic

compound in the presence of Triton X-100. [60]

In 2010, Niamnont [62] at al. developed the fluorescent sensor array for the
protein  discrimination by various charged dendritic phenylene-ethynylene
fluorophores in phosphate buffer saline pH 7.4. The data set of fluorescent intensities
can be statistically sorted into eight clusters corresponding to each protein by

principal component analysis (PCA). Factorial discriminant analysis (FDA) cross-
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validation is applied to locate the optimum detection wavelength and reduce the
number of sensing elements from nine to two with 100% discriminating accuracy
(Figure 1.16). The results highlighted the benefits of the charge variation in the
development of high performance protein sensing arrays and the method described
should be generally practical for the development of electronic tongue for protein

related food analysis and medical diagnosis.
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Figure 1.16 Structures of various charged dendritic phenylene-ethynylene
fluorophores, fluorescence response array, and PCA analysis for protein

discrimination. [62]
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From the literatures, it is thus summarized that the phenylene-ethynylene
fluorescent polyelectrolytes showed interesting fluorescence responses for chemical

and biological sensing applications.

1.9 Objectives

The aim of this work focuses on the synthesis of water soluble dendritic
fluorophores composed of phenyleneethynylene repeating units and cationic
ammonium peripheral groups (Figure 1.17) to study of their fluoresecence responses
in various analtyes. The application of these fluorophores as supramolecular sensors

in aqueous media will also be explored.



\I/ \I/

N& No

o N/ ity

2 +
3N*; R = NMe;*I" 2N

@/

>

@z

@ O
/N/ N
A 7 N Z
gWe L
-

O 6N*; R = NMe;*I"

Figure 1.17 Structure of the target fluorophores

\

®z

/ \

/\

Dz

20



CHAPTER II

EXPERIMENTAL

2.1 Materials and chemicals

All reagents were purchased from Sigma-Aldrich (Switzerland), F luka®
(Switzerland) and Merck® (Germany). For general reactions, solvents such as hexane,
methanol and toluene were reagent grade stored over molecular sieves. Diethyl ether
and methanol used for reactions was reagent grade. All column chromatography were
operated using silica gel 60 (70-230 mesh), Merck®. Thin layer chromatography
(TLC) was performed on silica gel plates (Merck F4s5). Solvents such as methylene
chloride and hexane used for extraction and chromatography were commercial grade
and distilled before use. Deionized water was used in all experiments unless specified
otherwise. All reactions were carried out under positive pressure of N, filled in rubber
balloon. Cyclodextrins, bovine serum albumin (BSA), surfactants, buffers and salts
were purchased from Sigma-Aldrich (Switzerland), the oligonucleotides (ODNs) were
purchased from Biodesign (Thailand) and were used without further purification.

Potassium poly(vinyl)sulfate (PVSK) was purchased from Wako (Japan).

2.2 Analytical instruments

The products were characterized by Micromass Quattro micro TM API
electrospray ionization mass spectrometer (Waters, USA). 'H-NMR and “C-NMR
spectra were recorded on Varian Mercury 400 MHz NMR spectrometer (Varian,
USA) and 100 MHz on Bruker 400 MHz NMR spectrometer using CDCl3;, MeOH-d,,
Acetone-ds, CD3CN and D,0O. The UV-Visible spectra were obtained from Varian
Cary 50 UV-Vis spectrophotometer (Varian, USA) and Cary 100 Bio UV-Visible
spectrophotometer (Varian, USA) using MilliQ water, the solution of sodium
phosphate buffer (PB 10 mM) and sodium chloride (NaCl 100 mM) as a solvent.
Fluorescence emission spectra were acquired by using Perkin Elmer precisely LS 45
Luminescence Spectrometer (PerkinElmer, UK) and a Varian Cary Eclipse

spectrofluorometer (Varian, USA) for photophysical property study. Circular
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dichroism spectra were recorded on JASCO CD spectrometer (JASCO, Japan). AFM

images were taken on a SPA 400 Atomic Forced Microscope (Seiko, Japan).

2.3 Synthesis of the zero generation dendrimer (3N*)

2.3.1 Preparation of 4, 4, 4" -triiodotriphenylamine, Tl;

|
; BTMAICI,, CaCOs
N N
©/ \© CHCl5, MeOH, reflux /@/ \@\
| |

In a 500 mL round-bottomed flask equipped with a magnetic stirring bar, a

mixture of triphenylamine (7.37 g, 30 mmol), chloroform (CHCI;) (100 mL) and
methanol (MeOH) (50 mL) was stirred under N; atmosphere.
Benzyltrimethylammonium chloroiodate (BTMAICL,) (34.50 g, 99 mmol) and
calcium carbonate (CaCOs;) (18.44 g, 0.18 mol) were added with vigorously stirrer.
The reaction mixture was refluxed for 3 days, 20% NaHSOj3 solution was added to the
mixture until the mixture became the light green. The mixture was filtered and the
filtrate was separated. The aqueous layer was extracted with methylene chloride
(CH,Cl,) (2%x50 mL). The combined organic layer was washed with water (2x100
mL) and dried over anhydrous magnesium sulfate (MgSO4) and evaporated by a
rotary evaporator. The residue was crystallized from CH,Cl,/MeOH yielding the
desired product as a white solid (15.2465 g, 81% yield). "H NMR (400 MHz, CDCI;)
& ppm 7.53 (d, J = 8.44 Hz, 6 H), 6.81 (d, J = 8.49 Hz, 6 H), °C NMR (400 MHz,
CDCl3) 6 ppm 146.49, 138.39, 125.98, 86.52.

2.3.2 Preparation of 4-iodo-N, N"-dimethylaniline, IAMe,

\N/ \N/

BTMAICI,, CaCOs3, reflux
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In a 500 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of N, N'-dimethylaniline (6.64 g, 55 mmol), CaCOs3 (15.2367 g, 0.15 mmol)
and CH,Cl, (50 mL) was stirred under N, atmosphere. The solution of BTMAICI,
(18.32 g, 53 mmol), CH,Cl, (80 mL) and MeOH (100 mL) was dropwisely added by
addition funnel. Atfer 24 hours, 20% NaHSOj; solution was added to the mixture until
the mixture became the deep purple. The mixture was filtered and the filtrate was
separated. The aqueous layer was extracted with methylene chloride (CH,Cl,) (2x50
mL). The combined organic layer was washed with water (2x100 mL) and dried over
anhydrous magnesium sulfate (MgSO4) and evaporated by a rotary evaporator. The
residue was crystallized from CH,Cl,/MeOH yielding the desired product as a white
solid (11.95 g, 92% yield). "H NMR (400 MHz, CDCl5) & ppm 7.46 (d, J = 9.00 Hz, 4
H), 6.49 (d, J = 8.93 Hz, 4 H), 2.92 (s, 6 H), °C NMR (400 MHz, CDCl5) & ppm
149.98, 137.52, 114.69, 77.40, 40.33.

2.3.3 Preparation of 4-trimethylsilylethylnyl N, N"-dimethylsilane, SIEAMe;

N

. N

N
Me3SiCECH, PdClz(PPh3)2

Cul, DBU, toluene, RT

| fl
/Sli\

In a 250 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of IAMe; (4.9759 g, 20 mmol), bis(triphenylphosphine)palladium (II)
chloride (PdCI(PPhs),) (0.034 g, 48 pumol), copper(I)iodide (Cul) (0.0257 g, 0.13
mmol), and toluene (30 mL) was stirred under N, atmosphere. 1,8-diazaicylcloundec-
7-ene (DBU) (3.6093 g, 24 mmol) and then trimethylsilylacetylene (2.3380 g, 24
mmol) was slowly added to this stirred solution. After 2 hours, the mixture was
filtered and washed by toluene. The filtrate was collected and then evaporated by a
rotary evaporator. The residue was purified by short column chromatography using

hexane as an eluent yielding the desired product as a light yellow solid (3.97 g, 91%
yield). '"H NMR (400 MHz, CDCl5) & ppm 7.34 (d, J = 8.98 Hz, 2 H), 6.59 (d, J =
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8.91 Hz, 2 H), 2.97 (s, 6 H), 0.24 (s, 9 H), °C NMR (400 MHz, CDCl;) & ppm
150.17, 133.09, 111.57, 109.87, 106.55, 91.14, 40.14, 0.21.

2.3.4 Preparation of 4-ethylnyl N, N"-dimethylaniline, EAMe,

\N/ \N/

KOH/MeOH, RT

/Sli\ H

In a 100 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of SIEAMe; (2.2394 g, 10 mmol), MeOH (30 mL) and saturated potassium
hydroxide (KOH) (0.3 mL) was stirred under N, atmosphere. After 6 hours, saturated
ammonium chloride (NH4Cl) (45 mL) and CH,Cl, (30 mL) was added into the
mixture. The organic layer was separated and the aqueous layer was extracted with
hexane (2x30 mL). The combined organic layer was washed with water (2x100 mL)
and dried over anhydrous magnesium sulfate (MgSO,4) and evaporated by a rotary
evaporator to obtain a yellow solid (1.46 g, 98% yeild). 'H NMR (400 MHz, CDCI3) &
ppm 7.38 (d, J = 8.85 Hz, 2 H), 6.62 (d, J = 8.83 Hz, 2 H), 2.98 (s, 7 H), °C NMR
(400 MHz, CDCl3) 6 ppm 150.32, 133.14, 111.62, 108.66, 84.82, 74.75, 40.12.

2.3.5 Preparation of 4, 4°, 47 -tris-(4-dimethylaminophenylethynyl)triphenyl

amine, 3N°

NMe,

| \N/
PdCly(PPhs),, Cul O
+ 3 e ——
/©/ N \©\ ‘ |
I [ o

DBU, RT
0
I Z X I
MeoN NMe,

In a 500 mL round-bottomed flask equipped with a magnetic stirring bar, a

mixture of Tl3 (1.0257 g, 1.6 mmol), PdCIl,(PPh;3), (0.1194 g, 0.17 mmol), Cul
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(0.0267 g, 0.14 mmol), and toluene (10 mL) was stirred and bubbled with Ar gas for
15 minutes. EAMe; (0.7979 g, 5.5 mmol) was quickly charged into the stirred
solution and then DBU (0.8 mL, 5.3 mmol) was added dropwisely into the mixture.
After 6 hours, MeOH (40 mL) was added and was then filtrated to obtained the
yellow solid (0.6333 g, 57% yield). "H NMR (400 MHz, CDCl5) & ppm 7.39 (dd, J =
2.82, 8.64 Hz, 12 H), 7.04 (d, J = 8.49 Hz, 6 H), 6.67 (d, J = 8.34 Hz, 6 H), 2.99 (s,
18 H), >C NMR (400 MHz, CDCl;) & ppm 149.98, 146.18, 132.60, 132.35, 123.92,
118.60, 111.85, 110.26,90.27, 87.20, 40.23.

