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The discovery of DNA as a genetic material and its double helical structure led to
numerous studies directed at understanding molecule-DNA interactions. These studies
have played an integral role in medical diagnostics, forensics, imaging and therapeutics.
Typically, molecule-DNA interactions have two prominent modes: intercalation and
minor groove binding. Several optical techniques are available that can monitor
molecule-DNA binding interactions, but they cannot differentiate between intercalation
and minor-groove binding. The major goals of the research are to develop novel optical
spectroscopic tools that can differentiate molecule-DNA binding interactions, selectively
and sensitively detect one form of DNA over another, and track DNA melting curves. To
accomplish these goals, we developed two-photon absorption (2PA) cross-section based
techniques to differentiate between molecule-DNA binding interactions. The hypothesis
is that the 2PA cross-sections of molecules are sensitive to the electrostatic fields offered
by the DNA backbone and that the alignment of molecular dipoles with the electric field
can differentiate the mode of binding.

To test the hypothesis, investigations were carried out using two dye molecules,
Hoechst 33258 (Hoe) and Acridine Orange (AcrO) binding to DNA. Hoe binds to the
DNA via minor groove while AcrO intercalates with DNA. Relative 2PA cross-section
studies have shown a more than 4-fold enhancement for Hoe whereas AcrO has no
enhancement. These results confirmed our hypothesis that 2PA cross-sections of dye
molecules are sensitive to local electric fields and that they can differentiate moleculeDNA interactions. This technique was extended to monitoring the interaction of other
prominent dye molecules (like Thioflavin T and cyanine dyes) with DNA, and the
technique was successful in elucidating the mode of binding in these systems. Also, one-,
two-photon fluorescence sensing and relative 2PA cross-sections of dye molecules were
used as markers to differentiate between single-stranded, duplex and G-quadruplex DNA
structures. We have also used the power of 2PA cross-sections to track DNA melting
transitions in duplex and quadruplex structures. Furthermore, a novel two-photon based
induced fluorescence resonance energy transfer (2P-iFRET) technique was developed to
monitor the DNA melting. Results have shown that this technique is sensitive and offers
flexibility and sharper melting transitions over conventional techniques.
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CHAPTER 1
INTRODUCTION
“The information contained in an English sentence or computer software does not derive
from the chemistry of the ink or the physics of magnetism, but from a source extrinsic to
physics and chemistry altogether. Indeed, in both cases, the message transcends the
properties of the medium. The information in DNA also transcends the properties of its
material medium.”
― Stephen C. Meyer, Darwinism, Design and Public Education

Optical spectroscopic measurements play a greater role in understanding several
biologically important phenomena and are used actively by researchers and medical
practitioners from time immemorial. Optical microscopes form the basis of the most
commonly used diagnostic tools. Among different biological systems,
deoxyribonuceliacid (DNA) is the most important, and is most often subjected to
investigations for both therapeutics and diagnostics. A major goal of this dissertation is to
develop and establish novel optical spectroscopic tools that are based on linear and
nonlinear optical phenomena to probe molecule-DNA interactions and sense DNA. Since
most of the research presented in this dissertation is based on DNA and interactions with
DNA, a detailed description of DNA, properties. and importance is provided here.

1.1 Overview of DNA
Deoxyribonucleic acid, commonly symbolized as DNA, is the hereditary material
present in organisms called eukaryotes 1, 2, 3. Most DNA is situated in the nucleus of the
1

cell (where it is referred to as the nuclear DNA)4, but a small amount can also be located
in the mitochondria (where it is known as the mitochondrial DNA or mtDNA) 5. Almost
all cells in the human body have the same DNA6. Within the cell nucleus, DNA strands
are packed tightly to form chromosomes, which are visible during cell division. Humans
usually have 23 pairs of chromosomes, and 22 of these pairs, known as autosomes, are
the same in both females and males 7. However, the 23rd pair (the sex chromosomes)
differs between females and males. Males usually have XY chromosomes, while females
normally have two copies of the X chromosome 7. The constriction point in each
chromosome is the position where two arms are formed and is called the centromere8.
The long arm is labeled the “q arm” while the short arm of the chromosome is the “p
arm”. The centromere’s location, as well as the size of the q and p arms, shapes each pair
of chromosome differently 8.
To understand the role of DNA in the human body, it is essential to know exactly
what genes are. Genes are hereditary materials made of DNA that lie within the cell
nucleus9. They act as instructions to create protein molecules. An estimation by the
Human Genome Project indicates that humans have between 20,000 and 25, 000 genes10.
All individuals have almost similar genes, with only a small number (say less than 1% of
the total) being slightly different between people, a difference that constitutes the basis of
DNA analysis and paternity tests. The DNA information is stored in the form of a code
that constitutes four chemical bases namely: Cytosine (C), Adenine (A), Thymine (T),
and, lastly, Guanine (G)11. The human DNA has approximately 3 billion bases12, and not
less than 99% of these bases are similar in all individuals6. The sequence of these bases
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governs the available information for maintaining and building an organism, similar to
the manner in which alphabetical letters are arranged to form sentences and words.
The chemical bases in a DNA pair up (C with G and A with T), in order to
produce units known as base pairs11. In addition, each base is attached to a phosphate
molecule and a sugar molecule. Together, a phosphate, sugar, and base are referred to as
a nucleotide13. The nucleotides are organized in two long strands thereby forming a spiral
known as a double helix. A double helix’s structure resembles a ladder, with the
phosphate and sugar molecules forming the ladder’s vertical sidepieces. On the other
hand, the base pairs form the rungs of the ladder14, 15.

Figure 1.1: The structure of DNA. The DNA structure is usually linked to a ladder with
the bases (A, C, T, and G) pairing together to produce the ladder’s rung. Likewise, the
phosphate and sugar molecules alternate to create the ladder’s sides. Because G and C
pair together, and A and T as well, by understanding the sequence of one strand, the
determination of the sequence of the other strand is possible. T=thymine, G=guanine,
C=cytosine, A=adenine, P=phosphate molecule and S=sugar molecule 14.
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A distinctive DNA property is its ability to replicate, or make copies of itself.
Both DNA strands can open up and make a copy of each to form two DNA strands16.
This is vital during cell division because each new cell requires a particular DNA copy
that was in the old cell. Each DNA strand in the double helix serves as a pattern for
duplicating the bases sequence. As mentioned before, the mitochondria has a small
amount of DNA called mitochondrial DNA or mtDNA5. Each cell has hundreds to
thousands of mitochondria lying within the cytoplasm. The mtDNA has 37 genes for its
normal functioning, of which 13 offer instructions for making enzymes17 that help in the
production of energy through oxidative phosphorylation, while the rest assist in making
molecules known as ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) that aid in
the synthesis of protein.

1.2 DNA Structure and Properties
Francis Crick, a British biochemist, and James Watson, his American partner,
created the first accurate model of the DNA molecule in 195318. Since then massive
progress has been established in the manipulation, sequencing and synthesis of DNA.
Presently, the DNA can be analyzed or sequenced, and even genes can be inserted to
yield variations in the DNA structure and functioning, as well. The structure modeled by
Crick and Watson has hydrogen bonds between a small pyrimidine base (T or C) on one
strand and a large purine base (A or C) on the other chain19. The primary structure of the
DNA is represented by the base-pair sequence, which determines the DNA’s actual
structure.
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Reviewing the basic hereditary material in an organism brings one question into
mind. Why is DNA important? The genetic code, read by the protein synthesis
mechanism during the production of new proteins, is carried by the DNA20. The
relationship between proteins and DNA is essential for living organisms. A protein is a
complex and abundant molecule present in the body, and is important for forming
structural proteins, hormones, enzymes, and messengers, among others. As mentioned
before, DNA is a polymer molecule that has four types of basic chemicals collectively
known as the deoxyribonucleotides. The covalent phosphodiester bonds link these
nucleotides together21. The molecular structure of DNA can have a variety of lengths and
shapes. Under physiological conditions, DNA exists in the form of a right-handed
double-stranded helix, a so-called B-form. There is a repeat helix or twist after around 34
nanometers or after every 10.4 base pairs. The thickness of a base pair is approximately
0.34nm, and the DNA thickness is about 10.4 base pairs.
The strands of DNA are twisted to form distinct grooves. The DNA has major and
minor grooves that bind proteins like transcription factors, leading to proteins
formation22. Another important property of DNA is its conformations. The DNA usually
presents itself in various conformations important for DNA actions and functions. These
conformations are essential for the repair of damaged DNA23. The DNA supercoiling is
another central property of DNA. These hereditary materials can be in a coiled or a
relaxed state. Coiling enables the extremely long DNA strands to fit into the nucleus of
the cell24. DNA codes for its cousin ribonucleic acid (RNA) and holds the codes for the
building blocks for proteins, commonly called amino acids25. Therefore, the DNA has a
strand that carries essential information that helps in making proteins by binding them to
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the RNA. This strand is called the antisense strand and is the basis for making proteins 26.
The sense strand, on the other hand, does not code for RNA.

1.3 The Chemical Modification of DNA
DNA is the key building block of the genes that carry the instructions to the cells
of living organisms on their birth, functions, maturity, and eventually death. Indeed,
knowing and understanding DNA chemistry is vital for diagnosing those at risk of
hereditary ailments, understanding genetic therapy, and also in drug manufacturing to
treat various genetic diseases. The chemistry of DNA is simple. A molecule of DNA is
negatively charged due to its phosphate backbone27, 28, 29. The negatively charged
property of the DNA molecule is essential when subjecting DNA samples to
electrophoresis tests 29. Another chemical property of DNA is that it is insoluble in
purified alcohol or ethanol, but soluble in water 30. As a result, in the laboratories, it is
stored in a buffered solution, which contains the chelating agent EDTA (to trap cofactors
for enzymes known to attack DNA) and chemical buffer Tris (to regulate pH).
Denaturation and renaturation of DNA is possible. Denaturation is the opening up
of the DNA strands with heat31, while renaturation is the cooling off of the DNA strands
so that they rebind with each other. What actually occurs on the molecular level is
“melting” or breakage of the hydrogen bonds between bases on dissimilar strands leading
to two single polynucleotide strands, a process called denaturation. In favorable
conditions, the process can be reversed to reanneal the DNA strands. Renaturation of two
strands is possible when the base pairs sequences are complementary, for instance, G to C
and A to T.
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The DNA absorption of ultraviolet light is another important phenomenon in the
DNA chemical modification. The DNA bases, known as pyrimidine and purine bases,
1strongly absorb light in the ultraviolet region with most absorption at 260nm32. For a
fixed amount of DNA, the absorption of light is constant, and, therefore, the amount of
light absorbed when passed through a solution of DNA can be analyzed to give the DNA
concentration in the solution. Ethidium bromide (EtBr), a molecule that can insert
between the pairs of the base of the double helix, can be used to stain DNA to enable
better visualization of DNA33. This is because the chemical ethidium bromide is
fluorescent when exposed to UV light. The staining of DNA with EtBr enables
photographing of the normally invisible DNA. Next, the amount of fluorescence is
measured to provide an idea concerning the total mass of DNA in a solution. Another
chemical modification of DNA lies on the exposure to DNA genotoxic and altering
chemicals. There are various human cancers linked with exposure to DNA-altering
chemicals. There is a long duration of time between early events, including initial
chemical exposure; the start of the DNA damage and the changes in the DNA or fixation
of mutations; and the subsequent tumor appearance. The DNA damage represents the
first important step in the cancer-causing or carcinogenic process. Chemical carcinogens
may cause the formation of carcinogen-DNA adducts or may at times modify the DNA
by altering its ultrastructure 34. The best known example is oral cancer or lung cancer
caused by tobacco.
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1.4 DNA and Technology
DNA has found important applications in the detection of crime35 and disease36,
agricultural growth37, genetic engineering38, and pharmacology39. Some fields that have
indicated remarkable advancement due to growth in DNA technology include:
archeology and anthropometry; pharmacology and nanotechnology; bioinformatics; and
forensics.
In forensics, the ability to examine DNA present at a crime scene is very useful.
The most applicable methods used to describe and identify the DNA profiles include
short tandem repeat profiling (STR) and restriction fragment length polymorphism
(RFLP)40, 41, 42. RFLP utilizes an enzyme to cut the DNA into segments of varying
lengths, which are then separated on the basis of size using electrophoresis. Next, the
fragments of the DNA of a certain length are transferred to a nylon membrane and
matched up with radioactively labeled DNA fragments in such a way that the only
identical fragments stick together. After this the excess radioactive fragments are washed
away, and the examiner takes an x-ray of the remaining fragments. Based on the size, the
labeled fragments separate, thereby giving a picture of the labeled fragments. STR, on the
other hand, uses an enzyme to make numerous copies of a small DNA section41. Another
enzyme then cuts this section into pieces, and electrophoresis is used to separate the
pieces. Next, a silver stain is used to visualize the fragments, with a pattern of dark and
light bands being observed as an individual’s characteristic.
The application of DNA in nanotechnology and pharmacology lies on the use of
DNA nanotubes in gene therapy43, 44. In bioinformatics, DNA has a vast application in the
discovery of human diseases45. In addition, DNA extracted from archeological specimens
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can be analyzed and used to answer anthropological questions. This application of DNA
in20 anthropometry and archeology has helped in tracking migratory patterns, evolution
of DNA, and evolution of species over the ages46.

1.5 Different Forms of DNA
1.5.1 Single-stranded DNA (ssDNA)
Single-stranded DNA, denoted by ssDNA, consists of lateral nitrous bases
attached to a sugar-phosphate polymeric backbone47. The repetitive unit (link) of the
backbone includes six skeletal bonds. In individual chain link, one of the four bases,
thymine (T), cytosine (C), guanine (G), or adenine (A), is attached to the sugar ring’s Cl'
atom. The backbone has no symmetry with respect to the movement along it and, thus,
the backbone’s structure defines the chain direction47. One end of the chain is known as
the 5' end, and the other is known as the 3' end. These appellations are based on the
number of carbon atoms in the deoxyribose47. The sequence is usually written from the 5'
end moving towards the 3' end.
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Figure 1.2: Schematic representation of single-stranded DNA’s chemical structure47.
The ssDNA needs to be stabilized and protected. Single-stranded DNA-binding protein
usually protects the ssDNA from attack by chemical and nuclease modification48. In
addition, the ssDNA-binding protein prevents the ssDNA from forming secondary
structures. These ssDNA-binding proteins play vital and multiple roles in almost every
feature of nucleic acid metabolism, including DNA repair, replication, and recombination
in three domains of life48. One of the characteristics of these binding proteins is that the
binding of ssDNA is cooperative, in that the binding of a single ssDNA-binding protein
causes the ssDNA to be more accessible for the next protein to bind 48.

1.5.2 Duplex DNA
Under natural circumstances, single-stranded DNA is a relatively rare thing. In
most cases, the regular form of DNA is a double helix, also called the duplex DNA or
double-stranded DNA, consisting of two antiparallel single strands47. Unlike a single
strand, the duplex DNA lacks a structurally defined direction. Hydrogen bonds link the
pairs formed by the bases. In a regular double helix, only two types of pairs, GC and AT,
are possible. These pairs have identical geometry with respect to their bonds to the
sugars47.
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Various conformations of duplex DNA exist in nature, including Z-DNA, BDNA, and A-DNA47. The B form of DNA consists of a right-handed double helix that
makes one whole turn about its central axis every 10.5 to 10.4 base pairs in an aqueous
solution, and is the most common double-stranded conformation in living systems and
cells47, 49. Stacking forces between neighboring bases on individual strands, as well as
orientation-specific pairing of G with C and A with T on opposing antiparallel strands,
cause the observed B-form double helix. G forms three hydrogen bonds with C, while A
forms two hydrogen bonds with T. The creation of hydrogen bonds between paired bases
explains why duplex DNA is thermodynamically and enthalpically favored over the
single-stranded DNA at physiological conditions47. On the other hand, the Z-form is lefthanded as opposed to the B-form, which is right handed.