2.3.6 Preparation of 4, 4°, 4”"-tris-(4-trimethylaminophenylethynyl)
triphenylamine triiodide, 3N”

Ny <) -
N N

Mel(excess), RT O
————— N — -

SRS OO
/‘/‘/\‘\‘\ =7 xR
ye X GO L
N N N
| | GJ\\‘ |®

A mixture of 4, 4°, 4" -tris-(4-dimethylaminophenylethynyl)triphenylamine
(0.5051 g, 0.75 mmol), methyl 1odide (Mel) (0.50 mL), and acetronitrile (7 mL) was
charged into the sealed-tube. After the mixture was strirred at 90°C for overnight,
ethylacatate (EtOAc) (10 mL) was added and the precipitation was washed by diethyl
ether to obtain a yellow solid (0.7108 g, 86% yield). '"H NMR (400 MHz, MeOH-d,)
dppm 7.91 (d, J =9.14 Hz, 6 H), 7.72 (d, J = 8.88 Hz, 6 H), 7.48 (d, J = 8.40 Hz, 6
H), 7.09 (d, J = 8.55 Hz, 6 H), 3.66 (s, 27 H), °C NMR (400 MHz, MeOH-d,) & ppm
148.65, 147.66, 134.31, 134.25, 127.31, 125.44, 121.74, 118.62, 93.00, 87.94, 57.86.
ESI MS/MS m/z Calcd for C51H51N43+, 239.80 Found: 240.
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2.4 Synthesis of the first generation dendrimer (6N*)
2.4.1 Preparation of 4-iodo-4",4""-bis(4-dimethylaminophenylethynyl)

triphenylamine, TI(EAMey);

\
N—

|
SN Vi
PdCI,(PPhj),, Cul, O
N L2 >(PPh3),, Cu . ( ) N
/©/ \©\ || DBU, Toluene, rt, O/N
. . &,
H
N\

N—
/

In a 250 mL 2-necked round-bottomed flask equipped with a magnetic stirring
bar, a mixture of Tl3(2.0248 g, 3.3 mmol), PdCl,(PPhs), (0.1492 g, 0.21 mmol), Cul
(0.0567 g, 0.30 mmol), and toluene (80 mL) was stirred and bubbled with Ar gas for
15 minutes. The solution of EAMe; (1.0988 g, 8 mmol) and toluene (50 mL) was
slowly added by addition funnel while DBU (1.10 mL, 7.4 mmol) was drop wisely
added into the mixture. After stirred overnight, the mixture was filtered and washed
by toluene. The filtrate was collected and then evaporated by a rotary evaporator. The
residue was purified by column chromatography using hexane: EtOAc (6: 1) as an
cluent yielding the desired product as a yellow solid (0.5952 g, 28% yield). "H NMR
(400 MHz, CDClI3) 6 ppm 7.54 (d, J = 8.23 Hz, 2 H), 7.39 (t, J = 7.24, 7.24 Hz, 8 H),
7.01 (d, J = 8.40 Hz, 4 H), 6.86 (d, J = 8.74 Hz, 2 H), 6.66 (d, J = 8.23 Hz, 4 H) ,
2.99 (s, 12 H), °C NMR (400 MHz, CDCl;) dppm 149.96, 146.00, 138.28,
133.60,132.58, 132.37,126.26, 123.78, 118.72, 111.81, 110.11, 90.35, 87.08, 86.21,
40.22.
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2.4.2 Preparation of tris(4-((trimethylsilyl)ethynyl)phenyl)amine, T(SIET);
\ /

Si_
[ //
i / PdCl,(PPhs),, Cul, DBU
N + 3 H—=——Si— 2(PPha)a. Cu - 1
/©/ \©\ \ Toluene, RT, 10 hr. _SII = YN
[ [
Si—
VAN

In a 100 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of T13(0.1967 g, 0.32 mmol), PdCly(PPhs), (0.0241 g, 34 umol), Cul (0.0066
g, 35 pmol), and toluene (20 mL) was stirred under Ar atmosphere and then bubbled
Ar gas into the solution for 15 minutes. Trimethylsilylacetylene (0.20 mL, 1.4 mmol)
and DBU (0.20 mL, 1.3 mmol) were slowly added to this stirred solution. After 10
hours, saturated NH4Cl (30 mL) and hexane (30 mL) was added into the mixture. The
organic layer was separated and the aqueous layer was extracted with CH,Cl, (2x50
mL). The combined organic layer was washed with water (2x50 mL) and dried over
anhydrous sodium sulfate (Na;SO,) and evaporated by a rotary evaporator. The
residue was purified by short column chromatography using hexane as an eluent
yielding the desired product as a light yellow solid (0.1431 g, 85% yield). '"H NMR
(400 MHz, CDClI; 6 ppm 7.34 (d, J = 8.74 Hz, 6 H), 6.95 (d, J = 8.73 Hz, 6 H), 0.24
(s, 27 H), °C NMR (400 MHz, CDCl58 ppm 146.74, 133.14, 123.78, 117.73, 104.81,
93.93, 0.00.

2.4.3 Preparation of tris(4-ethynylphenyl)amine, T(ET)3

i y
V4 Y
| KOH, MeOH, RT
—?ITQ*N —— _\ N
A N\
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In a 100 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of T(SIET); (0.1431 g, 0.27 mmol), MeOH (10 mL) and saturated KOH
(0.02 mL) was stirred under N, atmosphere. After stirred overnight, saturated NH4CI
(10 mL) and hexane (10 mL) was added into the mixture. The organic layer was
separated and the aqueous layer was extracted with CH,Cl, (2x20 mL). The combined
organic layer was washed with water (2x50 mL) and dried over anhydrous Na,SO4
and evaporated by rotary. The residue was purified by short column chromatography
using hexane as an eluent yielding the desired product as a yellow solid (0.0783 g,
92% yield). '"H NMR (400 MHz, CDCl;) & ppm 7.38 (d, J = 8.43 Hz, 2 H), 7.01 (d, J
= 8.40 Hz, 2 H), 3.06 (s, 1 H), °C NMR (400 MHz, CDCl;) & ppm 146.99, 133.34,
123.90, 116.80, 83.37, 76.97.

2.4.4 Preparation of 4, 4", 47 -tri-((bis-(4, 4" -dimethylaminophenylethynyl)
phenylamino)phenylethynyl)phenylamine, T(ET(EAMe,),)s3

| |
N O NQ
X Z
A,

/>// Vi H
_ < > . < > PACL(PPhs) Cul, DBU
\ \
Y H H
NMe, O O
N N

In a 100 mL 2-necked round-bottomed flask equipped with a magnetic stirring
bar, a mixture of TI(EAMe,); (0.1789 g, 27 mmol), PdCl,(PPhs), (0.0091 g, 13
pmol), Cul (0.0026 g, 14 mmol), and toluene (20 mL) was stirred under N,
atmosphere and then bubbled N, gas into the solution for 15 minutes. The solution of
T(ET)3 (0.0262 g, 83 umol) and toluene (20 mL) was slowly added by addition
funnel while and DBU (0.04 mL, 27 mmol) were slowly added to this stirred solution.
After 3 days, the mixture was filtered and washed by toluene. The filtrate was

collected and then concentrated by rotary evaporator. The concentrated residue was
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added drop wisely into MeOH and then the precipitated was filtered. The precipitation
was purified by column chromatography using 100%hexane to 100%CH,Cl, as
gradient eluent. The obtained solid was recrystallized from CH,Cl,/MeOH yielding
the desired product as a yellow solid (0.1209 g, 77% yield). 'H NMR (400 MHz,
CDClI3) 6 ppm 7.40 (d, J = 8.59 Hz, 36 H), 7.05 (d, J = 8.31 Hz, 24 H), 6.66 (dd, J =
0.64, 8.47 Hz, 12 H), 2.99 (s, 36 H), °C NMR (400 MHz, CDCl;) & ppm 150.08,
146.11, 132.68, 132.64, 132.43, 130.44, 130.15, 127.60, 124.16, 124.10, 124.04,
123.63, 118.97, 111.91, 110.32, 100.01, 90.43, 87.18, 77.20, 40.23.

2.4.5 Preparation of 4, 4°, 4”"-tri-((bis-(4, 4" -trimethylaminophenylethynyl)
phenyl amino)phenylethynyl)phenylamine, 6N*

| | | |
peVey 0,07
N N

Il Il
| O | Mel (excess), RT i A |
"0 sae GRAR O She
A Z A =z A Z A =z
Q3 9¥e A3 We
Il Il Il I

- ~
NN =ik @™ @

A mixture of T(ET(EAMe,),)3 (0.0552 g, 29 pumol) and methyl iodide (1 mL)
was charged into the sealed-tube. After the mixture was strirred at room temperature
for 30 minute, diethyl ether was added and the mixture was filtered to obtain the
yellow solid (0.0487 g, 61% yield). '"H NMR (400 MHz, MeOH-d,) & ppm 7.91 (d, J =
8.2 Hz, 2H), 77.73 (d, J = 8.4 Hz, 2H), 7.56 — 7.36 (m, 4H), 7.09 (d, J = 7.0 Hz, 2H),
3.66 (s, 12H). ESI MS/MS m/z Calcd for Cy44H26N6"", 332.50 Found: 332.

2.5 Synthesis of multi-branches cationic phenylene-ethynylene fluorophores
2.5.1 Preparation of 2N°

/
,ON n H%@N/ PACK(PPha) Cul_ B v
\ . ) — (

DBU, Toluene, rt, 2hrs
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In a 100 mL round-bottomed flask equipped with a magnetic stirring bar, a
mixture of 1AMe; (4.9927 g, 20 mmol), PdCI;(PPhs), (0.4865 g, 0.69 mmol), Cul
(0.1021 g, 0.54 mmol), and toluene (50 mL) was stirred and bubbled with Ar gas for
15 minutes. EAMe; (2.1793 g, 15 mmol) and DBU (3 mL, 20 mmol) were slowly
added to this stirred solution. After 2 hours, the mixture was concentrated by rotary
evaporator. The residue was purified by column chromatography using
50%hexane/CH,Cl, as an eluent yielding the desired product as a green-brown solid
(2.810 g, 71% yield). 'H NMR (400 MHz, CDCI;) & ppm 7.38 (d, J = 8.7 Hz, 2H),
6.66 (d, J = 8.5 Hz, 2H), 2.98 (s, 6H). °C NMR (101 MHz, CDCI5) & ppm 149.86,
132.53, 112.12, 111.37, 88.24, 77.48, 76.84, 40.43.

2.5.2 Preparation of N°N*

\ / \ @/
O=K )Tt O—=~ ¢
/ \ / \

A mixture of 2N° (0.3000 g, 1.14 mmol) and methyl iodide (Mel) (0.2 mL) was

charged into a sealed-tube. After the mixture was strirred at room temperature for
overnight, diethyl ether was added and the mixture was filtered to obtain the light
brown solid (0.0650 g, 14% yield). 'H NMR (400 MHz, DMSO) & 7.97 (d, J = 8.6 Hz,
2H), 7.72 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 3.60
(s, 9H), 2.97 (s, 6H). >*C NMR (101 MHz, DMSO) & 150.47, 146.02, 132.76, 132.07,
125.26, 121.07, 111.87, 107.43, 93.50, 85.70, 56.37, 30.77. ESI MS/MS m/z Calcd
for C1oHp3N> ", 279.19 Found: 278.670.

2.5.3 Preparation of N*
| |

2 /  Mel(excess), rt, 2hrs 2

@/
o0 - 2 O—0%
\ \

A mixture of TI,(EAMe,) (a mono-substituted byproduct of 3N° reaction)
(0.1039 g, 0.16 mmol), methyl iodide (Mel) (2 mL), and acetronitrile (1 mL) was

charged into a sealed-tube. After the mixture was strirred at room temperature for 2
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hours, diethyl ether was added and the mixture was filtered to obtain the light pink
solid (0.0242 g, 19% yield). '"H NMR (400 MHz, CD3CN) & 7.80 — 7.68 (m, 4H), 7.64
(d, J=8.7 Hz, 4H), 7.44 (d, J = 8.6 Hz, 2H), 7.03 (d, J = 8.5 Hz, 2H), 6.88 (d, /= 8.6
Hz, 4H), 3.53 (s, 9H). °C NMR (101 MHz, CD;OD) & 160.67, 147.89, 139.89,
134.28, 134.11, 127.89, 124.04, 121.59, 111.17, 93.20, 87.96, 57.64. ESI MS/MS m/z
Calcd for Co9HysIbN, ", 655.01 Found: 654.760.

2.5.4 Preparation of 2N*

\N— \ﬁ/_
- s
Vi y
lO DASTRION, |O
2 s
AN \
0,
A /

A mixture of TI(EAMe3); (0.2059 g, 0.31 mmol), methyl iodide (Mel) (2 mL),
and acetronitrile (1 mL) was charged into a sealed-tube. After the mixture was strirred
at room temperature for overnight, diethyl ether was added and the mixture was
filtered to obtain the green-yellow solid (0.2576 g, 87% yield). '"H NMR (400 MHz,
CD;CN) 6 7.75 (d, J=9.1 Hz, 4H), 7.69 (d, /= 9.1 Hz, 4H), 7.63 (d, J = 8.6 Hz, 2H),
7.44 (d, J = 8.5 Hz, 4H), 7.04 (d, J = 8.5 Hz, 4H), 6.88 (d, J = 8.6 Hz, 2H), 3.51 (s,
18H). *C NMR (101 MHz, DMSO) & 146.86, 146.65, 145.68, 138.67, 133.15,
132.56, 127.51, 124.36, 123.41, 121.23, 115.90, 91.50, 89.11, 87.28, 56.38. ESI
MS/MS m/z Caled for C4oH33IN3>", 343.605 Found: 343.301.

2.6 Photophysical properties study
2.6.1 UV-visible spectroscopy
The stock solutions of N°N*, N*, 2N* and 3N* (1 mM) and 6N* (~100 uM) in
MilliQ water were prepared and then were diluted to 5.0 uM with pH 7 sodium
phosphate buffer (Na,HPO4:NaH,PO4 (1:1) 10 mM) and NaCl (100 mM). The
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absorption spectra of N0N+, N*,2N*, 3N" and 6N" were recorded from 200 nm to 500

nm at ambient temperature.

2.6.2 Fluorescence spectroscopy
The stock solutions of N°N¥, N*, 2N*, 3N* and 6N* were diluted to 5.0 uM
with pH 7 sodium phosphate buffer (10 mM) and NaCl (100 mM). The emission
spectra of N°N* were recorded from 350 nm to 700 nm at ambient temperature using
an excitation wavelength at 328 nm. The emission spectra of N*, 2N*, 3N" and 6N*
were recorded from 390 nm to 700 nm at ambient temperature using an excitation

wavelength at 368, 368, 370 and 376 nm, respectively.

2.6.3 Fluorescence quantum yields

The fluorescence quantum yield measurement of N°N*, N*, 2N*, 3N* and 6N*
was performed in MilliQ by using quinine sulfate in 0.1 M H,SO4 (® = 0.54) as a
reference. The UV-Visible absorption spectra of five analytical samples and five
reference samples at varied concentrations were recorded. The maximum absorbance
of all samples should never exceed 0.1. The fluorescence emission spectra of the same
solutions using appropriate excitation wavelengths selected were recorded based on
the absorption maximum wavelength (Anax) of each compound. Graphs of integrated
fluorescence intensities were plotted against the absorbance at the respective
excitation wavelengths. Each plot should be a straight line with 0 interception and
gradient m.

In addition, the fluorescence quantum yield (®r) was obtained from plotting of

integrated fluorescence intensity vs absorbance represented into the following

Grad 2
Dy =Dy > nTX
Gradg; \ Mg;

The subscripts ®gr denote the fluorescence quantum yield of a standard

reference which used quinine sulfate in 0.1 M H,;SO4 (® = 0.54) and ®x is the

equation:

fluorescence quantum yield of sample and 7 is the refractive index of the solvent.
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2.6.4 Fluorescence spectra with various conditions
For the effect of pH study, the stock solutions of 3N* and 6N* were diluted to
5.0 uM with varied pH ranging from 5 to 11 of sodium phosphate buffer (10 mM)
containing sodium chloride (150 mM).

For the effect of buffer media study, sodium phosphate, (3-(V-
morpholino)propane sulfonic acid (MOPS), tris- (hydroxymethyl)aminomethane
(Tris) and piperazine-N,N’-bis(2-ethanesulfonic acid (PIPES) buffer pH 7 were
prepared at 10 mM. The stock solutions of 3N" were diluted to 5.0 uM with 10 mM
buffers.

For the effect of salts concentration study, all salt stock solutions of sodium
chloride, sodium bromide, sodium iodide and silver nitrate were prepared at 1 M in
MilliQ water. The stock solutions of 3N" were diluted to 5.0 uM and salts stock
solutions were varied from 0 to 500 mM with the addition of the desired volumes into
the fluorophore solutions.

The emission spectrum of 3N* was recorded from 390 nm to 700 nm and of 6N*
was recorded from 390 nm to 600 nm at ambient temperature using an excitation
wavelength at 370 nm and 376 nm, respectively. The stock solutions of the
fluorophore in each condition were prepared to the designated concentrations and
allowed to stand at room temperature (~30 °C) overnight, unless specified otherwise,
before the measurement. The final volumes of the mixtures were adjusted to 2 mL.

2.6.5 The computational chemistry for structure simulation

The structure of 3N was drawn and simulated in the AM1 and GS., DFT,
B3LYP; 6-31G mode by using the GuassView program. MM2 calculation was
applied by ChemBio3D Ultra 12.0 program.

2.7 Study of supramolecular interaction of fluorophores study

2.7.1 General procedure for photophysical responses study

The absorption spectra of 3N and 6N’ with the presence of analytes
(cyclodextrins, DNA and bovine serum albumin) were recorded from 200 nm to 450
nm at 25 °C. The emission spectrum of 3N" was recorded from 390 nm to 700 nm and

of 6N* was recorded from 390 nm to 600 nm at ambient temperature using an
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excitation wavelength at 370 nm and 376 nm, respectively. The stock solutions of the
fluorophore and analyte were mixed and diluted to the designated concentrations with
pH 7 sodium phosphate buffer (10 mM) containing NaCl (100 mM) and allow to
stand for at room temperature (~30 °C) overnight, unless specified otherwise, before
the measurement. The final volumes of the mixtures were adjusted to 2 mL.

For the CD measurement, the solution of diluted polycationic fluorophores
([NON+, N*, 2N* and 3N*] = 10 uM) from the stock solutions (I mM) in sodium
phosphate buffer (10 mM) and sodium chloride (100 mM) were prepared. The CD
spectra were recorded from 200 nm to 500 nm at 20 °C. The stock solutions of
analytes were prepared in pH 7 sodium phosphate buffer (10 mM) containing NaCl
(100 mM) at 1 mM. Concentrations of all analytes (cyclodextrins, DNA and BSA
protein) were adjusted to 10 uM with the addition of the desired volumes into the
fluorophore solutions. The final volumes of the mixtures were adjusted to 1.5 mL.
The stock solutions of the fluorophore and analytes were mixed and diluted to the
designated concentrations with pH 7 sodium phosphate buffer (10 mM) containing

NaCl (100 mM) and allow standing for 2 minutes at 20 °C before the measurement.

2.7.2 Interactions with cyclodextrins

The solution of diluted polycationic fluorophores (5 uM of N°N*, N*, 2N*,
3N" and 6N") from the stock solution in pH 7 sodium phosphate buffer (10 mM) and
sodium chloride (100 mM) were prepared. The photophysical properties were studied
for a-, B-, and y-cyclodextrins. The stock solutions of cyclodextrins were prepared in
pH 7 sodium phosphate buffer (10 mM) at 1 mM. Concentrations of all stock
cyclodextrins were adjusted to 20 uM or were varied from 0 to 1 mM with the
addition of the desired volumes into the fluorophore solutions.

Job’s plot for an inclusion complex with 3-CyD and y-CyD was obtained from
plotting fluorescence intensity against a mole fraction of two components
([CyDJ/{[3N*]+[CyD]}). The total molar concentration of each mixture was fixed at 5
uM and molar ratio of [3N*]: [CyD] components were varied from 10: 0 to 0: 10
ratios. The emission spectrum of 3N" was recorded using an excitation wavelength at

368 nm.
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With the screening of selectively fluorogenic responses, the different
fluorescence enhancements (F/F, — 1) toward each CyD presences were plotted
where F and F are the maximum fluorescence intensity of the fluorophores with the
presence of and with the absence of CyDs, respectively.

For the 'H NMR study, the mixture of fluorophores and CyDs were prepared
in D,O at room temperature. The final concentrations are [N°N*] = 2.1 mM, [N*] =
2.0 mM, [2N*] = 2.1 mM, [3N'] = 1.5 mM, [CyDs] = 6 mM or 8 mM
(fluorophore:CyD = 1:1) 'H NMR spectra were recorded on 400 MHz NMR

spectrometer at ambient temperature (~20 °C).

2.7.3 Interactions with DNA

The solution of diluted polycationic fluorophores (1 uM for 3N, and 1 or 5
uM for 6N¥) from the stock solutions in sodium phosphate buffer (10 mM) and
sodium chloride (100 mM) were prepared. All DNA stock solutions were prepared in
MilliQ water at 100 uM. The concentrations of the DNA stock solutions were
determined based on the absorbance at 260 nm using molar absorptivity provided by
the vendor. For dsDNA, stock solutions of complimentary DNAs were mixed and
allowed to stand for at least 30 minutes before stock solution of the fluorophore was
added. Concentrations of all stock DNA were adjusted to 2.5 uM or were varied from
0 to 2 uM with the addition of the desired volumes into the fluorophore solutions.

For the effect of DNA chian length study, ssDNA chain length with random
sequences were varied from 0 to 0 bases at the same charge concentration controlling
by fixed Ays of the mixture at the same absorbance (Azs = 0.05). Sodium
triphosphate pentabasic (NasO,oPs) and potassium poly(vinyl)sulphate (PVSK) stock
solutions were prepared in MilliQ water at 300 mM and 2.4 mM respectively.
Concentrations of all stock NasOoPs and PVSK were adjusted to vary from 0 to 300
mM and 0 to 2.4 mM, respectively, with the addition of the desired volumes into the
fluorophore solutions. The stock solutions of 3N" and analytes were mixed and diluted
to the designated concentrations with pH 7 sodium phosphate buffer (10 mM)
containing NaCl (100 mM, for DNA mixtures) or with MilliQ water (for NasO;(Ps
and PVSK mixtures) and allow to stand at room temperature (~30 °C) for 2 minutes

before the measurement.
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Table 2.1 List of all ssDNA sequences

GC
Length | Molecular Base Sequences Calculated
Name ) content
(bases) Weight (5'>3") Twm (°C)
(%)
B1 6 1791.3 33 5'GACATT3’ 16
BIA 6 1791.3 33 5'AATGTC3’ 16
B2 6 1775.3 17 5'AATATC3’ 14
Cl 8 2385.6 63 5'TATGCCCG3’ 26
Cl1A 8 2434.6 63 5'CGGGCATA3’ 26
P1 11 3316.2 45 5'"GCATATGCCTA3’ 32
P1A 11 3356.3 45 5"TAGGCATATGC3’ 32
P2 11 3340.3 36 5'GCATATGCATA3’ 30
P4 11 3357.2 64 5'GCGTATGCAGC3’ 36
P4A 11 3317.2 64 5'"GCTGCATACGC3’ 36
Al 15 45441 Z7 5’AATTACGACATCATA3’ 31
A'l 15 4597.1 27 5S'TATGATGTCGTAATT3’ 31
A2 15 4581.1 20 S'TATGAT GTCATAATT3’ 28.3
5'CGTCGCCGGAGAAGGC
P3 23 7034.6 65 62.4
ATCACCT3’
5’AGGTGATGCCATATCCG
P3A 23 7089.7 61 60.6
GCGACG3”
5"AGGTGATGCCTTCTCCG
P3B 23 7056.6 65 62.4
GCGACG3”
5"GATAGCCGGAGAAAGCA
P5 23 7131.7 57 58.8
TGCAGC3’
5'CGTCGCCGGAGAAGGC
Dl 30 9241.1 57 65.7
ATCACCTATATAGG3’
5'CCTATATAGGTGATGCCT
DIA 30 9174.0 57 65.7
TCTCCGGCGACG3’
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2.7.4 Interaction with BSA proteins

The solution of diluted polycationic fluorophores (1 or 5 uM for 3N*, and 1
uM for 6N¥) from the stock solutions in sodium phosphate buffer (10 mM) and
sodium chloride (100 mM) were prepared. The stock solutions of BSA were prepared
in pH 7 sodium phosphate buffer (10 mM) at 2 mM. Concentrations of all stock BSA
were adjusted to 5 uM or were varied from 0 to 100 uM with the addition of the
desired volumes into the fluorophore solutions. The stock solutions of the fluorophore
and analyte were mixed and diluted to the designated concentrations with pH 7
sodium phosphate buffer (10 mM) containing NaCl (100 mM) and allow to stand for
at 20 °C overnight (for absorption change and fluorogenic responses) or allow to
stand for at room temperature (~30 °C) 2 minutes (for fluorogenic response 3N with

various concentrations of BSA) before the measurement.

2.7.5 Interaction with surfactants and CMC determination

The solution of diluted polycationic fluorophores (1 pM for 3N* and 0.1, 0.5
or 1 uM for 6N") from the stock solution in MilliQ water was prepared. The
photophysical properties were studied for 9 surfactants such as anionic, cationic and
non-ionic surfactants. The stock surfactants were prepared in MilliQ water at 100
mM. The final concentrations of all surfactants were varied from 0 to 100 mM by
added the stock solutions with the desired volume of surfactants as well as the
fluorophores solution was diluted to the final concentration. The stock solutions of the
fluorophore and analyte were mixed and diluted to the designated concentrations with
MilliQ water and allow to stand for at room temperature (~30 °C) 2 minutes before
the measurement.

The CMC value of each surfactants were obtained from the inflection points of
the fitted sigmoidal curve in the graph that plot an emission intensity at maximum
wavelength of the fluorophores probe against log of surfactant concentration as
followed Boltzman equation:

y= (A1 —A)/{[1 + exp[—(x —x0)/ x]} +A;
Where y corresponds to the maximum emission intensity. The variable x is the

log of total surfactant concentration, x, is the center of the sigmoid, x is the slope
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factor, and A; and A, are the upper limit of the fluorescence intensity and the
background fluorescence at zero surfactant concentration. Then CMC were derived

from that break point as equal to x, — 2Ax.



CHAPTER 11
RESULTS AND DISCUSSION

3.1 Synthesis and characterization of the tricationic fluorophore (3N")

4, 4', 4"-triiodotriphenylamine core (T13) was prepared by triple iodination of
benzyltrimethyl-ammonium iododichoride (BTMAICI,) in basic condition (Scheme
3.1). The periphery amine, 4-ethylnyl N,N '-dimethylaniline (EAMe;) was synthesized
by triple iodination of N,N’-dimethylaniline then Sonogashira cross-coupling with
trimethylsilylacetylene. After that desilylation was affected using potassium
hydroxide in methanol. The triple branched amine compound or 4,4",4" -tris-(4-
dimethylaminophenylethynyl)triphenylamine (1) was obtained by the Pd-catalyzed
Sonogashira cross-coupling of the reactive core Tl3 with the periphery amine EAMe,
at room temperature. After methylation of compound 1 by using an excess of methyl

iodide (Mel), the tricationic fluorophore (3N ") was obtained.