Figure 1.3: Structural representation of three forms of DNA49.

1.5.3 Quad DNA
The quad DNA, also called the quadruple DNA or the G-quadruplex, is a fourstranded DNA structure having a square shape, and forms in regions of DNA that contain
11

the building block guanine50, 51. A special type of hydrogen bonding, which forms a
compact matrix able to disrupt the DNA helix, holds the four-stranded DNA structure. It
has been shown that the quadruplexes are more likely to exist in genes of cells that
rapidly divide – including the cancer cells50. These DNA types also tend to occur in
telomeres (the caps present on the tips of the chromosomes’ tips that protect them from
damage) and in the core of chromosomes 50.

Figure 1.4: Schematic representation of a quadruplex helical DNA formed by the
telomeric DNA52.

Because cancer cells always divide rapidly, and frequently have defects in their
telomeres, the discovery of the quad DNA might be a key feature when targeting to treat
the cancer cells without necessarily harming the healthy cells50. What is still lacking in
the field of selectively inhibiting the proliferation of cancer cells, however, is the
establishment of links that allow the trapping of quad DNA with molecules in order to
stop cells from dividing. Regardless, this discovery provides the potential for exploiting
these four-stranded DNA structures to beat cancer.
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1.6 DNA-ligand Interaction
Over the past decades, the interaction of DNA with ligands, such as lipids,
peptides, cationic, drugs, and proteins, have been synthesized or isolated and studied,
with some demonstrating satisfactory pharmacological activities to manufacture drugs53,
54

. DNA plays a crucial role in the process of life due to its ability to carry the inheritance

information as well as lead the biological synthesis of enzymes and proteins through the
transcription and replication of genetic information in living cells55. DNA provides a
huge variety of metal binding sites56, 57 and thus can be considered as a good target for
metal complexation. For instance, the rich DNA phosphate groups and electron bases are
appropriate for direct covalent coordination at the center of the metal complex58. There
are also noncovalent binding actions such as electrostatic binding and hydrogen bonding
in the DNA grooved regions, along with the planar aromatic ligands intercalation in the
stacked base pairs 59. In the past, the interaction of transition metal complexes with DNA
has acquired much attention in order to develop DNA-mediated electron transfer
reactions, new therapeutic agents that can cleave DNA, and new DNA structured novel
nonradioactive probes 58.
Even though there is no full elucidation of the specific mechanisms of action,
some DNA-interactive ligands induce cleavage of or conformational changes to DNA,
while others prefer the formation of covalent bonds to DNA in a manner that interferes
with the transcription of DNA60, 61. Various biological processes rely upon the reversible
interactions and molecular recognition of one set of molecules with another. Specifically,
this is the case where nucleic acids are utilized, since chromosome structural integrity and
packaging as well as DNA replication and gene expression depend on several molecule-
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DNA interactions, including interactions with water and ions62. Because nucleic acids
play a crucial role in fundamental cellular processes, such as protein expression and cell
division, they are very essential targets for small molecule therapeutics. A necessary goal
is that malfunctions in gene expression or cell replication be overcome by modulating the
activity of nucleic acid through use of structure- or sequence-specific drugs. Such
compounds would have potential application in the treatment of various diseases such as
cancer62. The three most prevalent DNA-interactive ligands categories include those that
form covalent bonds to nucleobases, those that bind in the minor groove and those that
bind through intercalation55, 53. The ones forming covalent bonds to nucleobases usually
result in crosslinks or mono-adducts63. Figure 1.5 illustrates some examples of the most
prominent DNA-interactive ligands.
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(a)
(b) Minor groove binding
(c) A cross-linking
Intercalator
compound
agent
Figure 1.5: Representative structures showing the DNA-interactive ligands. (a) Shows an
intercalator, (b) shows a minor groove binder, and (c) shows a cross-linking agent 63.
Intercalators have two or more fused rings that easily form a planar structure64, 65,
which provides the required stacking forces for locating the ligands between the stack of
the base pairs of DNA67-83. The π-π stacking interactions between the DNA bases and the
drug are thought to stabilize the complex66-83. This interaction often introduces strong
DNA structural perturbations. The intercalating compounds squeeze in between the
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adjacent DNA pairs67-83. Such compounds are usually planar and often have aromatic ring
systems in order to be suitably held between the flat pyrimidine and purine rings by
charge-transfer complex formation and van der Waals’ forces66. In some cases, after
metabolic transformation, intercalators such as benzopyrene, bind covalently.
Intercalating drugs are often used as carcinogenic agents (e.g., doxorubicin and
daunorubicin), antimalarial (e.g., mepacrine), or antibacterial (e.g., aminoacridines)66.
Various methods are usually employed to characterize the interactions of DNA
with intercalating agents. Determination of the number of bonding sites and association
constant usually provides evidence for binding to DNA 66. It has been shown that
intercalating agents cause an increase in DNA length 84 as illustrated in Figure 1.6. This
unwinding behavior of intercalators can be utilized in various ways to show that drugs
bind to DNA through intercalation. One commonly applied method is to study the effects
of the drugs on the closed circular duplex DNA supercoiling by observing the
sedimentation rate, which decreases by unwinding. An example of such a drug is the
anticancer antibiotic mithramycin, which binds to DNA in a different manner as it does
not change the supercoiling of DNA66. Detailed information on the binding nature of the
intercalating agents can also be obtained by studying model DNA-ligands complexes
either by NMR methods or X-ray structure determinations66. Moreover, there are
numerous molecular modeling methods currently applied to study intercalation behaviors.
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Figure 1.6: A diagrammatic model illustrating the intercalation of the flat part of the
molecule of adriamycin (in blue) into DNA, presenting the local unwinding of the helical
structure66.

The intercalation of the DNA has several biological consequences, e.g., DNA
transcription and replication inhibition, perhaps due to prevention of the activity of
DNA/RNA polymerase66. The intercalating agents’ cytotoxicity is believed to be a
consequence of the interaction with the DNA, but the DNA breakage (strand scissions),
produced by certain drugs in a reaction comprising the nuclear enzyme topoisomerase II,
adds to the cytotoxicity and may play a vital role in their carcinogenic and mutagenic
activity66. Minor groove binding ligands are often crescent-shaped55, 85, 86, 87, which
complement the groove’s crescent shape and enhance binding by encouraging van der
Waals’ interactions. In addition, these ligands can form hydrogen bonds to bases,
especially to O-2 of thymine and N-3 of adenine88, 89. Indeed this is why most of the
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minor groove binding ligands bind to the A/T rich sequences. Because of the steric
hindrance in the G/C groove regions and the fact that the G/C regions are wider than the
A/T regions, there is better van der Waals’ contact between the groove walls and the
ligand, which is perhaps the reason for this preference as well as the designed propensity
for the electronegative of the A/T sequences pockets.
Minor groove binding ligands usually have numerous simple aromatic rings, such
as imidazole, benzene, furan, or pyrrole, that are connected by bonds that have torsional
freedom in order to allow them twist and become isohelical with the minor groove of the
DNA62. As a result, they provide optimal shape complementary with the receptor of the
DNA, and in most cases, as mentioned before, a typical crescent shape are adopted; see
Figure 1.7.

Bereni
l

Figure 1.7: Molecular structure of another DNA minor groove binding ligand63.

Even though there are similar functional groups in the G-C base pairs, the
guanine’s amino group presents a steric block to the formation of hydrogen bond at the
O-2 carbonyl of cytosine and N-3 of guanine62. The inter-base hydrogen bond between
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the cytosine carbonyl oxygen and the guanine amino group lies in the minor groove and
such an interaction, therefore, sterically inhibits penetration by small molecules into the
minor groove at the G-C sites. As a result, most minor groove binding ligands, aromatic
rings form close contact A-H-2 protons present in the minor groove. A-T minor grooves
have greater negative electrostatic potential than G-C minor grooves90, 91. This provides
an additional vital source for the observed specificity of A-T in several positively charged
minor-groove binding ligands. One way of improving minor groove binding at the G-C
sites is by synthesizing ligands that can accept hydrogen bonds from the guanine amino
group62.
The reactive sites of DNA can also form covalent bonds with some ligands,
creating stable cross-links or adducts63. Such ligands are alkylating agents, which include
electrophilic compounds that have high affinities for nucleophilic centers in the DNA.
Among the four nucleobases, there are several potential reaction sites for alkylation sites,
with the N-3 position of adenine and N-7 position of guanine being the most reactive63.
For example, duocarmycin together with its analogs bind at the adenine N3 position, and
mitomycin C preferentially alkylates the residue of guanine in the sequence 5'-CpG-3' 63.
Crosslinking agents signify a certain significant class of DNA-interactive agents because
the cross-links formed prevent the separation of DNA strand, leading to interruption of
transcription and replication and inducing cell death. Examples of such ligands include
photoactivatedpsoralens, both nitrogen and sulfur mustards, cisplatin and its derivatives,
mitomycin C, and nitrosoureas63.
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1.7 Need for Differentiating Intercalation and Grove-binding Interactions
Among all interactions, intercalation and groove-binding interactions are
prominent. Intercalation is a pathway in which most drugs bind to DNA and cause the
damage to DNA thereby destroying particular DNA. So, most of the cancer drugs are
based on intercalation. However, minor-grove binding interactions also play a major role
in certain disease situations. From the discussion above, it is quite apparent that
intercalation and groove binding interactions are quite different in their mechanism as
well as DNA degradation. So, it would be important to have a technique that can
differentiate these interactions. Although there are several techniques that can monitor
molecule-DNA binding interactions, it is difficult to differentiate between them.

1.8 Monitoring Ligand-DNA Binding Interactions
Emission and absorption spectroscopic techniques are regularly applied to
monitor interactions of ligands with DNA because these optical properties are easily
measured and tend to be quite sensitive to the environment. Intercalation is generally
accompanied by a red shift (due to a change of solvent polarity) and hypochromism
(usually attributed to π-π stacking interactions with the nucleobases) in the ligand
absorption spectra 92. However, other non-intercalators, such as triphenylmethyl dyes,
also display red shifts accompanied by hyper- or hypochromism on binding to DNA92.
The extent of spectral change usually relates to the binding strength and, thus,
intercalator spectra are often more perturbed than those of the minor groove binders.
Comparison of a minor groove binder (4',6-diamidino-2-phenylindole) spectra with
various polynucleotides shows that when minor groove-bound, the hypochromicity (15%)
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and red shift (20 nm) are smaller than when intercalated92. However, with these
techniques it is hard to determine whether a molecule is intercalated or minor groove
bound with a high degree of uncertainty. These techniques are more qualitative than
quantitative. The effect of quenchers on the emission of DNA-bound ligands can also be
used to discriminate between surface-bound and intercalated species. Various studies
have shown that quenchers that are positively charged react with fluorophores bound to
DNA whereas quenchers that are negatively charged do not react with DNA-bound
fluorophores 92. Perhaps this is because the local concentrations of positively charged
quenchers are higher. Other studies have also indicated that only ligands in a chiral
environment yield a CD signal92.

1.9 DNA-Protein Interaction and its Implication in Diseases
An interaction of proteins with DNA is a phenomenon of extreme importance for
diseases both for therapeutic and diagnostic reasons. In effect, several aspects of cellular
function, including DNA repair, replication, chromosome maintenance, and
transcriptional regulation, depend on the interaction of DNA with protein93. Activation of
genes via DNA-binding protein presents an essential regulatory mechanism that involves
transcription complexes and chromatin modifying to initiate the synthesis of RNA. Such
DNA-binding proteins have varied roles and may as well function as structural proteins
to make transcription factors, enzymes modulating chromatin structure for control of
gene expression, nucleosome, and also as cofactors93. Transcription factor, an example of
a widely researched DNA-binding protein, is critical in response to environmental
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stresses and development of processes93. Additionally, in all organisms, the dysfunction
of this DNA-binding protein often contributes to the progression of several diseases.
In the cell, proteins cover DNA. One can think of DNA as a long string 2 nm
thick, and proteins has little particles that have diameters ranging between 1 and 10 nm
plastered all along the length of the string94. The DNA, together with all the proteins
bound to it, constitute the biologically active chromosome. Certain proteins are primarily
architectural, wrapping, and folding DNA in order to package it inside the cell. However,
other proteins have genetic functions, interaction through certain sequences, typically
between 4 and 40bp in length94. Indeed, these two functions can be placed together: for
instance, proteins known to tightly fold up DNA have a high possibility to repress gene
expressions, since the expression of genes cannot happen when there are no changes in
the folding architecture of DNA94.
Proteins that interact with DNA can be sorted into two groups: sequence-specific
proteins, which bind strongly to certain sequences and only relatively weakly to other
sequences, and sequence-nonspecific, which stick anyplace along the double helix94.
Various proteins involved in the architecture of chromosomes mainly experience a
nonspecific interaction with DNA. Such interaction is usually electrostatic and can easily
be disturbed with high salt concentrations. Examples of nonspecific DNA-binding
proteins include HMG proteins from cells of eukaryotes and the histone proteins of the
nucleosome. Under physiological conditions, proteins bind to DNA nonspecifically once
their concentration ranges between 10 and 1000 nM94.
Sequence-specific interactions happen through chemical interactions that depend
on the bases’ structure94. Such interactions are not electrostatic in character even though
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numerous sequence-specific proteins also interact with DNA nonspecifically, which is to
some extent electrostatic. Examples of sequence-specific interactions include restriction
enzymes and transcription factors. Sequence-specific proteins usually bind their targets at
concentrations that are less than 1 nM94. This affinity, which is in the range of picomolar,
is required to bind sequence-specific proteins to their targets with sensibly high
probability. Proteins that bind DNA have common folding patterns called DNA-binding
motifs, with each of the DNA-binding motifs composed of a stabilization region and a
recognition region95. As briefly highlighted earlier, recognition of DNA by proteins
occurs at two levels: specific binding–between nucleotide bases and protein side chains,
and nonspecific binding–between DNA phosphate/sugar backbone and protein side
chains94. In these instances of protein recognizing and binding DNA, the α-helices of the
protein constitute most of the base-specific interactions95. Within the DNA, base-specific
interactions usually take place in the major groove96.
The helix-turn-helix (HTH) motif is usually found in proteins that regulate gene
expression (at the transcription of DNA to RNA level), especially in prokaryotes97, 98.
Common examples include the E. coli lac repressor, the 434 Cro repressor, and the E.
coli trp repressor. The lac repressor is a dimer of two identical subunits that bind DNA in
order to regulate the genes that control lactose metabolism99. Each of its subunits has two
domains, the C-terminal (CO2) domain and the N-terminal (NH2) domain. N-terminal
domain has the DNA-binding sites. The helix-turn-helix motif is a characteristic fold in
the protein through which each of the lac repressor’s subunit binds the DNA100. The
recognition helix, one of each motif’s two helices, enters the DNA major groove. To add
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on, amino acid side chains of the recognition helix form hydrogen bonds to the nucleotide
bases and the phosphodiester backbone of the DNA.
Another motif involved in the DNA-protein interaction is the leucine zipper motif,
which has two α-helices that intermingle with each other at one end to stimulate
dimerization101. The other end of each helix links the major groove of the DNA. Leucines
characterize the dimerization region at every seventh position in the helix to yield a tight
dimer structure101. The interactions between the DNA phosphodiester backbone and the
lysines and arginines are nonspecific interactions102. Since the interactions are with the
backbone of DNA only, they usually take place along any DNA strand regardless of its
sequence. Some protein-DNA backbone interactions also take place through side chains
other than lysine and arginine. However, specific interactions between the DNA and
protein occur with the nucleotide bases of DNA rather than the sugar-phosphate
backbone of DNA. Such interactions enable sequence-specific recognition of a gene
responsible for correct gene regulation.
In eukaryotes, the zinc finger motifs are common transcriptional regulators103.
Some occur in a row in the protein while others occur in tandem. The zinc finger motif
has an α-helix followed by two short β-strands and a turn104. The β-strands form a small
loop that resembles a finger, and the fold sandwiches a zinc ion. The first β-strand and the
α-helix contain conserved histidine, as well as cysteine residues, known to coordinate the
zinc ion, which is essential for stabilizing the protein fold104. Overall, DNA-protein
interactions play a major role in diseases. However, the binding with the DNA is often
used to find cure for these diseases. So, molecule-DNA interactions are also essential for
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variety of diseases and monitoring them is essential for both diagnosis as well as for
develop in better therapeutics.