NMe,
@ BTMAICI,, CaCO; O
VARG Mas
@N\Q CHCl3, MeOH, reflux /©/N\©\ | ‘
| I
Tly (81%) O
PACI,(PPhy),, Cul
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+ DBU, RT O N O
N SN z S
9 17 )
. © a) BTMAICI,, CaCOj, reflux 5 Me,N (57%) NMe,

b) Me3SiC==CH, PdCl,(PPhy),,
Cul, DBU, toluene, RT
¢) KOH/MeOH

I
H Mel(excess)

EAMe, (82%)

e
/‘ ‘\‘
MesN l I NMe;

® 3N* (86%) ®

Scheme 3.1 synthesis of the tricationic fluorophore (3N")
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'H-NMR spectra of Tls, EAMe,, compound 1 and 3N* are shown in Figure 3.1.
All signals can be assigned to all protons in each corresponding structure. Initially,
4,4' 4"-triiodotriphenylamine core showed two doublet signals at 6.8 and 7.5 ppm
corresponding to its aromatic protons. 4-ethylnyl N,N’-dimethylaniline also revealed
two doublet signals at 6.6 and 7.3 ppm corresponding to its aromatic protons, and one
singlet signal at 3.0 ppm corresponding to its methyl- and ethynyl-protons. Then Tl3
coupled with EAMe; by using Sonogashira reaction, triple branches amine 1 showed
a signal of methyl amine protons as a singlet at 3.0 ppm and two doublet signals at
6.7, 7.0 ppm and one doublet of doublet signal at 7.4 ppm corresponding to the
aromatic protons moiety. The methylation product (3N*) which is insoluble in
chloroform appeared four separated doublet signals at 7.1, 7.4, 7.7 and 7.9 ppm
corresponding to its aromatic protons and one singlet signal of the methyl ammonium
protons at 3.7 ppm in MeOH-d,.
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Figure 3.1 '"H-NMR spectra of Tls, EAMe,, compound 1 and 3N*
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The structure characterizations of the tricationic fluorophore were confirmed by
ESI-MS/MS spectra that showed the molecular ion peaks corresponding to its

molecular weights (Figure 3.2). Quasi molecular peak was showed at 240 m/z that

matched with 3N* molecular ion ([M]3+).
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Figure 3.2 ESI MS data of 3N”

3.2 Synthesis and characterization of the dendritic hexacationic fluorophore
(6N")

Tl3 was coupled with 4-ethylnyl N,N’-dimethylaniline to get a iodo-dendron
(TI(EAMe,),) and was also coupled with trimethylsilylacetylene followed by based-
catalyzed desilylation to provide core (T(ET)3) in a good yield (Scheme 3.2). Next,
polyamine compound 2 was synthesized by Sonogashira cross-coupling of
tricthynyltriphenylamine core T(ET); with the iodo-dendron, and the dendritic
hexacationic fluorophore (6N") was obtained by methylation of 2 with an excess

amount of Mel.
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Scheme 3.2 Synthesis of the dendritic hexacationic fluorophore (6N™)

'H-NMR spectra of T(ET)s, TI(EAMe,),, compound 2 and 6N* are shown in
Figure 3.3. All signals can be assigned to all protons in each corresponding structure.
Tris(4-ethynylphenyl)amine core showed two doublet signals at 7.0 and 7.3 ppm
corresponding to its aromatic protons and one singlet signal at 3.0 ppm corresponding

to a terminal alkyne proton.
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While iodo-dendron TI(EAMe,); appeared three doublet signals at 6.8, 7.0 and
7.5 ppm, one triplet signals at 7.4 ppm and a broad peak at 6.7 ppm corresponding to
its aromatic protons of the mounted p-disubstituted ethylnyl N,N’-dimethylaniline
moiety onto iodo-triphenylamine core, and one singlet signal at 3.0 ppm
corresponding to its methyl amine protons. Then T(ET); coupled with TI(EAMe,),
by using Sonogashira cross-coulping, polyamine compound 2 showed a signal of
methyl amine protons as a singlet at 3.0 ppm and two doublet signals at 7.0, 7.4 ppm
and one doublet of doublet signal at 6.6 ppm corresponding to its aromatic protons.
The final product of methylation or 6N* which is insoluble in chloroform presented
four separated signals of aromatic protons as three doublets at 7.0, 7.7 and 7.8 ppm,
one multiplet at 7.4 ppm, and one singlet signal of the methyl ammonium protons at

3.6 ppm in MeOH-d,.
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Figure 3.3 "H-NMR spectra of T(ET)s, TI(EAMe,),, compound 2 and 6N*
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The structure characterization of the dendritic hexacationic fluorophore (6N")
was confirmed by ESI-MS/MS spectra that showed the molecular ion peak
corresponding to its molecular weight (Figure 3.4). From the spectrum, there were
three based-peaks at 332, 399 and 499 m/z that matched with its quasi molecular peak
of molecular ion ([M]®"), one proton loss from the molecular ion ((M—H']>") and two

proton loss from the molecular ion ((M—2H']*"), respectively.
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Figure 3.4 ESI MS data of 6N”

3.3 Synthesis and characterization of the multi-branched cationic fluorophores

4-iodo N,N’-dimethylaniline (IAMe;) was coupled with 4-ethylnyl N,N’-
dimethylaniline (EAMe,) to get 4,4’ -(ethyne-1,2-diyl)bis(N,N'-dimethylaniline) (2N0)
then methylation by using 3 equivalents of methyl iodide to provide N°N* with 14%
yield (Scheme 3.3).

_ PdCl(PPhs), Cul -\ / 3Mel, rt, O/N \ %
N — N ——— 2 = N = N—
DBU, Toluene, rt, 2hrs 7 \ / A\
2N° (71%) NON* (14%)

Scheme 3.3 Synthesis of the N°N*

"H-.NMR spectra of IAMe,, EAMe,, 2N° and N°N" are shown in Figure 3.5. All
signals can be assigned to all protons in each corresponding structure. |AMe; showed

two doublet signals at 6.5 and 7.5 ppm corresponding to its aromatic protons and one
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singlet signal at 2.9 ppm corresponding to a methyl group. EAMe; revealed two

doublet signals at 6.6 and 7.4 ppm corresponding to its aromatic protons and one

singlet signal at 2.9 ppm corresponding to a methyl group and terminal alkyne

protons. After the coupling reaction, 2N® displayed the similar '"H NMR peaks as

EAMe; that showed two doublet signals at 6.7 and 7.4 ppm corresponding to its

aromatic protons and one singlet signal at 3.0 ppm corresponding to a methyl group.

Then the mono-methylation product (N°N™) exhibited four doublet signals at 6.7, 7.4,

7.7 and 8.0 ppm corresponding to its aromatic protons and two singlet signals at 3.0

and 3.6 ppm corresponding to the trimethyl ammonium protons.
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Figure 3.5 "H-NMR spectra of IAMe;, EAMe;,, 2N°, and N°N*
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The structure characterization of the monocationic fluorophore (NON+) was
confirmed by ESI-MS/MS spectra that showed the molecular ion peak corresponding
to its molecular weight (Figure 3.6). Quasi molecular peak was showed at 279 m/z

that matched with N°N* molecular ion (MT]).
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Figure 3.6 ESI MS data of N°N*

The disubstituted product (TI(EAMe,);) was synthesized by the Pd-catalyzed
Sonogashira cross-coupling of Tlz with 2 equivalents of EAMe; at room temperature
to obtain the expected product (28%) and mono-substituted byproduct (TI2(EAMe,),
26%). After methylation of both compounds by using an excessive equivalent of Mel,

positive charged fluorophores (2N* and N*) were obtained (Scheme 3.4).
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'H-NMR spectra of Tl,(EAMey), TI(EAMe,),, N* and 2N are shown in Figure
3.7. All signals can be assigned to all protons in each corresponding structure.
Initially, Monosubstituted product (T1,(EAMe;)) showed four doublet signals at 7.54,
6.98, 6.83 and 6.65 ppm and one doublet of doublet peak at 7.38 ppm corresponding
to its aromatic protons and one singlet signal at 2.99 ppm corresponding to dimethyl
protons as well as the disubstituted compound (TI(EAMe,),) exhibited four doublet
signals at 7.54, 7.01, 6.86 and 6.66 ppm and one doublet of doublet peak at 7.38 ppm
corresponding to its aromatic protons and one singlet signal at 2.99 ppm

corresponding to dimethyl protons.
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Figure 3.7 '"H-NMR spectra of TI(EAMe;,),, TI,(EAMe,), N*, and 2N*

After the methylation, N* product displayed 'H NMR peaks of four doublet
signals at 7.64, 7.44, 7.03 and 6.88 ppm and one quartet signal at 7.75 ppm
corresponding to its aromatic protons, and one singlet signal at 3.53 ppm
corresponding to a trimethylammonium group. Similarly to N*, 2N showed six
doublet signals at 7.75, 7.69, 7.63, 7.44, 7.04 and 6.88 ppm corresponding to its
aromatic protons, and one singlet signal at 3.51 ppm corresponding to its

trimethylammonium protons.
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The structure characterization of the monocationic fluorophore (N*) was
confirmed by ESI-MS/MS spectra that showed the molecular ion peak corresponding
to its molecular weight (Figure 3.8). A quasi molecular peak was showed at 655 m/z

that matched with N* molecular ion ([M]").
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Figure 3.8 ESI MS data of N*

The structure characterization of the monocationic fluorophore (2N*) was
confirmed by ESI-MS/MS spectra that showed the molecular ion peak corresponding
to its molecular weight (Figure 3.9). Quasi molecular peak was showed at 343 m/z

that matched with 2N* molecular ion ([M]2+).
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Figure 3.9 ESI MS data of 2N*

3.4 Photophysical properties of the cationic fluorophores

3.4.1 Electronic absorption and emission spectra

The photophysical properties of the cationic fluorophores (NN*, N*, 2N*, 3N*
and 6N*) were studied in aqueous solution. When the fluorophores (N°N*, 2N*, and
3N") that attached with one, two and three cationic branches, respectively, displayed
their maximum absorption wavelength (An.x) increasing with the number of its
branches (330, 358 and 370 nm) as well as the emission wavelength (467, 488 and
497 nm). The N* solution that could only slightly dissolved in water; therefore, it was
not compared to other fluorophores. 6N* gave similar Amac as 3N while the
fluorophores exhibited a much shorter emission wavelength than 3N™ (Figure 3.10).
This probably indicates that an electronic state of the higher multi-branched structure
become an narrower energy band gap due to longer m-conjugated system while their
rigidities of the molecules slightly increase since less Stoke’s shift of bigger structure
[31]. Increase of fluorophore units in the bigger structure (6N") cannot sufficiently
effect its electronic ground state comparing to the smaller one (3N") because
conformational rotation of 6N* become a harder move than the smaller molecule as

noticed from its less stoke’s shift.
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Figure 3.10 Absorption spectra (solid line), and Emission spectra (dot line) of N°N*,
N*, 2N¥, 3N" and 6N* (5 uM) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) upon excitation at 328, 368, 358, 370 and 376 nm, respectively

3.4.2 Molar absorptivities and quantum yields

The fluorescence quantum yield (®r) of the fluorophores in Milli-Q water were
2%, 7%, 12% and 0.3% for N*, 2N*, 3N* and 6N*, respectively while that of N°N*
was very trace to be no detectable. Molar absorptivity (g) of N°N*, 2N*, 3N* were
quite the same while N* gave lower & but 6N" showed the highest value (Table 3.1).
These results suggest that the bigger number of fluorophore units can absorb more
photon as noticed in its high € comparing to the other structures. Because iodide (I-)
group onto the structures can quench its fluorescence intensity [31]; it is thus indicates
that N* and 2N* gave lower @ than 3N" due to iodide attached. However, there is
highly aggregation in the case of the dendritic hexacationic fluorophore according to
its larger hydrophobic inner part which induced fluorescence self-quenching because

of its m-w stacking although.
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Table 3.1 Photophysical properties of the polycationic fluorophores

Absorption Emission
Compounds log €
Amax (nM) L Amax (nM) %Dp
M7 cm™)
Quinine sulfate® 345 - 450 54
NON* 330 4.2 467 N.D.° I
N* 370 3.7 443 2 I
2N* 358 4.4 488 7 I
3N* 370 4.5 497 12 m
6N* 376 5.2 E 442 0.3 I

# Reference standard
® Not detectable

3.4.3 Electronic structure based on computational chemistry

According to AM1 structure calculated by GuassView Program, the tricationic
fluorophore displayed its branch width of 4.38 A and a branch length (Neor to
Nperiphery) Of ~ 12.6 A as shown in Figure 3.11. The simulated structure showed that 3-
D structure of 3N" was a propeller-like structure that the triple branches represent its
blades and the central atom represents its rotation center. Each branche was
independently evidenced its fluorophore as phenylene-ethynylene unit and the longest

length between their peripheries was around 26 A.