1.10 Existing Methodologies for Monitoring DNA-Ligand Interactions
The variety and number of techniques employed to monitor DNA-ligand
interactions are continuously growing. From the classical competition dialysis assay, or
UV-vis spectrophotometry, to capillary electrophoresis-mass spectrometry, or the
powerful tandem HPLC-MS, or the renewed gel mobility electrophoresis assay, the
number of new methodologies and specific assays are overwhelming105. Described below
are some of the most employed techniques to monitor DNA-ligand interactions, with the
exception of separation methods, which include chromatography and capillary
electrophoresis.

1.10.1 Vibrational Spectroscopy: Raman and IR Spectroscopies
Infrared spectroscopy (IR) is widely employed for the structural analysis of DNA
simply because the technique can distinguish triple stranded helices, Z-, B-, and A-forms
of DNA, and other structural motifs105. In addition, it is useful in studying the interactions
of drugs with nucleic acids and the effect of such interactions in the DNA structure,
providing important insights concerning the drug action mechanism. Some of the
advantages of this technique are that small quantities of samples are required; analysis of
samples is possible in different aggregation states; and collection of spectra does not
consume much time. In aqueous solutions, the region of interest in IR studies focusing on
DNA is between 1800 and 800 cm-1. D2O is used to allow shifts in the absorption of
nucleic acid in order to monitor H-D exchange processes105. Four regions, each having
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marker bands showing either nucleic acid interactions or conformations, are presented in
Figure 1.8.

Figure 1.8: The characteristics IR bands of DNA and aqueous solvents. (a) Shows the
region between 1800 and 1500 cm-1 sensitive to base stacking and base pairing effects.
(b) Illustrates the region between 1500 and 1250 cm-1 sensitive to sugar pucker, backbone
conformation and glycosidic bond rotation. (c) Shows the region between 1250 and 1000
cm-1 sensitive to backbone conformation. (d) Shows the region between 1000 and 800
cm-1 sensitive to sugar conformation105.

Similarly, Raman spectroscopy, which also depends on characteristic group
vibrational frequencies, can be used together with infrared spectra to study vibrations in
DNA. It is useful because Raman and IR spectroscopy provide complementary
information. This method is advantageous because water makes an ideal solvent105.

1.10.2 NMR Spectroscopy
Nuclear Magnetic Resonance (NMR) utilizes the principle based on the fact that
atomic nuclei gifted with a property known as nuclear spin aligns with an applied
magnetic field. The degree of such alignment depends on the type of nucleus and its
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chemical environment as well as on the magnetic field strength105. During the study of
DNA, among the atomic nuclei investigated include
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P, 15N, 13C and 1H, with 1H being

the most common and 31P NMR being the most useful for studying ligand binding effects
on the DNA phosphate groups

105

. Table 1.1 indicates the chemical shifts for 1H NMR

spectra of nucleic acids105.
Table 1.1: Typical Ranges of Chemical Shifts for 1H NMR Spectra of Nucleic Acids. (A)
Shows Chemical Shifts with Respect to Internal TSP (3-(Trimethylsilyl)Propionic Acid),
and (B) Shows the Chemical Shifts for Watson-Crick Base Pairs (CG) 105.
Proton type
T 5 (CH3)
Sugar 2’ (CH2)
Sugar 5’ terminal (CH2)
Sugar 5’ (CH2); 4’(CH)
Sugar 3’ (CH)
Sugar 1’ (CH)
C 5 (CH)

Expected chemical
shift a
1.00 – 2.00 ppm
2.00 – 3.00 ppm
3.70 ppm
4.00 – 4.50 ppm
4.50 – 5.20 ppm
5.30 – 6.20 ppm
5.30 – 6.20 ppm

Proton type
A 2 (CH); A 8
(CH); G 8 (CH)
T 6 (CH)
C 6 (CH)
C 4 (NH2) (H-1)b
C 4 (NH2) (H-2)b
G 1 (NH)
T 3 (NH)

Expected chemical
shift a
6.50 – 8.20 ppm
6.40 – 6.80 ppm
8.30 – 8.50 ppm
12.50 – 13.00 ppm
13.50 – 14.00 ppm

Binding between ligands and the molecules of DNA causes a significant change
in the chemical shift of the values presented in Table 1. For example, applying thermal
denaturing in order to un-stack the base-pair double-helical DNA to form two ss-DNAs is
often accompanied by the 1H resonances’ downfield shift for non-exchangeable protons.
The broadening of 1H NMR resonances of DNA upon addition of an appropriate minorgroove binding compound is one type of evidence of complex formation in DNA
interactions105. 31P-NMR spectroscopy has also been used to provide important
information concerning the binding of intercalators to DNA. The 31P chemical shifts are
sensitive DNA conformational changes, and hence intercalating drugs cause downfield
shift, while divalent cations cause upfield shifts in the 31P signal105.
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1.10.3 UV-VIS Absorption Spectroscopy
UV-Vis absorption spectroscopy can be utilized to detect the DNA-ligand
interaction by measuring the changes in the absorption properties of the DNA molecules
or the ligand105. The UV-Vis absorption spectrum of DNA displays a broad band in the
range of 200 to 350 nm in the UV region, with a maximum situated at 260 nm. The
maximum is due to the chromophoric groups in pyrimidine and purine moieties
responsible for the electronic transitions. The utilization of this simple and versatile
technique enables an accurate estimation of the DNA molar concentration on the basis of
absorbance measurement at 260 nm105. To measure the interaction between ligands and
DNA, a hypochromic shift is utilized due to the fact that the monitoring of the values of
absorbance enables studying of the melting action of DNA. Apart from versatility, other
major advantages of UV-Vis absorption spectroscopy include simplicity, reproducibility,
and good sensitivity105.

1.10.4 Circular and Linear Dichroism
The use of circular and linear dichroism is essential when probing non-covalent
DNA-ligand interactions, which alter electronic spectroscopic behavior of the molecules
and also affect their electronic structure106, 105. Polarized light spectroscopy enables quick
characterization of the DNA-ligand complexes using a small quantity of sample. On the
other hand, linear dichroism (LD) is employed to provide structural information in terms
of the comparative orientation between the DNA molecular long axis and the bound drug
molecule, and also about the ligand binding effects on the host. Likewise, circular
dichroism (CD) gives additional structural facts concerning the complex105.
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When a ligand binds to DNA, its spectrum is modified in case the binding results
to changes in the conformation of the DNA. The binding causes an induced CD (ICD)
spectrum to be observed, which may result from either coupling between the electronic
transitions of the DNA and those of the ligand or from a geometric change in the ligand.
What is observed eventually includes a combination of the ligand CD, ligand ICD, DNA
CD, and DNA ICD105. If there is an observation of ICD signal in the non-chiral ligand’s
absorption band, then there exists an interaction with DNA105.On the other hand by
contrast, LD spectroscopy comprises measuring of the absorption differences of two
linear polarizations of light, which are normally perpendicular and parallel to a sample
orientation direction105. The presence of detectable LD indicates that a certain ligand is
bound to the oriented DNA105.

1.10.5 Technique for Addressing Ligand-Quad DNA Interactions
As mentioned earlier, the quad DNA, also called the quadruple DNA or the Gquadruplex, is a four-stranded DNA structure having a square shape, and forms in regions
of DNA that contain the building block, guanine. Several spectroscopic techniques,
which include molecular fluorescence, circular dichroism and molecular absorption, are
used to study interactions between ligands and quad-DNA107. The simplest and most
commonly utilized technique for studying the interactions of G-quadruplex with ligands
is the UV-visible absorption spectroscopy. An easy way to investigate any interaction
between the ligand and the G-quadruplex structure is to analyze the position shifting of
the ligands’ maximum absorption band from when it is free in solution to when it is
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complexed with DNA107. The magnitude of the shift indicates the strength of the
interaction between the ligand and the DNA structure.
Circular dichroism (CD) spectroscopy has also been identified as a vital technique
in the study of G-quadruplex-ligand interactions107. Binding of some non-chiral ligands to
chiral DNA (G-quadruplex) induces a CD signal in the wavelength region corresponding
to the bound compound’s absorbance. The occurrence of a large positive induced CD
signal indicates groove binding, whereas intercalating compounds usually yield very
small positive signals or negative induced CD signals107. Apart from CD spectroscopy
and molecular absorption, molecular fluorescence is probably one of the instrumental
techniques most commonly applied to study interactions between G-quadruplex
structures and ligands107. The most intense fluorescence is observed in compounds that
have aromatic functional groups containing low-energy π -> π* transition levels. Highly
conjugated double-bond structures or compounds with acylic and aliphatic structures may
also exhibit fluorescence107.
Studying G-quadruplex-ligand interactions through molecular fluorescence
spectroscopy involves including a chemically modified fluorescent base in the sequence
of the DNA of interest in order to show fluorescent properties107. Another way to
investigate the interactions between ligands and G-quadruplexes by means of molecular
fluorescence spectroscopy is to find the equilibrium constants, and stoichiometry of the
complexes formed107. Such investigation includes the addition of aliquots of the stock
solution containing G-quadruplex to solutions containing a ligand. After a specific
equilibrium time, the fluorescence spectrum is noted, and the data processed.
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1.11 Existing Methodologies for Monitoring DNA-protein Interactions
It is important to improve existing methodologies or develop new technologies for
the analysis of interactions between protein and DNA. Currently available techniques
vary with respect to the result sought from the assay: a quantitative characterization of
affinities; the identification of various response element sequences at high throughput; or
a mere qualitative demonstration of binding108. Some of the existing methodologies for
monitoring DNA-protein interactions are discussed below.

1.11.1 Nitrocellulose Filter Binding Assay
This technique applies the principle that proteins bind to nitrocellulose without
losing their capacity to bind with DNA108. For analysis, proteins and DNA are mixed and
incubated under suitable conditions. After which electrophoresis is utilized to separate the
mixture and then subsequently blotted onto nitrocellulose. This analysis enables
quantification of the exact amount of DNA retained on the nitrocellulose by measuring a
label that can be introduced to the DNA preceding to incubation with the protein. Some
of the disadvantages of this technique include: limited information obtained as only the
mere retention of labelled nucleic acid can be detected and the identity of the involved
protein; the actual binding site of the DNA cannot be localized unless defined fragments
of DNA are used; and also this assay involves technical complication because singlestranded nucleic acids, under certain conditions, are retained at nitrocellulose filters,
thereby resulting in a background that can obscure the measurement108.
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1.11.2 Footprinting Assays
This technique utilizes the idea that a protein bound to a specific nucleic acid
interferes with an enzymatic or chemical modification of that DNA fragment108, 90.
Indeed, this is the reason for using the modification to localize the contact area between
DNA and protein. A certain DNA fragment is labelled at one end then mixed with the
protein of interest. After binding, the enzyme deoxyribonuclease I is used to treat the
DNA108. The enzyme digests the DNA that does not contact the protein and hence is not
protected from digestion. This method is disadvantageous in that unspecific or
incomplete binding results in an unclear footprint.

1.11.3 Methylation Interference Assay
This assay utilizes dimethyl sulphate (DMS) to methylate the residues of G,
which is then cleaved by piperidine108. The technique also exploits the fact that purine
residues methylation in the DNA sequence hinders the formation of a DNA-protein
complex. Practically, DMS partially methylates an end-labelled DNA probe, which is
then incubated with a nuclear protein extract. Next, electrophoretic mobility shift assay is
used to separate the DNA-protein complexes formed during incubation108. Both the free
DNA and the protein-bound DNA are then eluted from the gel, cleaved using piperidine
and again resolved through denaturation of the polyacrylamide gel electrophoresis108. The
presence of certain fragments of DNA in the free DNA fraction, as well as their
concomitant absence from the protein-DNA fraction, shows that such nucleotides are
protein contact points.
The techniques available to monitor DNA-protein interactions are quite successful
in many cases, but the exact nature of the binding is not known, which is important for
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understanding why specific proteins bind to DNA while others do not. Similarly, the
experimental techniques that are currently available to monitor molecule-DNA
interactions also cannot differentiate intercalation versus groove binding. Also, most of
the techniques cannot be used for imaging these interactions. Techniques that can not
only differentiate the interactions but also image them, can go a long way in developing
treatments for DNA related diseases. In addition, such techniques offer novel approaches
to sense DNA with potential applications in diagnostics and forensics. A brief
introduction of sensing DNA is provided to have a better understanding of this field.

1.12 Sensing DNA with Dye Molecules
DNA sensing has profound applications in forensics and medical diagnostics.
Most of the DNA sensing technologies include optical properties such as fluorescence
and absorption. Various dyes are commonly utilized for detection of DNA. There are two
common application sites of such dyes on DNA molecules. One type of DNA-staining
dyes are those that bind directly to the minor groove present in the double helix109. In this
scenario, the binding of the dye molecules happens electrostatically, and pronounced
enhancement of their fluorescence upon the binding is due to both the suppression of
their internal segment mobility and displacement of water from their contact areas with
DNA. Minor groove-binding dyes (e.g., Hoechst dyes) have three positive charges per
molecule and are cell membrane permeable. Their positive trait is the strong Stokes shifts
that enable fluorescence excitation at approximately 350 nm and observed at 500 nm109.
The other type is the site of the intercalation between the bases of the nucleic acid.
As mentioned before, intercalation involves inserting and stacking of small planar-sized
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molecules between the DNA’s double helical base pairs due to the van der Waals and
hydrophobic interactions109. Intercalation is a noncovalent binding where by the molecule
is perpendicularly held to the helix axis. The planar dye molecule that have the same size
as the DNA’s base pair accommodates between the neighboring DNA’s base pairs. The
most common dyes that intercalate include thiasole, ethidium, and acridine dyes and their
dimers. Screening from the quenching effect of water is the major effect of the
fluorescence enhancement of these dyes. However, in the cases of the dye dimers,
intercalation is through the accommodation of the two heterocyclic parts between the
DNA’s base pairs and the linker attaches to the minor groove. These dyes’ affinity
towards the DNA, as well as the brightness of the fluorescence response, are enough for
single molecule detection109.
Cyanine dyes have frequently been used for DNA detection109. They show
remarkable diversity of binding patterns, with the short-chain monomethine dyes acting
as intercalators, whereas the increase in the polymethine chain show the potency for
groove binding. The advantage of using cyanine dyes for DNA detection relies on the
presence of low-polar groups, as well as the positive charge that renders specific affinity
towards nucleic acid. The high fluorescence brightness also provides ultrasensitive
detection, which can further be increased through the creation of cyanine dye aggregates
on this interaction109. Currently, the DNA sensing systems use one-photon fluorescence,
and they have the limitations of scattering and perform poorly in complex environments.
A technique that can overcome these problems is two-photon fluorescence, which is one
of the motivations for the work carried out in this dissertation.
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1.13 Research Approach-Using 2PA Cross-sections to Differentiate Molecule-DNA
Binding Interactions and Sense DNA

Among the various optical properties, two-photon absorption (2PA) cross-section
has attracted much attention in recent years as their ability to monitor complex
environments. This is primarily because 2PA cross-section depends quadratically on the
exciting light’s intensity, and that fundamental excitations can be arrived at by applying
half the wavelength, leading to increase in the penetrability of tissues and materials110, 111.
Two-photon absorption is a nonlinear optical process whereby two photons of different or
equal frequencies are simultaneously absorbed by a material112.

1.13.1 Principle
Two-photon absorption applies the same principle as that used by the one-photon
process with the only difference being that instead of one-photon absorption,
simultaneous absorption of two photons of different or equal frequencies occurs in order
to arrive at the excited state112, 113. The energy difference between the involved upper and
lower states of the molecule equals the sum of the energies of the two photons. Being a
third-order process, two-photon absorption depends on the square of light intensity, and it
is often much weaker as compared to the linear one-photon absorption 112.
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Figure 1.9: Schematic representation of 2PA process 112.

In molecules, 2PA comprises a transition from the ground to the excited state via
simultaneous absorption of two photons114. Two-photon absorption has two key features:
first, there is no intermediate state that the molecule reaches before arriving at the final
excited state; and second, as highlighted above, the two-photon absorption’s probability
is proportional to the square I, where I symbolizes light intensity. The efficiency of the
two-photon absorption is usually characterized by the two-photon absorption crosssection, denoted by δ, which represents the absorption coefficient115, 116.

1.13.2 Applications of 2PA
Two-photon absorption has many advantages over conventional one-photon
absorption, which has steered various applications for the localized release of bio-active
species in photodynamic therapy117, up-converted lasing, optical power limiting, threedimensional data storage, microfabrication, and microscopy. These applications have
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further resulted in a demand for new dyes that have high two-photon absorption crosssections. Most of the 3D data storage devices produced can store, and be utilized for
transferring large amounts of digital data118-122. The key properties that make two-photon
absorption successfully in optical data storage include smaller focusing volumes, greater
penetration depth, and reduced scattering115.
As mentioned before, materials that have high two-photon absorption crosssections find applications in optical power limiting123, a phenomenon whereby a large
change in input energy yields only a slight change in the output114, 117. Molecules with
large nonlinear behavior have been found to have such applications, especially in optical
sensors and for protecting human eyes. In the field of microscopy, two-photon absorption
possesses the ability to conduct comprehensive imaging of tissues and cells for an
extended time period and at a greater depth. Two-photon microscopy is capable of
reducing the scattering effect and can also utilize fluorescence to produce contrast in the
sample114. This technique can be used to tell the distribution of tissues, cells, or
molecules labeled with a fluorophore to help in their imaging.
In photodynamic cancer therapy, strong two-photon absorbing chromophore can
be used as a photosensitizer124. In a typical setup, laser pulses of 800 nm each are used to
simultaneously excite an efficient two-photon absorbing chromophore118. After
excitation, the chromophore transmits its energy to the photosensitizer, which then
produces highly active singlet oxygen that extends the application to two-photon
photodynamic therapy. Two-photon absorption can also be used in the microfabrication
of microscale 3D objects from virtually tight spaces125. This application is possible due to
the highly focused nature of the laser excitation output utilized during the simultaneous
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absorption of two photons and resultant chemical polymerization at the focal point. As a
result, during 3D microfabrication, specifically selected chromophores photo-initiate
efficiently to start the photo-polymerization reaction. Also, 2P fluorescence microscopy
started as a novelty, but has become an indispensable tool to image biological systems.
One other recent application of 2PA is its use in monitoring the electric fields in proteins
or nanoparticles.

1.13.3 The Approach of Following the Electric Fields in DNA
In this dissertation, 2PA spectroscopy has been used to monitor and differentiate
DNA-molecule interactions, as well as a novel technique to sense DNA. The hypothesis
is that the DNA backbone can be considered an electric wire, and 2PA spectroscopy can
be used to monitor the electric fields while aligning parallel or perpendicular to it. In a
slightly basic solution, DNA molecules carry a negative charge and migrate toward the
positively charged pole when placed in an electric field126, 127, 128. Additionally, the
electric field also induces a dipole, which has little significance in the quasi-static,
homogeneous electric fields, in the molecules–a concept normally applied for DNA
electrophoresis126, 129. However, in inhomogeneous fields, the induced dipole becomes
important because it renders the molecules sensitive to field gradients. The polarized
DNA molecules, in a diverging electric field, experience a gradient force that causes
them to migrate toward regions with high field strength130. The gradient force functions
in both oscillating and static electric fields. Changing the orientation of the electric field
results in the reorientation of the induced dipole, and the molecules continue to sense a
gradient force in the same direction, toward regions of higher field strength126.
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A cloud of counter ions that neutralizes the charge of a DNA molecule surrounds
the individual molecule. Thus, a strong dipole can be induced in DNA. Applying an
electric field to the solution distorts the counter ions cloud and the DNA chain, creating a
charge separation. Dielectric measurements demonstrate such an induced polarity, which
shows that solutions of DNA have a very high dielectric constant in fields that slowly
vary126. Induce dipole effects can also be applied as a source of artifacts in capillary
electrophoresis. The dipole-dipole attraction, due to the application of strong electric
fields, causes the DNA molecules to form aggregates capable of migrating with
anomalous velocity126. The DNA undergoes two effects when placed in a solution and
then exposed to an inhomogeneous field. One is a dielectrophoresis force that drives
DNA in the direction of the strongest electric field; the other is a torque that aligns the
DNA molecules with the field131. Both effects depend on the DNA polarizability α, which
is strongly affected by the clouds of counter ions around the DNA in solution.

Figure 1.10: (1) represents an alignment torque of the dipole with the electric field, and
(2) shows dielectrophoresis force in the direction of strongest electric field 131.
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Electrophoresis utilizes the charge effect of DNA molecules to sort them as a
function of their length by applying a direct current electrical field131. The DNA charge,
as well as the electric force, depends strongly on its length. In addition, the drag force
also depends on the length. Therefore, the molecules’ speed can be predicted to be
length-dependent as well. A gel is used to sort out molecules as a function of their size,
because longer molecules are slower in a gel than short ones131. A new type of DNA
electrophoresis is the pulsed-field gel electrophoresis (PFGE) discovered by Schwartz
and colleagues132, 133. The basis of the conventional gel electrophoresis involves placing
samples of DNA in a solid matrix (usually polyacrylamide or agarose) and forcing the
molecules to move through the gel under a static electric field134. Thus, the separation of
the DNA molecules of different sizes largely depends on the sieving features of the gel
matrix. In such electrophoresis, specifically in the conventional agarose, no molecules
larger than 20 kb will be separated from each other as they show basically the same
mobility in a static electric field134.
Nevertheless, PFGE avoids molecular sieving by utilizing a completely different
mechanism of separation that maintains size-dependent electrophoretic mobilities of large
molecules of DNA135, 134. When there is no external force, the molecules of DNA are in a
relaxed state. Under an electric field’s influence, the samples of DNA elongate, align
with the electric field, and move toward the anode by a process called “reptation”134.
When the electric field is removed, the elongated molecules of DNA relax back to their
original form. Upon application of a second electric field in a different angle to the first
field, the molecules change conformation and reorient before they move in the direction
of the second field. The time needed for this reorientation is very sensitive to the length
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of the DNA molecule. For instance, larger molecules of DNA take more time to realign
after the field is switched than smaller ones, and smaller DNA molecules that rapidly
reorient move most of the time along the electric field134. As a result, DNA molecules of
increasing size spend a large part of each switching cycle reorienting before they move
through the gel. Provided the alternating fields are equal with regards to voltage and
length, the DNA will move in a straight path down the gel, which reveals the sum of the
numerous zigzag steps taken.
PFGE enables separation of large molecules of DNA (up to 12 Mb) 136 simply
because of the molecular reorientation generated by periodic changes in electric field134.
The electric fields’ change frequency is called time pulse, switch of time, or switch
interval. The duration of alternative electric fields creates the DNA dimensions range that
can be resolved in PFGE. In addition, the opposing electric fields establish two distinct
paths for the molecules as they migrate through the gel. The rotor angle or reorientation
angle is the difference between these two directions. Normally, a fixed angle of 1200 is
enough; however, adjusting this angle improves separation of large and small molecules
in a mixture134.
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Figure 1.11: Schematic diagrams indicating the different behavior of large and small
molecules of DNA microfabricated arrays that have asymmetric alternating-angle electric
fields. A, B and C show the sequential motion of a short and a long molecule of DNA
through a full cycle of the alternating field. Specifically, in A, the high field moves both
large and small molecules in a channel (the arrow indicates the direction of motion). In B,
a low field rotated 1200 results in the reversal of the trailing and leading ends, and the
short time (or low field) inhibits the long DNA molecule from sliding off the reversing
and posts direction. The original field is reapplied in C, which causes the ends to reverse
again, and the small molecule takes a new track while the large molecule resumes its
original track. D indicates the net motion after multiple cycles of small and large
molecules mixture injected into the array at the same position. The large molecules
follow the stronger field while the small molecules follow the average field. Here, the
vectors show the direction of DNA motion, rather than the electric field direction as
initially defined134.

1.14 The Principle of 2PA Spectroscopy to Monitor Electric Fields
In the discussion presented above, it was described in detail how the DNA
possesses an aligned electric field as the backbone possesses positive and negative
charges. In recent work, Rebane and co-workers137 have shown that the 2PA
spectroscopy can be quite sensitive to local electric fields in proteins with their work on
fluorescent proteins. Dr. Guda’s group has also shown with their work on 2PA crosssections in micelles that 2PA spectroscopy is quite sensitive to the electrostatic fields
present in micelles138. As previous studies have shown that 2PA spectroscopy can be
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sensitive to the electric fields and DNA possesses an aligned electric field, our research
approach was to use both of them to develop 2PA spectroscopy based technique to
differentiate molecule-DNA binding interaction. The theory behind this process is
discussed here. A first-order equation is used to describe the concentration of molecules
and a second-order is used to express the rate equation for the 2PA in the photon flux as
shown in the equation below:

Ngs is the number of molecules present in the ground state, NTP represents the
number of molecules per unit volume present in the excited state due to 2PA, t is time,
and F is the photon flux. Significantly, during 2PA process, excitation resulting from two
photons of near-infrared wavelength lowers the scattering effect. It has also been found
that doubling the excitation wavelength (λ) reduces the scattering effect (σs) 16 times in
accordance with the Rayleigh’s law of scattering, as shown in the equation below137:

Since 2PA can also increase the penetration depth, it can be utilized to reduce the
focusing volume in materials. Theoretically, 2PA involves two different states as well
transition moments and hence depends on the excitation light’s polarization139. The 2PA
cross-section indicates the probability of the simultaneous absorption of two photons
whose sum of energies match the molecular transition energy140. The local electric fields
have noticeable influence on the two-photon absorption cross sections especially on the
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fluorescent proteins. The following expression can be used to understand the effect of
local electric field on the two-photon absorption cross section 116:

Where δ = two-state two-photon absorption cross section,
Mge = the transition dipole moment vector existing between the ground (g) and
excited (e) states,
θ = the angle between vector Mge and Δµge,
Δµge = the difference between the permanent dipole moments existing in the
ground and excited states,
g(2v) = normalized line shape function,
c = speed of light,
n = refractive index,
h = Planck’s constant, and

fL = local field factor.
It has also been shown that the local electric fields result to change in dipole
moment by increasing the induced dipole moment as represented in the equation below
116

:

where Δα = αe – αg = the change in polarizability between the excited state and ground
state,

is the angle between the transition dipole moment of the molecule and electric

field vector. If
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Δµ0ge = the change in the permanent dipole moment in the zero-field situation,
and
E = local electric field vector
From the expressions expressed above, the two-photon cross section is directly
proportional to the square in of the change in permanent dipole moment and change in
dipole moment. As a result, δ is sensitive to the electric field, and, thus, changing the
chromophore’s electrostatic environment and the orientation changes the δ 140. This
mechanistic illustration of how the electronic structure of chromophore is tuned by its
environments enhances unique predictions for constructing better fluorescent proteins
that can be utilized in two-photon applications: for instance, obtaining a strong gain in
peak 2PA cross-section is possible due to changes in the electric field vector with respond
to the orientation of molecular polarizability vector. It has been shown in fluorescent
proteins that changing the hydrogen bonding network, or certain charged amino acids, on
the axis of the chromophore dipole alters the electric field140. In the case of molecules
binding to DNA, similar alignment of molecular polarizability vector with electric field is
possible and enhancement or changes in 2PA cross-sections are possible.

1.15 Two-Photon FRET to Study Ligand-DNA Interactions and DNA Sensing
Fluorescence (or Förster) resonance energy transfer (FRET) spectroscopy is one
of the common techniques for monitoring ligand-DNA interactions, as well as DNAprotein interactions. In this technique, the DNA sequence to be analyzed is labeled at the
3’ and 5’ ends with an acceptor and a donor fluorophore141. The acceptor may be 6carboxy tetramethylrhodamine (TAMRA) and the donor 6-carboxyfluorescein (FAM) 141.
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An excited donor transfers its energy to the acceptor through an induced dipole
interaction, whereby the energy transfer efficiency, E, varies inversely to the distance
between the acceptor and the donor. Changes in the distance between the molecule’s two
labeled sites result in a measurable change in the energy transfer efficiency 141.

Figure 1.12: FRET between donor (D) and acceptor (A)141.