53

Figure 3.11 AMI structure of 3N*

Moreover, the density functional theory (DFT) calculation for 3N" structure
showed that energy of the highest occupied molecular orbital (HOMO) level was
equal to -9.41 eV and energy of the lowest unoccupied molecular orbital (LUMO)
level was equal to —6.48 eV. Therefore, the energy difference (AE) or energy band
gap was calculated to be 2.93 eV and then converted to be 423 nm (A = hc/E) of
wavelength which was corresponding to its observed absorption wavelength. The
illustration of molecular orbital showed that an electron density clouded around its
3N" core area at the HOMO state while the electron density shifted to around its
branched tips at the LUMO state (Figure 3.12). These results suggest that an
electronic ground state that donating molecule can stabilize around the periphery area
will be induced to a lower HOMO energy level resulting to wider HOMO-LUMO
gap. Also, the wavelength blue shift can be possibly caused by the LUMO energy
level changing to higher state due to destabilized excited state [119] compared to its

initial ground state structure.
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Figure 3.12 HOMO (left) and LUMO structure (right) of 3N" from DFT calculation
with B3LYP/6-31G(d) level.

3.4.4 Emission spectra with various conditions
In aqueous solution containing sodium chloride and sodium phosphate buffer,
the fluorescence intensity of both 3N* and 6N" displayed no significant difference in
their various pH of buffer media ranging from 5 to 11 (Figure 3.13). This is
unsurprising since the designed fluorophores carry permanent positive charges onto
their peripheries, they should not be affected by pH changing. These pH conditions
are an easy way to investigate and to understand their further supramolecular

interactions without misleading results.
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Figure 3.13 Emission intensity of 5 uM 3N (W) and 5 uM 6N" (X) in sodium
phosphate buffer with various pH (5 — 11) (10mM) and NaCl (150 mM) upon

excitation at 370 and 376 nm, respectively.

Moreover, the different kinds of aqueous media buffers were studied with the
same concentration and pH for the tricationic fluorophore, the results showed that the

fluorescence intensity of 3N in each buffer was not the same (Figure 3.14).
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Figure 3.14 Emission intensity of 3N* 5 uM in buffer pH 7 (sodium phosphate, Tris-
HCI, MOPS and PIPES, 10 mM) upon excitation at 370 nm.

According to buffer structures, fluorescent signal of each mixtures showed
different intensity although pH of each media was controlled at around 7. With

comparison of hydrophobic and hydrophilic ratio in their structure (Figure 3.15), 3-
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(N-morpholino)propanesulfonic acid (MOPS) that gave the highest fluorescence
intensity exhibited fewer larger hydrophobic ratio than tris-(hydroxymethyl)amino

methane (Tris) and piperazine-N,N’-bis(2-ethanesulfonic acid (PIPES) that showed
lower fluorescence intensity while sodium phosphate buffer that presented the lowest
fluorescence intensity hardly revealed the hydrophobic part. This indicated that the
buffer structure with more hydrophobicity could discrete the molecular aggregation of
3N" with higher potential because of the more structure like and directly affected to

the fluorescent signal.

O
HO \\S/OH
N/\/\S/OH K\N/\/ \\o
HO H O// \\‘O O\ N
2
O /\S/\/
HO NQ \\o
tris(hydroxymethyl)aminomethane  3-(N-morpholino)propanesulfonic acid piperazine-N,N'-bis(2-ethanesulfonic acid)
(Tris) (MOPS) (PIPES)
pKa = 8.06 pKa =7.20 pKa =6.76

Figure 3.15 Chemical structures of Tris, MOPS and PIPES.

The concentration of sodium chloride salt was also varied from 0 to 500 mM
and we found that the fluorescence intensity of 3N" dropped since 200 mM of the
NaCl concentration (Figure 3.16). At very high concentration of salt, the fluorophore
molecule could be solvated by salt ions and the free solvent would decrease because it
solvated the excess salt ions, then the more hydrophobic interaction between the
fluorophores resulted the signal quenching as well as the salting out process would be

observed.



57

100 -
90 -
80 - {

70 - I I
60 -
50 - I

30 -
20 -
10 +

Fluorescence Intensity (a.u.)

0 50 100 200 300 500
[NaCl], mMm

Figure 3.16 Emission intensity of 3N" 5 uM in sodium phosphate buffer pH 7 (10

mM) with various concentration (0 — 500 mM) of NaCl upon excitation at 370 nm.

According to this information, buffer types and salt concentration affected
directly to the fluorescence signal in any cases. Therefore, the further experiments
would be not allowed to be held in the NaCl concentration up to 200 mM for avoiding
misleading data and sodium phosphate buffer would be choose to control their pH
solutions because we believed that there was not another factor from the buffer

structure which could have shown a complicated relationing.

3.5 Supramolecular interaction of the fluorophores with cyclodextrins

We started our investigation by observing the changes of fluorescence signal
of 3N" (5 uM) upon the addition of a-, B- and y-CyD (20 pM). As shown in Figure
3.17, y-CyD dramatically enhanced the emission signal of 3N" while B-CyD increased
the signal only slightly but a-CyD did not create any changes of the spectrum at all.
These results suggested that 3N" interacted strongly with y-CyD and only weakly with
B-CyD but has no interaction with a-CyD. It is also interesting to note that the signal
enhancement goes hand-in-hand with blue shift which implies the interaction with y-
CyD may be involved either the changes of the m-conjugation length of the
fluorophore or merely the reduction of its geometrical relaxation.

To identify the cause of this blue shift, the absorption spectra of 3N in the

absence and presence of CyDs were recorded. From the absorption spectra (Figure
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3.17), only y-CyD caused a slight blue shift of the maximum absorption wavelength
(Amax) of the fluorophore from 370 to 364 nm. This shift (6 nm) was much smaller
than the shift (58 nm)observed in the emission spectra that indicated only minor
change of m-conjugation length of the fluorophore and the blue shift of its emission
should be mainly contributed by restriction of the geometrical relaxation. Therefore,
we hypothesized that only y-CyD formed a stable inclusion complex with 3N" in the

aqueous medium.
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Figure 3.17 a) Emission spectra and b) absorption spectra of 3N* (5 uM) in the
presence of a-, B-, and y-cyclodextrins (20 pM), excited at 370 nm. Inset: the
photographs of mixtures of 3N* with CyDs under black light irradiation.

To support the absorption and emission spectroscopy results, 'H NMR spectra
of 3N and its mixture with each CyD , at 1:4 mole ratio, were compared. 3N*/a-CyD
mixture gave sharper and slightly down field shifted 'H NMR signals of 3N
indicating some interactions between 3N" and a-CyD. This interaction was not
observed in the form of fluorescence enhancement as noted earlier, which is likely
due to a much lower concentration (~ 1/400) used in the fluorescence experiment.
Therefore, the interaction between 3N* and o-CyD is probably rather weak and very
dynamic. For the mixture with B-CyD, all four aromatic signals of 3N" became even
sharper and more down field shifted (Figure 3.18) that signified stronger dynamic
interaction. In the case of 3N"/y-CyD, the four aromatic signals of 3N" split into seven
peaks which could be assigned into two sets of chemically unequivalent phenylene-

enthynylene branches. One set consisted of the signals at 7.94, 7.71, 7.03 and 6.87
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ppm (a, b, ¢ and d) and another set contained the peaks at 7.83, 7.77 and 7.30 ppm (a’,
b’, ¢” and d"). The peaks in the first set appeared with a similar pattern to the original
peaks of 3N" while the second set of peaks showed up with a quite different pattern.
These two sets of peaks indicate unsymmetrical interaction of the three phenylene-
ethynylene branches of 3N™ with y-CyD. The 2:1 integration ratio between the first
and second sets also signify that two phenylene-ethynylene branches of 3N" interact
only weakly with y-CyD while the other branch interacts quite strongly, probably via
the stable inclusion complexation. As the mixture contained excess y-CyD (4 equiv),
the "H NMR spectrum also showed the original signals of y-CyD noted specifically at
5.07 ppm for the anomeric protons (H1). Near this signal, another peak was also
observed at a slightly more up field chemical shift (5.00 ppm) which could be
reasonably assigned to the corresponding proton (H1") of y-CyD complexing with
3N". The integration ratio between eight protons of H1” (on y-CyD) and two protons
of a’ (or b’, ¢, d” on 3N") was about 4:1 giving another good evidence for 1:1
complexation between 3N” and y-CyD. The 1:1 complex was also confirmed by the
Job’s plot of the fluorescence responses (Figure 3.19). In summary, the NMR data
described here clearly support the hypothesis that the fluorescence enhancements of
3N" are involved stable inclusion complex with y-CyD but fast dynamic interaction

with B-CyD.
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Figure 3.18 'H-NMR spectra in D,O of 3N* in the presence of a-, - and y-CyD
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Figure 3.19 Job’s Plot of 3N* with B-CyD (left) and y-CyD (right) in phosphate
buffer pH 7 (10 mM) in the presence of NaCl (150 mM).

To confirm the interaction modes, CD spectroscopy of the 3N*/CyD mixtures
was studied. As an achiral compound, 3N" did not give any CD peaks in the range of
200-500 nm (Figure 3.20). In the presence of a- and B-CyD, the CD spectra of the
mixtures remained structureless. However, y-CyD showed strong induced CD signal
of 3N" with at least four CD peaks. The CD peaks in the range of 300-400 nm
corresponding to the n-mt* absorption of the phenylene-ethynylene conjugated system
of 3N" (Figure 3.17). The cotton effect of CD signal in this range is a good evidence

for the tight interaction between the fluorophore and chiral y-CyD cavity.
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Figure 3.20 Circular dichroism (CD) spectra of 3N" (10 uM) in the presence of a.-, -
, and y-cyclodextrins (10 uM) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) at 20 °C.

To determine the binding constant (K;) between 3N* and CyD, we utilized
Benesi-Hilderbrand’s double reciprocal plot for a 1:1 complex which were 1.53x10*
and 3.00x10" for B- and y-CyD, respectively (Figure 3.21). It is important to point out
here that 3N" give one of the highest 1:1 complexation constants with y-CyD. [210-
223] However, to our surprise, the binding constant for 3N*/B-CyD was relatively
high despite showing only moderate fluorescence enhancement and no clear CD
signal change. This relatively high K; with little effect on fluorescence and CD signals
may be resulted from several weak interaction sites which is also quite dynamic as
observed by '"H NMR. In fact, we even doubt that the interaction between 3N* and p-

CyD is involved any inclusion modes.
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Figure 3.21 Benesi-Hilderbrand plot for 1:1 complexes of 3N" (5 uM) with p- and -
CyD, excited at 370 nm.

From the size of the ammonium head group of 3N* (4.4A) and the minimum
internal diameter of CyDs (a-: 4.4A, B-: 5.8A, y-: 7.4A), the head group should have
no problem inserting into B- and y-CyDs. However, all the spectroscopic results
described above gave only clear evidences for the stable inclusion complex of 3N*/y-
CyD (Figure 3.22). There thus remain stirring questions if other structural traits also

contribute to this extraordinary strong complexation.
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Figure 3.22 Structural parameters of 3N" and CyDs .
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To determine the structural parameters contributing to inclusion complexation, we
investigated the fluorescence responses of three more fluorophores (3C°, N* and 2N*)
to CyDs in aqueous solution. For 3C’, a tricarboxylate anion analogue of 3N, no
significant fluorescence change was observed upon the addition of all CyDs (Figure
3.23) suggesting no interaction between this fluorophore and CyDs.

250
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Figure 3.23. Fluorescence spectra of 3C°(5 uM) in the presences of a-, B-, and y-
cyclodextrins (CyD, 20 uM) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) upon excitation at 378 nm.