Some of the applications of FRET melting studies involve the study of the
interaction of human telomeric DNA with substituted phenanthroline-based compounds,
substituted acridines, bis-guanylhydrazonediimidazo pyrimidine, triangular aromatic
platforms, polyamines, and 2-phenylbenzopyranopyrimidine derivatives141. Singlemolecule FRET, derived from the classic FRET technique, can be utilized to directly
study the conformation of G-quadruple x-forming sequences. This represents a powerful
approach for directly studying biomolecular properties without the population and
temporal averaging that are commonly present in conventional ensemble studies141. Just
like in classic FRET, the biomolecular is labeled with an acceptor and a donor
fluorophore. Changes in the distance between the molecule’s two labeled sites can then
result in a measurable change in the energy transfer efficiency. Single-molecule FRET
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has enabled resolution of the intrinsic structural dynamics between the numerous
conformations accepted by human telomeric DNA141. Similarly to one-photon FRET, it is
possible to use 2PA FRET spectroscopy to monitor molecule-DNA interactions as well as
sense DNA. The 2PA-FRET can have advantages of monitoring the interactions in live
cell as the scattering will be low and can penetrated deeper into the tissue. In addition, the
2PA-FRET can be used to sense DNA in complex environments because of its inherent
low scattering.
The main goal of the research described in the dissertation is to find novel
spectroscopic tools to monitor molecule-DNA binding interactions and sense DNA in
complex environments. The research approach was to use 2PA spectroscopy to follow
ligand-DNA and sense DNA as this technique is quite sensitive to the local electric field
created by the DNA backbone and its effect is magnified when the molecule’s orientation
is parallel to the electric field. Overall, the research objectives of the dissertation are: (i)
To prove the principle with known intercalators and minor groove binders that 2PA
spectroscopy can differentiate molecule-DNA interactions; (ii) To further establish this
technique with other dye molecules that can bind to DNA and also find dye molecule
systems that can sense DNA with high sensitivity; (iii) To prove that 2PA spectroscopy
can differentiate the molecule-DNA binding interactions of ssDNA, duplex and
quadruplex DNA and thereby identify specific molecular systems that can sense quad
DNA better; and (iv) To develop 2PA-FRET spectroscopy as a tool to monitor moleculeDNA interactions and sense DNA in complex environments.
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1.16 Outline of the Dissertation
This dissertation is focused on the study of molecule-DNA interactions, which is
one of the major points of concern in the biophysics research area. The thesis as a whole
is comprised of seven chapters. The first chapter is simply an introduction to the
dissertation. Areas like the DNA-ligand interaction and DNA-protein interaction are
covered here. In addition, the implications of DNA-protein and DNA-molecule
interaction on diseases are also covered. Various methodologies that are currently used
for monitoring DNA-ligand interactions like vibrational spectroscopy, NMR
spectroscopy, UV-Vis absorption spectroscopy and circular and linear dichrosim are also
covered. A brief introduction about the methodology behind the development of novel
techniques used in the dissertation is provided here. They are: the use of two-photon
absorption cross-sections to monitor DNA electric fields and 2PA-FRET spectroscopy to
follow ligand-DNA interactions and DNA sensing.
The second chapter of the dissertation discusses the experimental techniques that
are used for the investigations. A brief introduction of laser light sources and its
properties is discussed. The basic laser components and the characteristics of laser light
radiation is provided. Other experimental techniques that are discussed include onephoton fluorescence, techniques for 2PA cross-sections, time-resolved spectroscopic
techniques, circular dichroism, ultra-fast fluorescence upconversion, and time-resolved
anisotropy, among others. Temperature-dependent optical measurements are central to
the measurements and a brief overview of that technique is also provided.
The third chapter of the thesis is concerned with the differentiation of
intercalation and minor-groove binding DNA interactions by taking Hoechst 33258 and
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Acridine Orange as examples. Hoescht 33258 was chosen, as it is a well-known minorgroove binder while Acridinie Orange was known for its intercalation capability. The
interaction of these dyes with salmon sperm DNA was studied with one and two-photon
fluorescence technique. Also, the binding of the dyes was monitored with absorption,
fluorescence, circular dichroism, and fluorescence anisotropy measurements. In this
chapter, a new technique using 2PA cross-sections to differentiate intercalation and minor
groove binding interactions is introduced.
Chapter Four of the dissertation further establishes this technique of 2PA crosssections to monitor and differentiate intercalation and minor groove binding interactions
of molecules with DNA. To establish this technique, measurements were carried out with
well-investigated series of cyanine dyes that are know to bind to DNA, as well as
Thioflavin T, which is also known to bind to DNA. Linear and nonlinear optical
measurements were performed on these dyes and salmon sperm DNA to establish the
new technique. Time-resolved measurements and circular dichroism techniques were
used to probe the molecule-DNA binding. The results led to provided specific dye
systems that can be used to sense DNA in complex environments.
In Chapter Five, a study using 2PA cross-section spectroscopy to monitor
chromophore single stranded, double stranded, and quadruplex DNA interactions is
presented. In this study, interaction of several dyes— namely, Hoechst 33258, Acridine
Orange, Thioflavin T and cyanine dyes—were used to bind to different forms of DNA.
The studies demonstrate a new way to monitor molecule-Quad DNA interactions, and
how they would be different in single stranded or double stranded DNA is presented.

48

In the sixth chapter, another novel nonlinear optical spectroscopy based technique
is introduced to monitor DNA melting transitions. This technique is based on 2P- induced
FRET that can follow the DNA melting temperatures accurately. For this study, thiolated
DNA was bound with two maleimide dye molecules. The interaction of dye labeled DNA
and intercalated and groove-bound DNA was studied. Interesting results for monitoring
DNA melting transitions were obtained from the studies, which were able to show a
novel technique to monitor or image the DNA melting transitions.
Chapter 7 presents the overall summary of the research results, along with an
outlook of the future work.

1.17 Chapter 1 Summary


DNA is the hereditary material present in organisms called eukaryotes whose
information is stored in form of a code that constitutes four chemical bases;
Cytosine (C), Adenine (A), Thymine (T), and Guanine (G).



Different types of DNA include Single-Stranded DNA (ssDNA), Duplex DNA
(A, B and Z form) and Quad DNA.



DNA interacts with ligands through intercalation, minor grove binding and crosslinking.



DNA-ligand interactions can be monitored by Vibrational Spectroscopy: Raman
and IR Spectroscopies, NMR Spectroscopy, UV-VIS Absorption Spectroscopy,
and Circular and Linear Dichroism.



DNA sensing is an important area in the field of forensics and medical
diagnostics.
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In search of novel spectroscopic techniques to monitor DNA-molecule
interactions and DNA sensing, 2PA spectroscopy was introduced.



The research approach is based on the fact that DNA possess aligned electric field
along the backbone and the 2PA cross-sections of chromophores whose dipolar
orientation is parallel or perpendicular with this electric field can be used to
differentiate their interactions.



Similar local electric field effect on the 2PA cross-sections of chromophores can
be used to sense DNA in complex environments and monitor DNA melting
transitions.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

This chapter details some of the experimental techniques that have been employed
to carry out the measurements discussed in the dissertation. In the studies, steady-state
and time-resolved measurements are carried out in addition to two-photon absorption
measurements. Most of the experimental techniques used in the dissertation are related to
absorption and emission of radiation and often use high-intensity laser pulses to perform
the measurements. The main objective of the dissertation is to develop novel optical
spectroscopic tools such as two-photon absorption (2PA, a nonlinear technique) to
monitor molecule-DNA interactions and sense DNA. For studying 2PA, a high intensity
laser source is necessary. Before describing other experimental techniques, a brief
introduction to the fundamentals of lasers is provided here.

2.1 Lasers
The word laser is simply an acronym which stands for “Light Amplification by
the Stimulated Emission of Radiation.” Lasers are intense sources of radiation that
possess unique characteristics1. Lasers are constructed portions of spectral waves that
result in a highly intense light source. The unique properties of laser radiation make them
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suitable for studying several optical phenomena. For the sake of completeness, a brief
discussion about the construction of laser and its properties is provided here.

2.1.1 Basic Components of a Laser
The light produced by lasers is usually very intense that makes it ideal for
studying the 2PA properties of molecules, which is the main goal of the disserattion2.
They are quite powerful for probing both linear and nonlinear optical properties of
molecules and materials3-5. A typical laser is made up of three main parts: an optical
cavity (optical resonator), a pump source that is used for the excitation of particles
located in the gain medium, and most important is the gain medium. The basic
components of a laser are shown in Figure 2.1.

Energy Input (Pump Source)
Total
Reflector

Partial
Reflector

Gain Medium

Optical Cavity
Figure 2.1: Schematic depicting the basic components of a laser.

2.1.1.1 Optical Cavity
The optical cavity is composed of two highly reflective mirrors that make the
light bounce back and forth between them to amplify the stimulated emission of radiation
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that was generated in the gain medium. This is similar to a sound amplifier with a
microphone and speaker opposite to one another generating a whistle sound without real
generation of sound. The cavity consist of two mirrors: first one is a high reflective
mirror (100%) which would deflect all stimulated emission back to the gain medium. The
second one is a partially reflecting mirror or output coupler (95%). The purpose of the
output coupler is to reflect back most of the stimulated emission and at the same time
causes transmission losses to generate the laser beam out of the cavity6. When the gain
medium generates sufficient energy in the cavity, a sustained laser output is obtained.

2.1.1.2 Gain Medium
The gain medium is the system or material that can generate stimulated emission
of certain wavelength when population inversion is created. Hence, it is only the light that
bounces back and forth in the optical activity that undergoes amplification a number of
times inside the gain medium so as to give rise to an intense laser output 7. One
interesting feature is that the light that undergoes amplification maintains both its
direction and phase, eventually resulting in a directional and coherent laser output. This is
mainly because of the stimulated emission of radiation that was generated in the gain
medium. The particles located in the gain medium should be in a state of population
inversion so as to attain suitable laser output. In order to achieve population inversion a
pumping mechanism is needed. Some examples of gain medium are Ti:Sapphire,
Nd:Yttrium Aluminium Garnet etc.
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2.1.1.3 Pump Source
A pumping mechanism is necessary to achieve population inversion, a state
wherein the population in the higher energy state is more than the lower energy state. The
active particles are lifted into the needed energy state by the pump source. Some of the
common pumping mechanisms are thermal or chemical or optical in nature. For the lasers
used in the dissertation, most of the pumping mechanisms are optical in nature.

2.1.2 Properties of Laser Light
The laser light has certain unique characteristics, which makes it so useful for
probing linear and nonlinear optical phenomena. Some of them are discussed here.

2.1.2.1 Monochromaticity
Monochromaticity refers to properly defined wavelength of laser radiation. This
light also possesses an extremely narrow bandwidth when compared to other
conventional sources of light that comprise combinations of several wavelengths of
radiation. This property of the laser light is one of a kind. Lasers are not perfectly
monochromatic, but they are capable of emitting a narrow bandwidth around a single
wavelength8. Laser monochromaticity is dependent on the gain mechanism that is used
and the nature of the source. Various laser sources are capable of producing an array of
bandwidth ranges8. The frequency bandwidth of gas lasers ranges from 500Hz at a
-state
lasers. When an electromagnetic field that corresponds to the gap between the energy
levels of the substance under study undergoes amplification, a narrow bandwidth arises.
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Afterwards, there is oscillation of the resonant cavity when it attains the resonant
frequency of the lasing levels, resulting in a very narrow line width having a specific
frequency8.

2.1.2.2 Coherence
Electromagnetic magnetic radiation can be termed as coherent if it is in the same
phase throughout the beam9. The radiation is defined as coherent at that particular
moment when the trough and crest of emitted photons (two) linked with one photon
appear simultaneously as on the wave that is associated with other photon. Two types of
coherence exist: temporal and spatial coherence10. Temporal coherence has the frequency
of the wave at different time periods remain the same and it is same as monochromaticity.
Spatial coherence gives is a constant phase relationship between two waves in a wavefront at different places in space10. One consequence of spatial coherence is minimum
divergence.

2.1.2.3 Directionality
Directionality is simply the property of laser light that causes its propagation in a
single direction considered to be of suitable orientation11. This property of laser light is
an outcome of the fact that amplification and sustaining of waves in the gain medium
only occurs to the waves that propagate in a direction parallel to the gain medium itself.
Directionality can be described as the property of laser light that makes it propagate in a
single direction, having pure collimation. Simply, it is the degree to which the rays
remain parallel as they propagate. In conventional light sources, light is emitted in all
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directions, as it is a spontaneous process. In contrast laser light produces a radiation that
shows minimum divergence with distance. This is as a result of stimulated emission of
radiation and a divergence of milli-radians is obtained from these systems12. The
collimated laser beams are known to emit efficient power density. When this power
density is correctly focused, it can lead to a tiny spot size (diffraction limited) when
compared to a conventional light source12.

2.1.2.4 Ultrashort Pulse Duration
Most laser sources are continuous wave. For studying nonlinear optical
phenomenon, short pulse durations are necessary. Laser sources can generate short pulses
if appropriately designed and tuned. Short time duration describes the time duration that
exists between two consecutive pulses, which are separated with durations in the range of
nanoseconds to femtoseconds13. Ultrafast pulse duration of the laser provides the
necessary conditions required for studying NLO phenomenon. Fast laser pulses can be
attained in different ways such as cavity dumping, Q-switching, and mode-locking,
among others 14. In this thesis, the technique of self mode-locking is employed in the
generation of ultrashort pulses.
Mode-locking is an optical technique that is used in the production of ultra-short
pulses of radiation. The major purpose of the technique is to provide constant phase
correlation among various modes produced within the resonant cavity 15. It is hence
correct to say that this technique is similar to the phase-locking technique. In the phaselocking process, there is the generation of various frequencies due to the emission coming
from the active medium. The particular rate of locking of certain modes has some effects
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on the laser’s pulse duration. Materials that need higher intensity laser sources during
their study use fast laser pulses.
If the longitudinal modes of a laser have a fixed and a properly defined phase
relationship, then the laser is said to be in a state of mode-locked 16. The derivation of the
mathematical expression of the mode-locking process is very useful in comprehending
how the technique works. Consider mode-locking where the oscillating modes all
resonate at similar amplitude in the resonating cavity, where Eo refers to equal amplitude,
∆ω represents the change in frequency that is between two successive nodes, ωo
represents the central frequency and N is the total number of modes that are involved.
The electromagnetic field that results due to 2n+1 modes that are equally spaced and have
a similar amplitude is obtained by:

2.1

The equation above is a representation of the total summation of all possible nodes. In
instances where there are locked phases and similar amplitudes, the equation reduces to:
2.2

The above equation can later be written as:
2.3

where A(t) is obtained by:
2.4
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The equation of A(t) can also be expressed in another form where the intensity is
represented by a time function. The equation then becomes:

2.5

An increase in the number of modes causes a reduction in the pulse duration and a rise in
the amplitude. Hence, various types of laser sources can be employed, depending on the
needed amplitude and pulse duration.A great number of closely distributed modes that
are oscillating exist in instances where there is the presence of a continuum of modes
vibrating. Instead of an equal amplitude distribution, the distribution of their amplitude
usually exhibits a Gaussian-like curve. In such a situation the expression for A (t)
becomes:

2.6

Since the amplitude is not constant, the above equation is integrated and the limits are
considered to be infinity when the amplitude, En is approximated to be zero. The equation
of the Fourier transformation function is:
2.7

Hence, the amplitude of a multi-mode output is obtained through the transformation of
the mode distribution in the frequency domain17.
All the unique characteristics of laser sources make them ideal for monitoring
time-resolved as well two-photon fluorescence measurements that are central to this
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dissertation. Time-resolved and two-photon fluorescence measurements described in the
dissertation used broadband 100 fs pulse width Ti:Sapphire light source that can be
tunable between 700 to 900 nm with a fundamental wavelength of 800 nm. A discussion
of steady-state optical methods is provided before discussing the time-resolved and twophoton techniques.

2.2 Steady-state Methods
Both optical absorption and fluorescence techniques are often used during the
analysis of molecules and molecule-DNA complexes18.

2.2.1 Optical Absorption
Optical absorption spectroscopy is a technique that is commonly employed during
the study of the ground state (low energy state) of the absorbing compound. Its other
name is ultraviolet-visible spectroscopy19. The electronic structure accompanied by the
absorbing substance’s environment has an impact on the identification and classification
of species when optical absorption spectroscopy is employed. The shape of the resultant
absorption spectrum is brought about by the existence of particular functional groups,
solvent polarity, and the general electronic arrangement of the respective molecule19.
Hence, optical absorption spectroscopy is commonly used to study molecule-DNA
interactions.
The absorbance (A) of a particular species that has a concentration (c) together
with a molar extinction coefficient (ɛ ) is given by:
2.8
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In the above equation, the intensities of the incident and the transmitted light are
represented by I and I0 respectively. lis the path length of the cuvette. Optical absorption
measurements presented in the dissertation were carried out on a Shimadzu UV-160a
absorption spectrophotometer.

2.2.2 One-photon Fluorescence Measurements
Absorption of radiations takes the molecule to its excited state and it will relax
back to the ground state either radiatively or non-radiatively. If the relaxation results are
radiative it results in fluorescence for most of the molecules20. As discussed in the
introduction, fluorescence is one of the powerful techniques to study molecule-DNA
interactions. In most cases when the molecule is bound to DNA, its fluorescence is often
increased as it attains some sort of rigidity after binding to DNA21. Also, shifts in the
fluorescence are often observed in addition to the shifts in absorption spectra. The energy
difference between absorption and emission of radiation is referred to Stoke’s shift,
which is normally affected by molecule-DNA interactions. The Stoke’s shift is
represented by:22

2.9

abs

em(max)

are the maximum absorbance and

maximum emission, respectively. The emission spectrum is obtained by fixing the
excitation wavelength and monitoring the emission wavelengths lower in energy. The
excitation spectrum is obtained by fixing the wavelength of the emission monochromator
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and scanning the excitation monochromator. In most cases, the excitation spectrum
should match the absorption spectrum of a molecule. For the fluorescence measurements
discussed in the dissertation, a Hitachi F2500 spectrofluorimeter was used.

2.2.3 Fluorescence Quantum Yield
Fluorescence quantum yield is a necessary parameter that is to be measured while
determining the 2PA cross-sections of molecules and molecule-DNA systems. A
molecule’s fluorescence intensity is dependent on the ability of the molecule under study
to convert a certain amount of its absorbed photons to fluorescence photons. This is
referred to as fluorescence quantum yield which is simply the ratio of the total quantity of
emitted photons to the total quantity of absorbed photons23.
The fluorescence quantum yield of any unknown sample can be obtained via a
relative technique of comparing the fluorescence from sample and standard under
identical conditions24. The following equation is used to determine the fluorescence
quantum yield of samples.
2.10

where;

Sample = Fluorescence quantum yield of an unknown sample
Reference= Fluorescence quantum yield of a known reference standard
= Area under the fluorescence emission curves for the sample
= Area under the fluorescence emission curves for the reference
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= Absorbance of the sample
= Absorbance of the reference,
= Refractive index for the solvent used for the sample
= Refractive index for the solvent used for the reference
The fluorescence quantum yield of an unknown sample is usually determined
in dilute solutions to avoid the influence of scattering25.

2.3 Experimental Techniques for Measuring 2PA Cross-sections
Measurement of 2PA cross-sections is an important tool that was used for the
studies described in the dissertation. 2PA cross-sections can be measured using different
techniques26. Most prominent of them are nonlinear transmission techniques such as
open-aperture z-scan. Several researchers have used z-scan to determine the 2PA crosssections. However, obtained 2PA cross-sections using this technique can be erroneous as
it might have overlapping contributions from excited state absorption. To avoid these,
researchers have resorted to fluorescence-based techniques. Absolute 2PA cross-sections
can be measured with the knowledge of the power of incident radiation and the power of
emitted radiation. However, absolute 2PA cross-sections are difficult to measure as it is
difficult to determine the exact amount of emitted radiation. For these reasons, a relative
two-photon excited fluorescence (TPEF) technique is used to determine the 2PA crosssections presented in the thesis27. In a relative technique, with the use of standards 2PA
cross-section, collection efficiency and instrument parameters are determined that are
then used to determine the 2PA cross-section of the sample.

77

TPEF is one of the simplest methods that can be employed to determine the 2PA
cross-sections of molecules. This method was originally used to determine the 2PA
properties of CaF2:Eu2+ crystal28. Shown in Figure 2.2 is a typical power dependence plot
of the luminescence intensity for the investigated system. The slope of the plot was close
to 2.0 indicating that the process is indeed a two-photon absorption event.
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Figure 2.2: Plot showing the power dependence of fluorescence showing a slope of 2.0
indicating the two-photon absorption event.

The slope in the graph is almost 2.0. This implies that the molecule under
study absorbs two photons to reach the excited state. In contrast, the slope should be 1.0
for one-photon fluorescence and 3.0 for a three-photon absorption event. The 2PA crosssection can be obtained from various parameters, one of them being the y-intercept value
and comparing it with the y-intercept for a standard. The 2PA cross-section can be
obtained from the equation below:

2.11
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whereF(t) represents the TPEF photons collected per unit time, ɳ represents the
fluorescence quantum yield, δ represents 2PA cross-section, c represents the molecule’s
concentration, n represents the solvent’s refractive index, gp represents the shape factor,
represents the wavelength, f
pulse duration, φ represents the collection efficiency and <P(t)> represents the input
power.
The direct measurement of 2PA cross-sections is quite difficult. This is a
result of the small portion of photons that undergo absorption in the excitation process by
two photons. In order for this procedure to be considered successful, the particular
chromophores that are being studied should be quite fluorescent, in addition to possessing
the appropriate fluorescence quantum efficiency. It is therefore true to conclude that the
TPEF method is limited to the study of fluorescent molecules only since fluorescence
quantum yield is a material’s intrinsic property 29,30.
Rebane and co-workers31 have carried out extensive measurements of 2PA
cross-sections for several standard dyes in a broad wavelength region of 650 to 1500 nm.
For the results discussed in the dissertation, data from this work was used as a reference.
Shown in Figure 2.3 is the schematic of TPEF setup that was used to determine the 2PA
cross-sections of molecules.

79

Millenia

PMT

Tsunami
100fs,
(710 nm to 900 nm)

Monochromater

ND Filter

L2

L1
Figure 2.3: Schematic of the setup used to determine the 2PA cross-sections. ND is
neutral density filter. L1 and L2 are lenses.

All the two-photon fluorescence experiments described in this dissertation used
broadband Ti:Sapphoire laser (Tsunami, 100 fs, 700 to 900 nm) as the excitation
source32. A rotating neutral density filter was used to control the power of incident
radiation to carry out power-dependence measurements. Laser light is focused onto the
sample cuvette (located in the Edinburgh 900 fluorimeter) by a lens and the fluorescence
was collected perpendicular to the excitation source. The fluorescence obtained after twophoton excitation is again focused onto the slit of the monochromator and detected with
cooled Hamamatsu R928 PMT. It is usually preferred that the beam is focused nearer to
the sample cell edge, just beside the direction of collection and not the midpoint. This is
meant to ensure that the fluorescence path length is reduced before cell excitation. It also
makes sure that fluorescence self-absorption is reduced, which is also the case in
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conventional measurement methods to avoid the noise that comes from the incident
beam.
For the results presented in this dissertation, a Hitachi 2500 fluorimeter was used
to carry out one-photon fluorescence measurements while an Edinburgh F900
spectrofluorimeter was used as the detection system for two-photon fluorescence. For
most of the 2PA cross-section measurements, Coumarin 485 in methanol was used as a
standard and the cross-sections were taken from the work of Rebane and co-workers. The
presence of two-photon event was confirmed by the slope of 2 in power dependence
measurements. TPEF has its own advantages when compared to nonlinear transmission
methods33. The major benefit it has is that it is quite easy to perform; no difficulties are
involved in its performance. It is also not prone to interferences from both excited state
absorption and thermal lensing.

2.4 Time-resolved Measurements
The excited state lifetimes of molecules and molecule-DNA systems were
measured with time-resolved fluorescence techniques. The results can shed light on the
interaction of molecule with DNA. In addition to the lifetimes, measurements were
performed to obtain time-resolved fluorescence anisotropy that can provide the necessary
information about the binding of the molecule with DNA34. Two different time-resolved
fluorescence measurements were used to determine the lifetimes of different systems.
First one is time-correlated single photon counting (TCSPC) and the second one is
femtosecond fluorescence upconversion which can also be termed as Time-gated sumfrequency generation technique35. These two techniques have different time resolution
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where TCSPC has a resolution of 250 ps (after deconvolution) while upconversion has a
time resolution of 130 fs.

2.4.1 Time-correlated Single-photon Counting
The average time that a molecule resides in its excited state before it returns back
to the ground state is referred to as a fluorescence lifetime36. TCSPC is one of the most
commonly used time-resolved fluorescence lifetime measurement techniques. The
principle behind the technique is that a pulsed light source excites the sample and the
fluorescence from it is monitored by the time difference between the excitation pulse and
the very first fluorescence photon originating from the sample. As fluorescence is a
spontaneous process, it follows Poisson distribution and hence it is an important
requirement that the technique be capable of detecting one photon for a great number of
excitation pulses so that the success rate of the event is quite low. To achieve this, very
slow count should be used in order for the system to operate in a single-photon mode of
counting. The outcome of this is the distribution of a photon probability against time.
This distribution follows a statistical Poisson distribution and software contained in the
computer is used to retrieve the lifetime of the sample after deconvoluting the decay trace
with instrument response function (IRF). The IRF is measured by replacing the sample
with a scatter and changing the monitoring emission wavelength same as that of the
excitation wavelength. The IRF has pulse width of 1 ns due to the time taken for
electronics (PMTs) to register the photon event. With TCSPC, one can obtain time
resolution of 230 ps after deconvoluting with IRF. A schematic diagram of TCSPC is
shown in Figure 2.4.
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Figure 2.4: Schematic diagram of a TCSPC technique

An excitation pulse (optical pulse) either from the flash lamp or a laser diode is
split into two parts, one part is used to excite the sample kept in the sample chamber and
the other part is used to generate a start pulse in the start PMT or photodiode. The optical
signal at the start PMT generates an electrical START pulse, which is then routed
through a constant fraction discriminator (CFD) to START the input of time to amplitude
converter (TAC) to initialize the charging operation. The part of the optical pulse, which
excites the sample effectively, gives rise to emission of photons. These photons are then
detected by STOP PMT (at the right angle to the direction of excitation) to generate an
electrical STOP pulse. The STOP pulse is also routed to the TAC after passing through
another CFD and a variable delay line. On receiving the STOP signal, the TAC stops its
charging operation and generates an electrical output, with an amplitude proportional to
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TAC output pulse is then fed to the input of a multi channel analyzer (MCA) through an
analogue to digital converter (ADC). The ADC generates a numerical value
corresponding to the TAC output pulse and thus selects an appropriate channel of the
MCA and the count is added to the channel. The above cycle (from excitation to data
storage) is repeated a large number of times and as a result a histogram of the counts
versus the channel number of MCA is generated. It represents the true emission decay,
when the collection rate of emission photons by the STOP pulse is very low, as illustrated
by the statistical treatment. The emission decay thus observed has to be de-convoluted
with the instrument response to get the actual lifetime37.
Appropriate cut-off filters are placed just before the focusing lens to remove any
scattered exciting light entering the monochromator from the sample chamber38. The
obtained decay curves are fit to either a single exponential or multi exponential functions
as described by:

2.12

I and

αi represent the emission lifetime and pre-exponential factor belonging to

the ith component, respectively. An Iterative reconvolution method was used to determine
the pre-exponential factors and lifetimes39. Non-linear least-squares method is used for
obtaining the above parameters. The Levenberg-Marquardt algorithm (also called
Marquardt method) is adopted for the non-linear analysis40. The fluorescence lifetime of
a sample is obtained from the best fit after the decay profile is fitted with the exponentials
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using Fluorofit® software41

2

value,

which should be close to 1 and the random distribution of weighted residuals.

2.4.2 Fluorescence Upconversion
The time-resolution in TCSPC technique is limited by the electronics and the best
of electronics cannot provide the information faster than 40 ps. To monitor the lifetimes
of molecules or molecule-DNA systems, a technique with sub picoseconds time
resolution is necessary. To obtain such fast resolution, a setup is needed where the
electronics is not the limiting factor. Such technique is fluorescence upconversion. The
principle behind the technique is that the fluorescence from the sample is mixed with a
gate pulse to the generate upconversion signal or sum-frequency signal which can be
monitored as a function of optical delay between the fluorescence pulse and gate pulse.
Since the fluorescence dynamics is monitored by the SFG signal as a time delay between
two pulses, the electronics is not rate limiting here and time resolution here is limited just
by the pulse width of the laser42,43
to 6.6 fs in time delay. With the use of a controlled stepper motor, one can obtain very
short time resolution but is limited by the pulse duration of the laser. A schematic
representation of the fluorescence upconversion setup used for the measurements
discussed in the dissertation is shown in Figure 2.5.
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Figure 2.5: Schematic representation of the fluorescence upconversion setup. F1, F2, F3,
F5 are filters. L3, L4, L5, L7 are lenses. ND is the neutral density filter to reduce the
power of the laser. NC2 and NC3 are nonlinear crystals.

The up-converted signal is obtained by the mixing fluorescence signal and the
gate pulse in a BBO (β-barium borate) crystal. Delaying the probe pulse controls the time
of resolution of the involved signal44. This control is done using a mechanically operated
optical delay stage. The sum frequency signal is collected and dispersed in a double
monochromator and detected by PMT s45. The up-conversion signal has a photon
frequency given by:
2.13
This implies that

2.14
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sum,

where, the sumlaser,

the laser’s

and the wavelength of the fluorescence

signal is represented by Ifl. The intensity of the upconverted signal, Isum, is obtained by:

2.15

and the lifetime is represented by t.
The excitation source that is used is a frequency-doubled light that originates from
a mode-locked broadband Ti:Sapphire laser. At a wavelength of 400 nm, the excitation of
the sample leads to fluorescence of the sample under investigation that underwent
upconversion in a non-linear crystal of BBO. Raman scattering was used to obtain the
IRF of the instrument. When the Gaussian peak that was obtained from the Raman
scattering was fitted, a sigma value of approximately 130 fs was obtained, in addition to a
full width half maximum (FWHM) of approximately 280 fs. The sample under
investigation was rotated throughout to avoid degradation. A laser power of 3.0 mW was
used for exciting the samples and the stability of the samples was checked by monitoring
the absorption spectrum before and after the measurements.