In the case of electrostatically positive fluorophores (N* and 2N¥), each CyD
induced different fluorescence changes (Figure 3.24). The responses of 2N* were
reasonably similar to 3N" of which signals were strongly enhanced by y-CyD,
moderately enhanced by B-CyD but not enhanced by a-CyD. The results can again be
rationalized as the formation of the inclusion complex of 2N with only y-CyD.
Surprisingly, N* which also contains the positively charged ammonium group did not
show any fluorescence responses to y-CyD. It however still gave a little fluorescence
enhancement with the addition of B-CyD. Also, only 2N" showed induced CD signal
in the presence of y-CyD (Figure 3.25). All the results described above gave strong

evidences for the stable inclusion complex only in the case of 2N*/y-CyD pair.
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Figure3.24 Fluorescence spectra of 2N* (5 uM), N* (5 uM) and N°N* (5 uM) in the
presences of a-, B-, and y-CyDs (20 uM) in sodium phosphate buffer pH 7 (10 mM)
and NaCl (100 mM) upon excitation at 368 nm.
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Figure 3.25 CD spectra of NON* (5 uM), N* (10 uM) and 2N* (10 uM) in the
presences of a-, B-, and y-CyD (10 uM) in sodium phosphate buffer pH 7 (10 mM)
and NaCl (100 mM) at 20°C.

To gain insight into the interactions of 2N* and CyDs, 'H NMR spectra of
their mixtures in D,O were acquired and we found that only y-CyD induced
significant signal shifts (Figure 3.26). There was again a new peak at 5.00 ppm (H1")
corresponding to the anomeric H1 protons of the complexing y-CyD. These results are
quite similar to those observed for 3N" that indicate the inclusion complex between
2N* and y-CyD. However, there was only one set of "H NMR signals for protons (a-f)

in the case of 2N while there were two sets (a-d and a’-d’) observed in the case of

3N".
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Figure 3.26 "H-NMR spectra in D,0 of 2N* in the presence of a-, - and y-CyD

The single set of '"H NMR indicates that two phenylene-ethynylene branches

are in the same environment which is only possible with the inclusion of y-CyD at the
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iodophenyl branch. This outcome is quite surprising and leads us to believe that the
inclusion complexation is significantly contributed by the two strong electron
withdrawing ammonium head groups. The MM2 geometrical optimization of the
2N*/y-CyD complex also reveals that the y-CyD is capable to include the entire
triphenylamine core into its cavity and its hydrophilic wider rim is in the close

proximity with the strongly polarized trimethylanilinium rings (Figure 3.27).

Figure 3.27 MM2 models of 2N*/y-CyD and 3N*/y-CyD complexes.

To reassure that two ammonium groups are necessary for inclusion
complexation with y-CyD, another fluorophore (NON+) containing only one positive
pheneylene-ethynylene branch was investigated as a guest molecule. As expected, no
fluorescence change of this compound in the presence of y-CyD (or B-CyD)
confirming no stable inclusion complexation. However, to our surprise, the
fluorescence signal was considerably enhanced in the presence of a-CyD (Figure
3.24c¢). The results suggested that only a-CyD strongly interacted with N°N*, possibly
via the inclusion complex. The 'H NMR spectrum of N°N*/a-CyD mixture showed
some shifts of the signals of aromatic protons and only one peak of anomeric protons
around 5.02 ppm (Figure 3.28). This '"H NMR observation is consistent with the
formation of fast exchange complexation either in an inclusion or non-inclusion
modes. However, the CD spectra of N°N* and its mixture with a-CyD were
essentially identical (Figure 3.25a) that did not support the formation of stable

inclusion complex. We therefore would like to propose that the fluorescence
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enhancement and '"H NMR signal shift are caused by fast exchange complexation

which is probably a non-inclusion one.
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Figure 3.28 'H-NMR spectra in D,O of 2N* in the presence of a-, - and y-CyD
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The fluorescence responses of the fluorophores upon the interactions with CyDs
can be summarized as a histogram plot in Figure 3.29. The fluorescence signals of
3N* and 2N" were enhanced strongly (F/Fy > 4) by y-CyD and moderately enhanced
by B-CyD (F/F, ~ 2) while the signals of N* and N°N* were enhanced exclusively by
B-CyD and a-CyD, respectively. These differentiable fluorescence responses should
be useful for simple identification of CyDs. The fluorescence responses of three
selected fluorophores (N°N*, N* and 3N*) showed easily distinguishable patterns for
a-, B- and y-CyD.
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Figure 3.29 Histogram of the fluorophores (3C, NON+, N*, 2N*, and 3N™, 5 uM) with
the presence of a-, B-, and y-CyDs (10 uM) in sodium phosphate buffer pH 7 (10
mM) and NaCl (100 mM) upon excitation at 378, 328, 368, 368 and 370 nm,

respectively.

3.6 Supramolecular interaction of 3N"and 6N™ with DNA

We started our investigation by observing the changes of fluorescence signal of
3N* (5 uM) upon the addition of DNA (15 base pair chain length). As shown in
Figure 3.30, complementary double strand DNA (dsDNA; AT and CG) dramatically
enhanced the emission signal of 3N while single strand DNA (ssDNA; 2A and 2C)
or non-complementary DNA (AC and GT) showed both fluoresecence enhancement
and quenching. These results suggests that 3N" interacted with a definitely duplex
structure of dsDNA differ from an unpredictable structure of ssDNA. According to

the various fluorescence responses of 3N* with the different type of ssDNA, we
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hypothesized that the interaction of ssDNA with the fluorophore may be involved
with the ability of encompassing of DNA chain onto the 3N" surfaces. Due to the
rigid structure of DNA duplexes that cannot arbitrarily move, dsDNA can probably
only interact with 3N" by a similar interaction for any dsDNAs that are the same
chain length. It is also interesting to note that the signal enhancement goes hand-in-
hand with blue shift which implies the interaction with DNA may be involved either
the changes of the n-conjugation length of the fluorophore or merely the reduction of

its geometrical relaxation.
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Figure 3.30 Fluorescence spectra of 3N* (5 uM) in the presence of ssDNA (2A and
2C, 5 uM), dsDNA (AT and CG, 5 uM) and ncDNA (AC and GT, 5 uM) in sodium
phosphate buffer pH 7 (10 mM) and NaCl (100 mM) upon excitation at 370 nm. (A =
S’AAAAAAAAAAAAAAASZ’, C = 5'CCCCCCCeeeeecees3’, T = S'TTTTT
TTTTTTTTTT3' and G = 5'GGGGGGGGGGGGGGG3)

To gain insight into the interaction, ssDNA which can form duplex structure due
to its self-hybridization property were used to study the fluorescence responses as
showed in Figure 3.31. Fluorescence signals of 3N* were similarly enhanced in the
presence of both ssDNA and dsDNA. This result suggests that both ssDNA and
dsDNA probably bind to 3N™ with the same interactions and also indicate that the
rigid structure of DNA druplex should bind with the fluorophore only a unique

interaction especially from an intercalation. However, these DNAs induced 3N*
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solution to show at longer maximum absorption wavelength. This is indicated that the
energy band gap of the fluorophore is reduced by interaction with DNA. It is possible
that destabilization of HOMO state is occurred by the conformational lock of 3N*
structure with DNA chain and the propeller structure become more rigid while LUMO
state may be stabilized by the DNA interaction if the excited state has required a high
electron density from DNA charges.
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Figure 3.31 Fluorescence spectra (left) and absorption spectra (right) of 3N* (5 uM)
in the presence of ssDNA (5'GCATATGCCTA3’, 10 uM) and dsDNA
(5’GCATATGCCTA3" + 5’TAGGCATATGC3’, 5 uM) in sodium phosphate buffer
pH 7 (10 mM) and NaCl (100 mM) upon excitation at 370 nm.

In addition, the stoichiometric ratio of 3N"/dsDNA complex were studied by
varied the concentration of dsDNA from 0 to 2 puM. 3N’ mixtures showed
fluorescence enhancement with increasing of DNA concentration (Figure 3.32). When
the fluorescence intensity of mixtures was plot against the concentration ratio of
3N*/dsDNA as well as a maximum emission wavelength, graph showed that four
times of fluorescent enhancement were saturated at about 1.0 ratio indicating 1:1
complexation. From the Benesi-Hilederbrand’s double reciprocal plot for 1:1

complexes, the binding constant of 3N*/dsDNA was 1.55x10" M (Figure A.41).
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Figure 3.32 (left) Fluorescence spectra and (right) wavelength shifting at maximum
emission (A) and fluorescence intensity (H) of 3N" (I pM) with various
concentrations (0 — 2 pM) of dsDNA (5'GCATATGCCTA3" + 5'TAGGCA
TATGC3") in sodium phosphate buffer pH 7 (10 mM) and NaCl (100 mM) upon

excitation at 370 nm.

To investigate the interaction between 3N* and ssDNA chain, we varied DNA
chain length of random sequences from 0 to 30 bases controlling with the same charge
concentration by fixed absorbance (A,¢0) at 0.05. Fluorescence signal of the mixtures
were corrected by a factor of Ayep. The plot of the fluorescence signal against length
of DNA chain showed that fluorescence intensity was enhanced by increasing of
DNA chain length and it was saturated at around 20 bases (Figure 3.33). This result
suggests that the ssDNA may interact with 3N" via an encompassing of DNA chain
around the fluorophore molecules supporting by AMI1 calculation that a circle arc of
3N which was calculated for whole three branches can possibly be fitting at 18 base
lengths of ssDNA. After wrapping, 3N" molecules were discrete into less aggregation
thus fluorescence self-quenching was reduced to lead the emission enhancement. A

little change of CD signal of 3N*/DNA also confirms this interaction (Figure 3.34).
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Figure 3.33 Normalized emission intensity ([1) and Maximum wavelength shifting
(A) of 3N (1.0 uM) in the presence of various ssDNA chain lengths (0 to 30 bases
and A,gp = 0.05 of each ssDNA) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) upon excitation at 370 nm.
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Figure 3.34 CD spectra of 3N" (10 uM) in the presence of dsDNA (5"GCATATGCC
TA3" + 55TAGGCATATGC3’, 10 uM) in sodium phosphate buffer pH 7 (10 mM)
and NaCl (100 mM) at 20 and 90 °C

From the investigation, we use 3N to apply for any chemical or biological

sensing associated by the interaction with aptamer, which is a subtype of DNA that
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can specifically interact with the target since our fluorophore can gave highly
fluorescence enhancement after binding with the DNA short chain. If the specific
interaction of aptamer and target form stronger than that of 3N", we should turn the
fluorescence signal back to the orginal state as turn-off mode of the detection. To
proof our hypothesis, aptamer that can specific bind with mercury (Apt-Hg) were
used to test the detection principle in the aqueous media. The results showed that
fluorescence enhancement of 3N'/Apt-Hg was nearly quenched into an initial
fluorescence intensity while Hg®" exhibited a little quenching (Figure 3.35). This
preliminary result confirms that the interaction of 3N* and ssDNA is set up via
electrostatic interaction and can be weaken by the specific target. It is thus bringing us
up to apply for sensing of other target such as a rapid K™ assays in the real urine

samples as demonstrated in our recent publication. [64]
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Figure 3.35 Fluorescence spectra of 3N™ (I uM) in the present of mercury aptamer
(Apt-Hg = 5S'TTGTTTGTTGGGTTGTTTGTT3’, 0.1 uM) and Hg(OAc), (10 uM) in
sodium phosphate buffer pH 7 (10 mM) and NaCl (100 mM) upon excitation at 370

nm.

To study the dendritic effect onto the DNA interaction, the spectroscopic data of
6N" was investigated in the presence of DNA. Surprisingly, absorption change and
fluorescence responses of 6N'/DNA mixtures were not observed (Figure 3.36).

According to their structures, the interaction between positive charge of 6N’
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peripheries and negative charge of DNA chain should be occurred, it is possible that
their interaction cannot effectively conduct the signal change of the fluorophore.
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Figure 3.36 Fluorescence spectra (left) and Absorption spectra (right) of 6N™ (5 uM)

in the presence of dsDNA (5"GCATATGCCTA3" + 5'TAGGCATATGC3’, 5 uM) in

sodium phosphate buffer pH 7 (10 mM) and NaCl (100 mM) upon excitation at 376

nm.

Due to insignificantly change of fluorescence responses of 6N*/DNA, forster
resonance energy transfer (FRET), that requires spectral overlap between emission of
donor and absorption of acceptor and closed distance of the donor-acceptor
interaction at 10—100A approximately, was used to investigate the interaction.
SyBrGreenll (SBGII), a commercial fluorescent dye that popularly use for detection
RNA in electrophoretic gels, was candidate for our study. Spectral data of 3N*, 6N*
and SBGII were shown in Figure 3.37. Both absorption and emission of SBGII was
overlapped within an emission area of 3N' while spectral overlapping of 6N”
emission and SBGII absorption did not overwhelm the emission of SBGII. Therefore,
FRET phenomena that the energy transfer from the flurophore donors to SBGII
acceptor should be easily observed by the choice of 6N”.
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Figure 3.37 Absorption spectra and Emission spectra of 3N" (solid line, 5 pM), 6N*
(dot line, 5 uM) and SyBrGreen II (dash line, diluted at 10000X) in sodium phosphate
buffer pH 7 (10 mM) and NaCl (150 mM) upon excitation at 370, 376 and 390 nm,

respectively.