2.4.3 Fluorescence Anisotropy
One technique that was used as an analytical tool to monitor the binding of
molecules to DNA is time-resolved fluorescence anisotropy. Fluorescence anisotropy is
defined as the ability of the fluorophore to bare polarized emission46. Upon polarized
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light excitation, molecules that are parallel or in the solid angle of the exciting pulse
become excited to create polarized emitting species. However, the polarization is lost
with time mostly due to roational diffusion47,48, 49. The angular displacement of the
fluorophore that happens between a photon’s absorption and emission depends on the
range and the specific rate of rotational diffusion in the excited state’s lifetime. Rotational
relaxation times can be determined by monitoring fluorescence anisotropy as a function
of time and is mathematically expressed as:

2.16

where

is the rotational diffusion time, V is the molecular volume,

is the viscosity of

the medium, f and C contributes to shape factor. The rotational relaxation lifetime is
dependent both on the molecular volume and the viscosity. When the molecule is free it
follows simple hydrodynamic theory and relaxes its anisotropy very fast. However, when
the molecule is bound to DNA, its motion is restricted and the rotational relaxation can
become long. In this way, fluorescence anisotropy can be able to monitor molecule-DNA
binding interactions. For determining time-resolved anisotropy, the following
measurements are carried out in femtosecond fluorescence upconversion. The anisotropy
(r(t)) as a function of time is given by:

2.17
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where,

and

represent the fluorescence intensities obtained after parallel and

perpendicular excitation, respectively. The G factor accounts for the instrument
sensitivity to parallel and perpendicular emission and it is normally obtained by tail
fitting of the anisotropy of decay of Coumarin 515 in methanol.

2.5 Temperature-dependent Optical Spectroscopy
Duplex DNA is normally denatured to single stranded DNA with temperature. It
has been established well known that the denaturation and renaturation of DNA can be
carried out with temperature. To understand the binding of molecules to duplex versus
single stranded DNA, temperature-dependent optical properties are carried out. The first
of those is the temperature-dependent UV-Vis absorption (Shimadzu UV-1650PC
Spectrophotometer) from 20 to 90 Celsius. The temperature is controlled by a VWR
Refrigerated/Heating Circulating Baths (VWR International 1160S) and the temperature
variation is 0.1 degrees. The sample compartment is changed to temperature-controlled
cuvettes (Figure 2.6A) and measurements were carried out in RF-5301PC Spectrofluorophotometer located in Keck Lab. (Figure 2.6B)
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Figure 2.6: (A) Temperature controlled sample compartment and (B) total UV/Vis setup
used for temperature-dependent absorption measurements.

From the absorbance at 260 nm, the duplex melting temperature can be
obtained. Similarly, temperature-dependent one-photon fluorescence and two-photon
fluorescence measurements were carried out.

2.6 Circular Dichroism
Circular dichroism (CD) is an analytical technique used to describe the
interactions of chiral molecules with circularly polarized light (CPL). Both the symmetric
and asymmetric chromophores interact differently with right- and left-circularly polarized
light (RCPL and LCPL ). The absorption of right- and left-handed circularly polarized
light by chiral molecules differs. The difference in absorption is due to the differences in
extinction coefficients for the two polarized rays (equation 2.18 and 2.19). This
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difference in absorption of light is referred to as CD50. The quantity that is used to
describe CD in called ellipticity, which is expressed in degrees50.
2.18
2.19
where λ is the wavelength
CD spectroscopy can be used to study biological molecules of different sizes. It
is primarily used in the analysis of structure or conformation of macromolecules,
structural, kinetic and thermodynamic properties of molecules, and the effect of
secondary structure changes upon changing conditions such as temperature and pH. CD
is measured in or near the absorption bands of the molecule of interest. It is therefore
measured over a range of wavelengths. The UV region is often used in the structural
studies of DNA and proteins while in the UV/VIS region it is also used for the studies of
charge transfer of protein-metal complexes. The CD measurements in the visible and
ultra-violet region are used to monitor the electronic transitions. When the molecule
contains chiral chromophores the CPL state be absorbed to a greater extent than the other
making the CD signal to be non-zero. This signal is usually positive or negative and is
dependent on whether LCPL is absorbed to a greater extent than the RCPL in which case
the signal will be positive. If the LCPL is absorbed to a lesser extent than the RCPL then
the signal will be negative.
Most biological molecules are chiral, as illustrated by the 19 out of the 20
common amino acids being chiral and also forming proteins that are also chiral. Other
biological molecules that are chiral are DNA and RNA. Circular dichroism is therefore an
important spectroscopic technique for the study of biological molecules. This is applied
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in the understanding of the structure and function of these biological molecules. The CD
spectrum of a biomolecule not a summation of the individual spectra of residues for the
proteins or bases of the nucleic acids, but rather the three dimensional structure of the
macromolecule itself. Each structure has a unique (signature) CD spectrum that can be
used to identify the structural elements and study the changes in the
structure of chiral macromolecules51. The secondary structures most widely studied by
circular dichroism are protein α helix and the β sheets. The spectra below 260nm are
frequently being used in the prediction of the percentage compositions of each secondary
structural composition of the protein. The alpha helix has minimum at 208 nm and 222
nm, and maximum at 190 nm. Beta sheets show a negative peak at 218 nm and a positive
peak at 196 nm. The random coil has maximum at 212 nm and maximum at about 195
nm.
CD spectroscopy has been applied in the structural studies of molecules such as
DNA. It has many advantages over methods because of its high sensitivity, which enables
one to study DNA with lower concentrations. This is specifically important especially
with samples with low solubility or those that tend to aggregate in higher concentrations.
Compared to other spectroscopic techniques such as x-ray diffraction and NMR, CD
measurements are fast and relatively cheaper.
CD studies of DNA are carried out both in the far UV and infrared regions52.
However most analyses use the UV light between 180–300 nm where bases of DNA
absorb. The most frequently observed form of DNA is the B-form. In the B-form, the
base pairs are perpendicular to the double helix axis, which confers only a weak chirality
on the molecule so that the peak intensities are relatively small. The DNA sequence is
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made of A, C, G and T nucleotides. As the A + T content increases, the negative band
becomes deeper and conformational variability increases. When the salt concentration is
increased, the CD spectrum in the long wavelength part decreases, gradually giving a
spectral continuum corresponding to variants of B-DNA structures that differ in the
number of base pairs per helix turn53. CD spectroscopy can be used to monitor
denaturation of DNA. DNA melting is a cooperative, two-state process, which is
reflected by the presence of isodichroic points in the spectra. The course of melting
curves enable determination of thermodynamic parameters (ΔH, ΔG or ΔS) of the studied
structure54, 55.

2.6.1 Circular Dichroism Instrumentation
All Circular dichroism measurements of DNA were performed using a Jasco J815
CD of the model J-815 and serial No. A036961168. This instrument has the ability to
characterize secondary structure of macromolecules , and determine changes in structure
and conformational stability of DNA due to changes in pH, temperature variation, buffer
conditions and addition of stabilizers. The CD spectrometer uses circularly polarized light
and measures the differential absorption of the left and right-handed component of the
light. It has a usable range of between 163-1100 nm. It can also be used to measure
fluorescence, circular dichroism, linear dichroism, magnetic dichroism, optical rotation
dispersion, stopped flow circular dichroism, fluorescence, and absorbance. CD and
fluorescence data can be acquired simultaneously.
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2.7 Chapter 2 Summary


The properties and importance of laser light has facilitated the growth of powerful
instrumentation that is useful in the study of DNA as well as resolving of ultrafast
dynamics that are needs 100 s of femtosecond resolution.



Ultrafast laser spectroscopy has been used extensively in this dissertation. It
employs ultra-short light pulses to initiate and record the dynamics as well as
monitoring changes in the electric field of DNA.



Optical absorption and fluorescence spectroscopies both comprise the continuous
irradiation of the sample with a beam of light to create a steady concentration of
excited states. This can be applied in identifying species responsible for a
particular effect, determining the energy of a molecule's excited state and
studying the interaction between DNA and dye molecules.



Circular dichroism is a tool that explores the interactions of chiral molecules with
circularly polarized light. It uses the UV and UV/VIS light in the structural
studies of DNA and proteins and for the studies of DNA-molecule binding.



Temperature-dependent Optical Spectroscopy has been transfer of denaturation of
duplex DNA and renaturation single strand of DNA along with study of how
molecules bind to single strand and duplex DNA.
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CHAPTER 3
TWO-PHOTON SPECTROSCOPY TO DIFFERENTIATE INTERCALATION AND
GROOVE-BINDING INTERACTIONS

3.1 Introduction
The central objective of the dissertation is to develop novel spectroscopic tools to
monitor molecule-DNA binding interactions with an overall aim to sense different forms
of DNA1. To accomplish this objective, a proof-of-principle study was carried out with
two well-known DNA binding molecules, Hoechst 33258 (Hoe) and Acridine Orange
(AcrO) binding with salmon sperm DNA2. A study of the feasibility of two-photon
absorption spectroscopy to differentiate the intercalation and minor-groove binding is
presented in this chapter.
The interaction of small molecules with DNA is central to several biochemical
applications such as therapeutics and medical diagnostics2,3,4. Drug-DNA interaction is a
widely investigated field as several drugs work by binding to DNA and damaging them
or altering its properties5-8. Several antiviral,9 antibacterial10 and anticancer10 drugs are on
the market, which works solely on binding to DNA to cure the disease. For the drugs to
be active they should bind to DNA with high binding constants; thus, it is important to
understand the interaction of molecules with DNA11. Also, the study of molecule-DNA
interactions is quite essential in developing diagnostic tools that can sense DNA with
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greater selectivity and sensitivity. Sensing of DNA has found applications in forensics
and medical diagnostics12,13.
Small molecules can bind to DNA in several ways. They include: (i) intercalation,
(ii) minor groove-binding, (iii) major groove-binding, and (iv) external binding14-17. Most
of the drugs bind to DNA via either intercalation or groove-binding18-22. In intercalation,
aromatic molecules slip between two base pairs via - stacking and bind with DNA23,26.
With intercalation, the damage to DNA tends to be maximum, as it can disrupt the
functioning of DNA by elongating as well as breaking it26,27. In contrast, molecules that
bind via groove-binding are naturally long and bind into the grooves of DNA that are
parallel with the phosphate backbone18,28. Some drugs are active, being minor groovebinders18. Monitoring the small molecule-DNA binding interactions would help not only
in developing structure-property relationships to design better drugs for binding with
DNA, but also help develop new diagnostics tools to sense DNA.
Researchers have used several techniques to monitor molecule-DNA interactions
that include optical absorption, fluorescence, fluorescence anisotropy, fluorescence
resonance energy transfer and circular dichroism (CD). These techniques are quite
successful in monitoring the binding interactions whether they are via intercalation or
groove binding. However, current experimental tools cannot differentiate intercalation
from minor groove binding. Absorption and fluorescence measurements show only small
differences between intercalation and groove binding. Even CD spectroscopy cannot
conclusively differentiate between them. Thus, there is a need to develop novel
spectroscopic tools that can monitor and differentiate molecule-DNA interactions.
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In this study, we propose to use the power of two-photon absorption (2PA)
spectroscopy to monitor and differentiate molecule-DNA interactions. The hypothesis is
that the 2PA cross-sections of molecules are sensitive to local electric fields and their
orientation. It is well established that DNA is made of aligned electric fields because of
the phosphate backbone29-39 and the molecules that bind to DNA can be sensitive to this
electric field and the enhancement of 2PA molecular cross-section can be observed based
on their dipolar alignment with the electric field vector. It is known from simple
geometry that when a molecule is intercalated, its transition dipole is either perpendicular
or aligned away from the phosphate backbone while the dipolar orientation is parallel to
the phosphate backbone’s electric field in minor groove-binding. This difference in
orientation should enable the 2PA cross-sections to differentiate intercalation versus
groove-binding interactions. To support this hypothesis, 2PA cross-section measurements
were carried out on two well-known dye molecules that can bind to DNA via
intercalation and minor groove mechanisms. Two dye molecules that were chosen are
Hoe and AcrO (molecular structures are shown in Figure 3.1). Hoe is a known minor
groove-binder; a study of the crystal structure of Hoe with DNA confirmed its binding
(Figure 3.1A). Conversely, optical measurements and crystal structures have proven that
AcrO binds to DNA via intercalation.
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Hoechst 33258 (Hoe)

Acridine Orange (AcrO)

Figure 3.1: (A) Hoe binding with DNA via minor groove (pdb8bna)40, (B) AcrO binding
with DNA via intercalation (pdb452d)41.

Optical absorption, one-photon fluorescence, two-photon fluorescence, CD and
fluorescence lifetime measurements for salmon-sperm DNA were carried out to confirm
the binding of the investigated molecules with DNA. The 2PA cross-sections were
determined with increasing DNA concentrations and interesting trends were observed
with respect to intercalating and minor groove-binding interactions.

3.2 Materials and Methods
3.2.1 Materials
Salmon sperm DNA, Hoechst 33258 and Acridine Orange were obtained from
Sigma-Aldrich and were used as such. Tris(hydroxymethyl)aminomethane hydrochloride,
KCl and NaCl were obtained from Sigma-Aldrich and were used as received. Nanopure
water from Millipore was used. All measurements were carried out in buffered solutions
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unless stated otherwise. A buffer stock solution (pH = 7.2) was made using TRIS-HCL (5
mM) and potassium chloride (50 mM) and MilliQ water. The salmon sperm DNA was
combined with the buffer solution (10 mL) to create a stock solution of DNA. The dye
was dissolved in small amount of DMSO and diluted to make 10 mL of 1 mM of stock
solution. Sixteen samples were made from the stock solutions with increasing
concentrations of DNA placed in each (0, 1, 2, 5, 10, 15, 20, 30, 50, 70, 100, 200, 300,
400, 650, 900 µL). Each sample was 1 mL, so buffer was added decreasingly as each
sample was made, while keeping dye concentration at 10 µM. This process was repeated
for all the investigated dye molecules.
3.2.2 Optical Methods
The UV/Vis absorption spectrometric measurements were performed utilizing a
Shimadzu UV2101 PC spectrophotometer. One-photon fluorescence measurements were
performed on a Hitachi F2500 spectrofluorimeter. Fluorescence quantum yield
measurements were determined with C485 in methanol as the standard.
The 2PA cross-sections were obtained using the two-photon excited fluorescence
technique with C485 in methanol as a standard42,43. Briefly, the output from Tsunami
(Spectra-Physics), 720 nm to 900 nm, 100 fs was used to carry out the measurements.
The relative 2PA cross-sections were determined from the ratio of one and two-photon
fluorescence from the samples. The circular dichroism measurements were measured
under N2 over the range of 200-600 nm. Fluorescence upconversion measurements were
carried out using an instrument described elsewhere44. Briefly, the system used frequency
doubled light from a mode-locked broad band Ti-sapphire laser (Tsunami, 800 nm) as the
excitation source and the residual fundamental was used as the gate pulse. The excitation
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of the sample at 400 nm leads to fluorescence from the sample which was upconverted in
a nonlinear crystal of β-barium borate using a gate pulse at 800 nm, which first passed
through a variable delay line. The instrument response function (IRF) was obtained using
Raman scattering from water. Fitting the Gaussian peak from the Raman scattering
yielded a sigma value of ∼120 fs and a Full Width Half Maximum (FWHM) of ∼280 fs.
Spectral resolution was achieved using a double monochromator and a photomultiplier
tube. The excitation average power varied during the experiments but was consistently in
the range of 4.0 ± 0.2 mW. The sample was continuously rotated with a rotating cell that
was 1 mm thick, to avoid degradation.

3.3 Results and Discussion
The main objective of this investigation is to prove the principle that two-photon
fluorescence spectroscopy can differentiate intercalation and minor groove-binding
interactions. Before discussing the differences between the two-photon properties of Hoe
and AcrO, steady state and optical properties of dyes with increasing concentrations of
DNA are presented.