However, FRET signal of 3N*/DNA in the presence of SBGII was studied as
shown in Figure 3.38. From the spectral data, FRET phenomena of 3N*/DNA with
SBGII was successfully occurred while an energy transfer from 3N* to SyBrGreenlI
was not obtained without the presence of ssDNA. In addition, fluorescence signal
background of the DNA/SBGII mixture was not obtained at high intensity by excited
at 3N" excitation wavelength. These results indicate that there are no interactions
between SBGII and 3N" due to their positive charge repulsions while ssDNA interact
with 3N" and also gather the SBGII molecules together resulting in a closed distance

between fluorophore and acceptor dye to give FRET signals.
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Figure 3.38 Emission spectra of 3N* (1.0 pM) in the presence of ssDNA
(5’CCTATATAGGTGATGCCTTCTCCGGCGACG3’, Ay = 0.05) and
SyBrGreenll (diluted at 10000X) in sodium phosphate buffer pH 7 (10 mM) and
NaCl (150 mM) upon excitation at 370 nm.

To investigate 6N'/DNA interaction, FRET signal of the mixtures in the
presence of SBGII were studied as shown in Figure 3.39. FRET phenomena between
6N’/DNA mixtures and SBGII showed similar results as of 3N" that the FRET signal
was only obtained from the 6N*/DNA/SBGII mixture. It is thus indicates that 6N* can
nicely interact with DNA to give and an effective energy transfer from the
fluorophore donor acceptor dye via the association by electrostatic forces of DNA
interaction. This result also suggests that the interaction between DNA and 6N* may

be mainly achieved by coulombic interaction but not affect a whole structure.
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Figure 3.39 Emission spectra of 6N’ (1.0 pM) in the presence of ssDNA
(5'CCTATATAGGTGATGCCTTCTCCGGCGACG3’, Ay = 0.05) and
SyBrGreenll (diluted at 10000X) in sodium phosphate buffer pH 7 (10 mM) and
NaCl (150 mM) upon excitation at 376 nm.

To investigate the effect of DNA chain length onto the FRET responses of 6N”,
we used DNA chain length of random sequences (0 — 30 bases, Ayg = 0.05) in the
presence of SBGII. Fluorescence spectra showed that FRET signals (F's5;3/F36) was
increased upon the addition of longer DNA chain length but not saturated at even the
longest chain length at 30 bases (Figure 3.40). This result implies that DNA chain
length with 30 bases has been not sufficiently long to encompass whole six branches
of the 6N arc that is approximately needed at least around 41 bases of DNA chain

length.
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Figure 3.40 Emission spectra of 6N™ (1.0 uM) in the present of various ssDNA chain
lengths (0 to 30 bases and A,¢p = 0.05 of each ssDNA) in sodium phosphate buffer pH
7 (10 mM) and NaCl (100 mM) upon excitation at 376 nm.

These investigations of FRET phenomena between 6N* and DNA described
above bring us up to apply this interaction to be useful for the detection of DNA
sequences via the DNA/PNA hybrid and FRET process of 6N* and fluorescein

commercial dye as demonstrated in our recent publication. [65]

3.7 Supramolecular interaction of 3N with BSA protein

Currently, our research group has successfully reported an effective
fluorescence sensor array for the protein discrimination base on statistically analysis
as principal component analysis that should be valuable for the development of
electronic tongue for protein related food analysis and medical diagnosis. [62] It is
thus interesting to investigate interactions of fluorophores and proteins. Therefore,
3N* which showed to give sensitively fluorescence responses upon the addition of
various proteins is a good probe for the study while bovine serum albumin (BSA, pl =
4.7 at 25°C) which is a useful protein in many applications is also a well-defined
protein represent.

To investigate the interaction of 3N/BSA, absorption change and fluorescence
response of 3N" in the presence of BSA were studied. As shown in Figure 3.41, BSA
dramatically enhanced the fluorescence signal of 3N" with shorter wavelength while
absorption caused a little shift to the longer wavelength. These results indicate that

3N" can possibly interact with BSA relating to non-specific hydrophobic interactions
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within higher level of three-dimensional protein structure and may cause slightly
change of m-conjugation length of the fluorophore. It is possible involved with the
geometrical lock of the fluorophore propeller-like structure or even reducing of
solvent relaxation.
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Figure 3.41 Fluorescence spectra (lef?) and Absorption spectra (right) of 3N" (5 uM)
in the present of BSA (5 uM) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) upon excitation at 370 nm.

To gain insight into the interaction contribution, CD spectroscopy of 3N*/BSA
mixtures were investigated as shown in Figure 3.42. As an achiral compound, 3N" did
not give any CD peaks in the range of 200-500 nm; however, BSA showed moderate
induced CD negative signal of 3N" at around 300-450 nm which was corresponding
to the m-m* absorption of the phenylene-ethynylene conjugated system. The cotton
effect of CD signal in this range is a good evidence for the restricted conformation of
3N* with an interior environment of protein relating to their hydrophobic parts.
Moreover, characteristic peak of protein 3-sheet around 240 nm was showed to be a
smaller negative value than that of the original one. It is also suggesting that three-

dimensional of tertiary protein structure become looser due to the interaction.
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Figure 3.42 CD spectra of 3N (10 uM) in the presence of BSA (10 pM) in sodium
phosphate buffer pH 7 (10 mM) and NaCl (100 mM) at 20 °C.

In addition, the stoichiometric ratio of 3N*/BSA binding were studied by varied
the concentration of BSA from 0 to 100 pM. From Figure 3.43, the results showed
that fluorescence dramatically enhanced with shift to blue and saturated at 1.0 ratio of
[BSA]/[3N']. This is indicating that BSA interacts with 3N" with 1:1 stoichiometric

complexation ratio.
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Figure 3.43 (left) Fluorescence spectra and (right) wavelength shifting at maximum
emission (A) and fluorescence intensity (CJ) of 3N* (1 uM) with various
concentrations (0 — 100 uM) of BSA in sodium phosphate buffer pH 7 (10 mM) and
NaCl (100 mM) upon excitation at 370 nm.

It 1s also confirm 1:1 complex by the Benesi-Hilderbrand double reciprocal plot

to give the binding constant at 6.67x10° M (Figure A.44).

3.8 Supramolecular interactions of 3N and 6N*with surfactants

Recently, we have been reported the highly selective metal ion sensors such as
for Hg”" and Cu®" ions in aqueous media via the quenching mechanism of phenylene-
ethynylene fluorophores. These reports were also shown the improvement of the
detection in the presence of Triton X-100, a non-ionic surfactant. [60-61] It is thus
important to investigate the contribution of the interaction of the fluorophore with
various types of surfactants. Therefore, our cationic fluorophores (3N* and 6N™) were
suitably represented to study the interaction modes with those surfactants. Various
types of 9 surfactants that are represented from anionic, cationic and non-ionic
surfactant structures and their CMC were shown in Table 3.2. Sodium dodecanoate
(SDC), sodium dodecylsulfate (SDS) and sodium dodecylbenzenesulfonate (SDBS)
were selected for anionic surfactant type, hexadecylpyridinium chloride (CPC),
hexadecyltrimethylammonium bromide (CTAB) and dodecyltrimethylammonium
bromide (DTAB) were selected for the cationic type, and Brij58, Triton X-100 and

Tween20 were selected for the non-ionic surfactant representatives.
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Table 3.2 Structures and CMC values of various types of surfactants. [179-196]

CMC
Surfactants Structures ;
(mol/dm”)
SN
. oNa 2
Sodium dodecanoate (SDC) W\/\/\/\ﬂ/ ® 2.5x10
(@)
o Na*
Sodium dodecylsulfate (SDS) o:$:o 6.9x107
\/\/\/\/\/\/O
Sodium 0, §Na
5 e ;
dodecylbenzenesulfonate \/\/\/\/\/\/@ 0 1.3x10°
(SDBS)
Brij58 Ho{/\/OW/\A/\AA/ 7 71076
20
O
Triton X-100 OH | 2.5x10™
9-10
Hof ™ y\[\‘OVtOH
(0]
Tween20 7 VJFVZH 1.1x107
OTV W
Hexadecylpyridinium X
. N | 9.3x10
chloride (CPC) or
Hexadecyltrimethylammoniu | .
. N | 7.0x107
m bromide (CTAB) Br
Dodecyltrimethylammonium | 5
P P\ P N N+\ L4110

bromide (DTAB)

Br

3.8.1 Fluorogenic responses with anionic surfactants

The concentration of anionic surfactants (SDC, SDS and SDBS) was varied

from 0 to 100 mM, 3N" solution with the presence of the surfactants revealed the

similar fluorescent pattern that fluorescence signal slightly decreased at very low

surfactant concentration and then the emission intensity dramatically arose with blue
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shift at higher surfactant concentration (Figure 3.44). This is indicating an
electrostatic interaction between positive charges of 3N" and anionic surfactant head
at very low concentration. Fluorescence self-quenching is increased by an aggregation
of fluorophore molecules at this point. However, after a micelle assembly
spontaneously formed, 3N" is disaggregated and be seeded into each micelle resulting
to extremely fluorescence enhancement. The shift of emission wavelength is
presented since the molecule aggregation through the micellization, these phenomena
are possibly caused by a conformation restriction of the fluorophore molecule within

the surfactant micelle.
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Figure 3.44 Fluorescence spectra of 3N* (1 M) with various concentrations (0 — 100
mM) of anionic surfactants (SDC, SDS and SDBS) in MilliQ water at room

temperature upon excitation at 370 nm.

Therefore, we hypothesize that an initially state without surfactant molecules,
some 3N* aggregation are possibly formed in the aqueous media due to its
hydrophobic part. But at below CMC, electrostatic interactions between anionic
surfactant head and 3N" cationic peripheries are observed resulting to more
aggregation and then at CMC point, surfactant micelles are spontaneously formed

with the seeding of 3N" molecule inside their assembly as illustrated in Scheme 3.5.
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Scheme 3.5 Purposed interactions of 3N with anionic surfactant.

On the other hand, using 6N* as a micellization probe with the various
concentration of SDS, fluorescence quenching was not observed even at very low
surfactant concentration (Figure 3.45). This result suggests that more hydrophobicity
of 6N*comparing to 3N" structure present highly aggregation at an initially state as
noticed in much lower ®f; therefore, the electrostatic interaction of anionic surfactant
cannot relatively effect to the fluorescence quenching. Moreover, less blue shift of
emission wavelength with larger fluorescence enhancement was shown at above CMC
of surfactant comparing to fluorescence responses of 3N* with anionic surfactant.
That is to say that the same reason as molecule rotation of 6N* are confined in the
micelle to cause smaller stoke’s shift and molecule disaggregation is then seeded into

the micelle formation resulting to increasing of fluorescent signal.
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Figure 3.45 Fluorescence spectra of 6N* (0.5 uM) with various concentrations (0 —

100 mM) of SDS in MilliQ water at room temperature upon excitation 376 nm.
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3.8.2 Fluorogenic responses with nonionic surfactants

The concentration of nonionic surfactants (Brij58, Triton X-100 and Tween20)
was varied from 0 to 100 mM, 3N" mixtures in the presence of the surfactants
revealed the similar fluorescent pattern as of anionic types that fluorescence signal
were dramatically increased with shorter wavelength shift at higher surfactant
concentration (Figure 3.46). Although the fluorescence quenching was not found in
this initial state, it is indicating that the electrostatic interaction between fluorophore
peripheries and surfactant heads is not found due to its nonionic surfactant head
containing the neutral unit that cannot cause more molecule aggregation. However,
emission intensity was dramatically enhanced at higher surfactant concentration

suggesting the formation of micellization at above CMC.
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Figure 3.46 Fluorescence spectra of 3N" (1 uM) with various concentrations (0 — 100
mM) of nonionic surfactants (Brij58, Triton X-100, Tween20) in MilliQ water at

room temperature upon excitation at 370 nm.

In addition, using 6N" as a micellization probe with the various concentration of
Triton X-100, the similar fluorescence responses were observed while the larger
fluorescence enhancement showed less shift of emission wavelength comparing to
3N" (Figure 3.47). It is imply that more hydrophobicity of 6N* comparing to the 3N”
structure cause more molecule disaggregation by its seeding into the micelle

formation.
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Figure 3.47 Fluorescence spectra of 6N* 0.1 pM with various concentrations (0 — 100

mM) of Triton X-100 in MilliQ water at room temperature upon excitation at 376 nm.

3.8.3 Fluorogenic responses with cationic surfactants

The concentration of cationic surfactants (CPC, CTAB and DTAB) was varied
from 0 to 100 mM, 3N* mixtures in the presence of CTAB and DTAB showed the
similar fluorescence response pattern as of non-ionic surfactants that fluorescence
signals dramatically increased with blue shift at higher surfactant concentration
(Figure 3.48). This result indicates that the electrostatic forces between positive
charges of 3N peripheries and cationic head of surfactants were not induced to form
an aggregation while a little increasing of emission signals at these low surfactant
concentrations suggest some ion-ion repulsions of their both positive charges . Also,
the signals were extremely enhanced at a higher surfactant concentration indicating
the micellization seeding to give the disaggregation of the fluorophore.

However, 3N* mixture in the presence of CPC displayed the fluorescent
quenching and CPC had also never enhanced the fluorescent signal at even higher
surfactant concentration. This is indicates that pyridinium group of CPC head
probably cause the better fluorescence quenching via an electron transfer from
fluorophore unit of 3N" to the pyridinium group of CPC structure by the micelle

organization.
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Figure 3.48 Fluorescence spectra of 3N™ (1 uM) with various concentrations (0 — 100
mM) of cationic surfactants (CPC, CTAB and DTAB) in MilliQ water at room

temperature upon excitation at 370 nm.

In addition, using 6N" as a micellization probe with the various concentration of
DTAB, the similar fluorescence responses were observed while the larger
fluorescence enhancement showed less shift of emission wavelength comparing to
3N" (Figure 3.49). The results indicate that more hydrophobicity of 6N* comparing to
the 3N structure cause more molecule disaggregation by its seeding into the micelle

formation as similar as other type of surfactants.
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Figure 3.49 Fluorescence spectra of 6N* (1 pM) with various concentrations (0 — 100

mM) of DTAB in MilliQ water at room temperature excited at 376 nm.

3.5.4 Determination of critical micelle concentration (CMC)

Since the different fluorescene responses upon the addition of surfactants were
observed as previous results, fluorescent changing were rapidly growth at some points
of surfactant concentrations. As we know that the critical micelle

concentration (CMC) is defined as the concentration of surfactants above
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which micelles are spontaneously formed. According to the hypothesis, our
fluorophore containing both hydrophobic core and hydrophilic peripheries can induce
the surfactant molecule to form micelle at the initially micelle state and after that
molecule aggregation of the fluorophore is more discrete into each micelle
assemblies; as a consequence, largely fluorescence enhancement can be noticeable at
above this surfactant concentration. Therefore, at the point that the fluorescence
intensity dramatically change can be applied to determine CMC of the surfactants as
in fluorescence probe micellization method.

When the maximum fluorescence signals of 3N" probe were plotted against log
of surfactant concentrations following the Boltzman equation as demonstrated in
Figure 3.50. From an example of the CMC determination of Triton X-100, sigmoid
curve was fitted by using the OriginPro 8 program to get A4, A,, x, and Ax and the

reflection point (x, — 2Ax) was derived to obtain CMC value.
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Figure 3.50 The CMC determination of Triton X-100 by fitted sigmoidal traces of
graph plot an emission intensity of 3N" against log of Triton X-100 concentration

with the Boltzman equation.

Therefore, CMC of the surfactants by using our fluorophores as fluorescence
micellization probes were compared with CMC from references as described in Table
3.3. The results showed that CMC of anionic and cationic surfactants were quite not

close to that of the references as compared with that of non-ionic surfactants since
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there were disturbing interactions between charges of surfactant heads and the
fluorophore peripheries during the micelle assembly formation at below their CMC.
While nonionic surfactants immediately can form any micelles whenever their
concentration reaches the CMC without charge interferes. Besides, CMC of CPC
yielded far off the reference values due to the electron transfer process. However,
CMC from the 6N* probe presented lower value than that from the 3N probe for all
surfactant types, this is indicating that a bigger structure size with more both
hydrophobicity and hydrophilic peripheries exhibit promptly micelle seeding resulting
to less surfactant units requirement for micelle formation.

Table 3.3 The critical micelle concentration (CMC) of surfactants determined by the

emission intensity changed of 3N’ and 6N* probes in MilliQ water at room

temperature.

Surfactants CMC, (rRydm )
3N* 6N* References
SDC 2.02x10~ 3 2.5x107 [a]
SDS 2.62x107 2.26x107 6.9x107 [b]
SDBS 6.00x10~ - 1.3x107 [c]
Brij58 1.95x107 - 7.7x10°° [d]
Tween20 2.85x107 = 1.1x107 [c]
Triton-X100 2.42x10™ 1.38x10™ 2.5%x10™ [b]
CPC 4.10x107 - 9.3x10™ [c]
CTAB 9.63x107 3 7.0x107 [b]
DTAB 9.26x107 6.07x107 1.4%10 [c]

Methods: a = Fluorescence probe micellization (ANS), b = Fluorescence probe

micellization (3-pyrazolyl-2-pyrazoline derivative), ¢ = surface tension, d = dye

micellization (Acridine Orange dye)

In addition, our fluorophores can be useful to determine CMC of surfactants as
the fluorescence micellization probes. Also, it is important to explain that Triton X-
100, a non-ionic type, can improve the detection of metal ion as reported in our
previous researches because the fluorescence signal of the fluorophore at the initial

state is enhanced via the pre-micelle assembly process and then it can be easily
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interfered by the metal ion that can specific bind stronger with the fluorophore to give

the turn-off mode of those detection.

3.9 Comparison of supramolecular interactions of 3N* with various analytes
Finally, an absorption changes and fuorescence responses of 3N" that differently
interacted with various kinds of analytes were shown in Table 3.4. We found that only
y-CyD that formed the stable inclusion complex with 3N™ gave the absorption blue
shift This is possible imply that stable inclusion complexation of the fluorophore
cause the change of electronic ground state of m-conjugation system. While the
fluorescence enhancement seem relate with an increasing of the stoke’s shift
frequency indicating that emission enhancement of the interactions may be influenced
by both geometrical restriction in the nano-confined environment and the reduction of
solvent relaxation.
Table 3.4 Summary of absorption changes, fluorogenic responses and possible

interactions of 3N with various analytes.

: g Stoke’s Emission
Interactions | Absorption | Emission .
Analytes | shift enhancement
(Kba M ) (}\Amax, nm) (kmaXa nm)
(AN, nm) (F/Fy)
Control
. - 372 494 122 1.0
(3N)
Surfactant Micelle
370 455 85 8.6
(SDS)* assembly
Polyanionic
Aggregation 370 467 97 0.1
(PVSK)
Ion-Dipole
B-CyD . 370 480 110 3.6
(1.57x10%)
Stable
inclusion
v-CyD 364 436 72 8.0
complex
(3.00x10%
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Table 3.4 Summary of absorption changes, fluorogenic responses and possible

interactions of 3N with various analytes (continue).

. . . Stoke’s Emission
Interactions Absorption | Emission ]
Analytes shift enhancement

Ky, M Amaxs Amaxs
(Kp, M7) ( nm) | ( nm) (A, nm) (FIFY)

Coulombic
DNA forces 379 458 79 3.8
(1.55x10")
Hydrophobic
BSA and

. e 374 427 53 8.6
protein Hydrophilic

(6.67x0°)

*Emission has been still increased.

These investigations should be useful for the future applications in designing of

guest molecules and sensing of targets in the aqueous media.



CHAPTER IV

CONCLUSION

The fluorescence responses of five amphiphilic fluorophores (NON+, N*, 2N,
3N*and 6N") with phenylene-ethynylene fluorogenic units in nano-confined
environments of DNAs, BSA protein, surfactants and cyclodextrins in aqueous media
were investigated. 3N" was one of the most responsive probes that showed strong
fluorescence enhancement by all analytes. The 'H NMR study and CD spectroscopy
revealed the stable 1:1 inclusion complex of 3N* with y-cyclodextrin. The strong
fluorescence enhancement of 3N" in the presence of ssDNA chain led to the design of
fluorescence aptasensing system for determination of potassium ion. The highest
fluorescence enhancement of 3N* was observed with BSA protein probably due to
effective reduction of self-quenching via both hydrophobic and hydrophilic
interaction. It is also used as a fluorescence micellization probe to determine CMC of
surfactants. In the case of 6N”, the fluorescence enhancements were observed only for
BSA protein and surfactants but not for DNA and cyclodextrins. The interaction of
6N with ssDNA was thus proven by FRET experiments which showed strong FRET
signals that are used in the DNA sequence detection.

Suggestion for future work: Next study should focus on the discrimination of

cyclodextrin in real sample and the investigation of charge effect onto micelle system.
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Figure A.1 "H NMR of 4,4’ 4""-triiodotriphenylamine (Tls) in CDCls.
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Figure A.2 °C NMR of 4,4",4""-triiodotriphenylamine (Tl3) in CDCl;.
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Figure A.3 '"H NMR of 4-i0do-N, N-dimethylaniline (IAMe;) in CDCl;.
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Figure A.4 °C NMR of 4-iodo-N, N-dimethylaniline(IAMe,) in CDCls.
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Figure A.6 °C NMR of SIEAMe; in CDCls.
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Figure A.7 "H NMR of 4-ethylnyl N, N-dimethylaniline (EAMe;) in CDCls.
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Figure A.8 °C NMR of 4-ethylnyl N, N-dimethylaniline (EAMe,) in CDCl;.
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Figure A.9 'H NMR of 3N in CDCl;.
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Figure A.10 *C NMR of 3N° in CDCl;.



125

e
Y NN WY
!
L e e e Y B A O B
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

ppm (t1)

Figure A.11 '"H NMR of 3N* in MeOH-d,.
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Figure A.20 '*C NMR of 6N° in CDCl;.
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Figure A.22 '"H NMR of 2N° in CDClL.
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Figure A.24 "H NMR of N°N* in DMSO-d.
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Figure A.26 '"H NMR of N* in CD;CN.
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Figure A.29 °C NMR of 2N* in DMSO-d.
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Figure A.30 ESI MS data of 3N*
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Figure A.32 ESI MS data of 6N
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Figure A.38 Linear graph plot between absorbance against absolute integrated

fluorescence intensity (390 - 600 nm) of quinine sulfate standard in 0.1 M H,SO,,
(400 - 600 nm) of N*, 2N*, 3N" and 6N" in MilliQ water at room temperature excited
at 345, 370, 368, 370 and 376, respectively.
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Figure A.39 Histogram showed the emission intensity of 3N 5 pM in 10 mM sodium
phosphate buffer with various concentration (0 — 500 mM) of NaCl, NaBr, Nal and
AgNO; excited at 370 nm.
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Figure A.42 Fluorescence spectra of 3N" (1 pM) with various concentrations (0 —
300 mM) of sodium triphosphate pentabasic and (0 — 2 mM) of PVSK in MilliQ

water at room temperature upon excitation 370 nm.
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Figure A.43 Fluorescence spectra (left) and Absorption spectra (right) of 6N (5 pM)
in the presence of BSA (5 uM) in sodium phosphate buffer pH 7 (10 mM) and NaCl
(100 mM) upon excitation at 376 nm.
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Figure A.45 Normalized absorption spectra of 3N" (5 M) in the presence of analytes
(SDS, PVSK, B-CyD, y-CyD, dsDNA (5'GCATATGCCTA3" + 5S’TAGGCATATGC
37) and BSA) excited at 370 nm.
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Figure A.46 Wavelength shifting of 3N* (5 puM) with various concentrations of
analytes (SDS, PVSK, B-CyD, y-CyD, dsDNA (5'GCATATGCCTA3" + 5"TAGGCA
TATGC 37) and BSA) excited at 370 nm.
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Figure A.47 Fluorescence spectra of 3N* (5 uM) with various concentrations of

analytes

(SDS, PVSK, B-CyD,

5'TAGGCATATGC3") and BSA) excited at 370 nm.
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Figure A.48 CD spectra of 3N" (10 pM) in the presence of BSA (10 pM), y-CyD (10
uM) and DNA (10 puM) and 10 pM in sodium phosphate buffer pH 7 (10 mM) and
NaCl (100 mM) at 20 °C excited at 376 nm with alternated mixing steps.
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Figure A.49 Fluorescence spectra of 3N" (I uM) and SDS (0.2 mM) mixtures in the
presence of dsDNA (5'GCATATGCCTA3" + 5'TAGGCATATGC3’, 0.25 uM)

excited 370 nm.
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Figure A.50 AFM images on the mica surface of 3N" (10 pM), 3N*/B-CyD (1:1), and
3N*/y-CyD (1:1) in MilliQ water.
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Figure A.51 AFM images on the mica surface of 2N* (10 pM), 2N*/B-CyD (1:1), and
2N*/y-CyD (1:1) in MilliQ water.
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