3.3.1 Steady-state Measurements
Optical absorption and steady-state fluorescence measurements were carried out
for Hoe and AcrO in buffer with and without DNA. Shown in Figure 3.2A are the optical
absorption and steady-state fluorescence spectra of Hoe without and with 140 µg/mL of
salmon sperm DNA. Absorption maximum has shifted from 338 nm to 353 nm with
DNA while emission maximum shifted to higher energies from 497 to 461 nm with
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DNA. Note the decrease in Stoke’s shift for Hoe from 9465 cm-1 to 6636 cm-1. In
addition, the fluorescence of Hoe increased by a factor of more than 60 when DNA was
added. These results confirm that Hoe binds strongly to DNA, and the electric field of
DNA has something to do with the shift in both absorption and fluorescence. Other
researchers reported similar changes in fluorescence spectra for Hoe binding to DNA16, 21,
28

.
Similarly, absorption maximum of AcrO has shifted from 491 to 501 nm with

DNA. However, only a 3-fold increase in fluorescence intensity was observed and no
change in fluorescence maximum with DNA. But, note the decrease in the width of
fluorescene spectrum of AcrO with DNA was seen. These results also suggest binding of
AcrO to DNA and the different changes in absorption and fluorescence have something
to do with the way these dye molecules bind to DNA. Observed absorption and
fluorescence spectral properties of dye molecules with DNA are fairly similar to what
was observed by other groups19,23,45. The results confirm that these dye molecules bind to
DNA. More information can be obtained by monitoring the changes in optical properties
with increase in DNA concentration.
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Figure 3.2: (A) Absorption and fluorescence spectra of Hoe with and without DNA and
(B) Absorption and fluorescence spectra of AcrO with and without DNA.

Shown in Figure 3.3A are the optical absorption spectra of Hoe with increasing
DNA concentrations. The concentrations of Salmon sperm DNA were determined from
the absorption at 260 nm using the following empirical equation- [DNA] (µg/mL) =
A/(l*0.02), where A is the absorbance and l is the path length of cuvette (0.4 cm). Note
from Figure 3.3A that the absorption is shifted to longer wavelengths from 338 to 353
nm. The inset of Figure 3.3A shows the absorbance at 380 nm as a function of DNA
concentration and the results show the binding of Hoe with DNA. Figure 3.3B shows the
absorption spectra of AcrO with increasing concentrations of DNA. The results also show
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a shift of absorption to longer wavelengths with increase in DNA concentration. Further
fluorescence measurements were carried out to monitor the binding interactions.
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Figure 3.3. (A) Absorption spectra of Hoe with increasing DNA concentration and inset
shows the absorbance at 380 nm as a function of DNA concentration. (B) Absorption
spectra of AcrO with increasing concentrations of DNA. The results show that both the
dye molecules absorption spectra were influenced by DNA, suggesting the binding of
molecules with DNA.
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One-photon fluorescence measurements were carried out for Hoe with increasing
concentrations of DNA. Figure 3.4A shows the fluorescence spectra at different DNA
concentrations. Here, the fluorescence measurements were carried out after 350 nm
excitation, monitoring fluorescence from 360 to 600 nm. Even though absorption
measurements show that increase in absorption was sharp at lower DNA concentrations,
fluorescence measurements show small increases at low DNA concentrations that
become increasingly higher at higher DNA concentrations. The differences can be
assigned to changes in the environment around the dye molecule at higher DNA
concentrations. At 160 µg/mL DNA concentration, fluorescence enhancement of 80-fold
was observed. The enhancement of Hoe fluorescence with DNA was well
documented16,21,28 and the observed increase in fluorescence is quite similar to what has
been reported by other research groups16,21,28.
On the other hand, the fluorescence of AcrO first decreased and was found to
increase later to 5-fold with increase in DNA concentration. (Figure 3.4B) Fluorescence
measurements were carried out after exciting the sample at 440 nm and monitoring the
emission from 450 to 600 nm. The inset shows the trend of change in fluorescence
intensity with increasing DNA concentration. Note that the absorption changes are
factored into the calculation of fluorescence intensity enhancement calculations. The
results obtained for AcrO with DNA matched well with what was reported for AcrO with
other DNA systems19,23,45. Steady-state fluorescence measurements have shown that the
dye molecules are bound with DNA, as expected. Further measurements were carried out
to monitor the binding of dye molecules with DNA.
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Figure 3.4. (A) One-photon fluorescence spectra of Hoe with increasing concentration of
DNA. Inset shows the normalized intensity at 460 nm with increasing DNA
concentration and (B) Fluorescence spectra of AcrO with increasing concentrations of
DNA. Inset shows the normalized fluorescence intensity at 527 nm.

3.3.2. CD Measurements
To monitor the binding of the molecule with DNA, CD spectroscopy was used.
Hoe is originally a non-chiral molecule and hence should not give any signal in CD.
When Hoe binds to DNA it can become chiral as it imparts the chirality of the DNA.
With these things in perspective, the CD spectra of Hoe with and without DNA were
obtained and are shown in Figure 3.5B. As expected, Hoe did not show any signal
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without DNA, as it is not chiral. However, a clear signal at 350 nm matching the
absorbance of Hoe was observed suggesting that the dye was bound to DNA. Also, the
positive signal had features of minor-grove binding interactions. As observed for Hoe,
AcrO also shows a CD signal when it is bound to DNA. (Figure 3.5B). However, the
signal was negative suggesting that the interaction might be different from that of Hoe
.

A

B

Figure 3.5. (A) Molar ellipsity of Hoe with out DNA (black line) and Hoe bound to 60
µg/mL DNA (red). Note the changes in ellipsity spectrum of Hoe. (B) Molar ellipsity of
AcrO without DNA (black line) and 60 µg/mL DNA (red line). Here again, note the
ellipsity observed 480 nm that matches the absorption spectrum of AcrO.
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3.4 Time-resolved Fluorescence Measurements
Another way to follow the binding of a molecule with DNA is by following the
time-resolved fluorescence of the molecule. Most dye molecules have long lifetimes.
However, Hoe with its unique structure has a low fluorescence quantum yield as the
rotation around the single bond can lead to fast non-radiative relaxation. As Hoe itself has
a low fluorescence quantum yield, femtosecond fluorescence upconversion
measurements were carried out to monitor its relaxation. Shown in Figure 3.6A are the
fluorescence decay traces of Hoe in buffer and Hoe with 160 µg/mL DNA at a
wavelength of 480 nm after excitation at 400 nm. It is noted that the fluorescence decay
of Hoe is fast and majority of the decay is complete within 200 ps. Fluorescence decay of
Hoe was fitted with a multi-exponential function given by:

3.1

where

and

are pre-exponential factor and lifetime, respectively. The decay trace was

deconvoluted with instrument response to obtain the lifetimes and pre-exponential
factors. Average lifetime was calculated from the fitting parameters using the expression
given by:

3.2
Fluorescence decay of Hoe in buffer was fitted with three decay components, 0.15 ps
(87.2%), 1.5 ps (9.3%), and 45 ps (3.4%), and an average lifetime of 1.8 ps was
determined. The fast decay for Hoe in buffer solution can be attributed to single bond
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rotation around aromatic rings giving rise to fast non-radiative relaxation. However, the
fluorescence decay of Hoe became considerably longer when it is bound to DNA and its
decay was fitted with a four exponential function: 0.15 ps (48.0%), 1.5 ps (19.1%), 75
(8.0%) and > 1000 ps (25.0%). Note that first three decay components are similar to Hoe
in buffer but the contribution is different. However, the singlet state decay was observed
here as the non-radiative decay relaxation is reduced and an average lifetime of 332 ps
was determined from the analysis. The lifetime increase is around 180 times which is
consistent with the steady-state fluorescence enhancement.
Fluorescence anisotropy measurements can provide information as to whether the
dye molecule is bound to the DNA or not. For free dye in buffer, anisotropy should decay
rapidly as the rotational diffusion is fast in a buffer of low viscosity. However, when the
dye molecule is bound to DNA, its rotation is hindered as it rotates with the DNA and
probably depends on the way the dye is bound to DNA. Figure 3.6B shows the
fluorescence anisotropy decay of Hoe with DNA at a wavelength of 480 nm after
excitation at 400 nm. Anisotropy decay of Hoe in buffer is quite noisy and does not give
great information as the fluorescence decay rapidly and the anisotropy did not decay
during this lifetime. Based on the volume of the Hoe and viscosity of the buffer, a
rotational diffusion time of 130 ps is estimated for Hoe in buffer46. It is interesting to see
from Figure 3.6B that the anisotropy of Hoe in DNA does not decay within 400 ps
suggesting that the decay is much slower than 1 ns and indicating that the dye molecule is
bound with DNA. It does happen for some systems that even though they are bound they
show some of their internal rotation. However, Hoe does not show any international
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rotation and is rotating solely with DNA suggesting that the groove-binding interactions
of Hoe with DNA.
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Figure 3.6: (A) Fluorescence decay traces of Hoe in buffer and Hoe/DNA in buffer
monitored at 480 nm after excitation at 400 nm. (B) Corresponding anisotropy decay for
Hoe/DNA in buffer.
Similar time-resolved fluorescence measurements for AcrO with and without
DNA Shown in Figure 3.7A are the fluorescence decay traces of AcrO and AcrO/160
µg/mL DNA monitored at 520 nm after excitation at 400 nm. Fluorescence decay of
AcrO and AcrO/DNA are both long with a contribution from short component. The decay
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of AcrO in buffer was fitted with a two exponential function of 1.1 ps (38%) and > 1 ns
(62%) while that of AcrO/DNA was fitted with 1.1 ps (18%) and > 1 ns (82%).
Corresponding anisotropy decay traces for Hoe and Hoe/DNA are shown in Figure 3.7B.
Anisotropy decay of Hoe was fitted with a single exponential function of 95 ps with no
residual anisotropy. However, the Hoe/DNA was fitted with a roational decay of 31 ps
and a residual anisotropy of 0.20. Large residual anisotropy suggests that AcrO is bound
to DNA. However, fast internal relaxation indicates contribution from in-plane rotation of
the dye and probably arises as its interaction with DNA being intercalation.
The lifetimes are quite longer for AcrO and AcrO/DNA than the time delay of our
fluorescence upconversion setup, so the actual lifetimes were difficult to obtain. So, we
have carried out time-resolved fluorescence measurements on AcrO and AcrO/DNA
samples with time-correlated single photon counting technique after excitation with a
laser diode of 457 nm and monitoring the fluorescence at 530 nm. Fluorescence decay
traces are fitted with exponential functions and corresponding lifetime data is provided in
Table 3.1.
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Figure 3.7: (A) Fluorescence decay traces of AcrO in buffer and AcrO/DNA in buffer
monitored at 520 nm after excitation at 400 nm. (B) Corresponding anisotropy decay
traces are shown. Both fluorescence and anisotropy decay traces are fitted exponentially.
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Table 3.1. Fluorescence Lifetimes for AcrO at Different Concentrations of DNA
[DNA]
(µg/mL)
0
2.3
2.7
3.2
5.2
9.5
22
43
75
106
146
186

Lifetimes (ns)

Avg lifetime (ns)

1.79± 0.005 (100%)
1.82± 0.005 (100%)
1.88 ± 0.005 (100%)
1.92± 0.005 (100%)
1.88 ±0.005 (100%)
1.86± 0.005 (100%)
1.86± 0.005 (100%)
1.84±0.005 (100%)
1.47 ± 0.02 (72.14%), 3.65 ± 0.08(27.86%)
4.81± 0.03(71.14%), 1.35±0.03 (28.86%)
5.03±0.02 (89.05%) , 1.11± 0.05(10.95%)
0.96 ±0.08 (6.32%) , 5± 0.01(93.68%)

1.79
1.82
1.88
1.92
1.88
1.86
1.86
1.84
2.08
3.81
4.60
4.74

3.5 Two-photon Fluorescence Measurements
All the above steady-state, CD and time-resolved fluorescence measurements
show the binding nature of the investigated dye molecules with DNA. There are subtle
differences between the interaction of the two dyes with DNA, which can be attributed to
the way they are bound to DNA via intercalation or minor groove. However, there is no
clear cut evidence that the interaction is due to intercalation or minor groove. Our
hypothesis is that 2PA measurements can differentiate both interactions. To address this
hypothesis, two-photon fluorescence measurements were carried out on Hoe in buffer
with increasing concentrations of DNA. Shown in Figure 3.8A are the corresponding
fluorescence spectra for Hoe with increasing concentrations of DNA, after excitation at
800 nm with the fundamental wavelength of the Ti:Sapphire laser. The inset of Figure
3.8A shows the normalized intensity at 460 nm. It can be observed that the enhancement
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of fluorescence is more than 320-fold with two-photon excitation, while it is near 80-fold
for one photon excitation. The result shows that two-photon fluorescence is more
sensitive than that of one-photon for Hoe binding with DNA.
Similar two-photon fluorescence measurements were carried out for AcrO with
increasing concentrations of DNA after excitation at 800 nm. Figure 3.8B shows the
corresponding fluorescence spectra of AcrO at different DNA concentrations. There is an
increase in fluorescence intensity at high concentration of DNA. However, note there is a
decrease in the beginning followed by an increase in intensity at higher concentration of
DNA, similar to what was observed with one-photon fluorescence measurements (inset
Figure 3.8B). Note the maximum fluorescence intensity enhancement was only 4-fold
while it was more than 5-fold for one-photon fluorescence. This result is in major
contrast to what was observed with Hoe where two-photon fluorescence enhancement
was considerably higher than that of AcrO. This result is an indication that two-photon
fluorescence is able to differentiate the two types of interactions with DNA. Further
analysis was carried out to confirm the results.
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Figure 3.8. (A) Fluorescence spectra of Hoe at different concentrations of DNA after
excitation at 800 nm. Inset shows the normalized intensity enhancement at 460 nm with
DNA concentration. (B) Fluorescence spectra of AcrO at different concentrations of
DNA after excitation at 800 nm. Inset shows the intensity change at 527 nm with DNA
concentration.

3.6. Relative Two-photon Fluorescence Enhancements
Interesting trends were observed with two-photon fluorescence measurements.
One interesting point here is that the fluorescence enhancement is often used for sensing
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DNA with dye molecules. To check if two-photon fluorescence measurements can be
used to sense DNA, two-photon and one-photon enhancements for Hoe and AcrO were
plotted as a function of DNA concentration and shown in Figure 3.9A and 3.9B,
respectively. It was observed from Figure 3.9A that the two-photon enhancement was
significantly higher than that of one-photon fluorescence. But, this trend was more
pronounced at smaller DNA concentrations. However, contrasting trends were observed
for AcrO with DNA. It was observed (see Figure 3.9B) that the fluorescence intensity
enhancement was same for both one-photon and two-photon measurements until 50
µg/mL of DNA, but then increased for one-photon excitation over two-photon excitation.
The results presented here suggest that Hoe is a better sensor of DNA with two-photon
excitation than one-photon excitation. The sensitivity with one-photon excitation is near
100 µg/mL, while it decreased to 5 µg/mL with two-photon excitation; that amounts to
more than a 20-fold improvement of sensitivity.
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Figure 3.9: Comparison of fluorescence enhancement of Hoe (A) and AcrO (B) with one
and two-photon excitation.

Relative two-photon enhancement is a measure of two-photon absorption crosssection that can be determined by:
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3.3
where,

represents the two-photon cross-section;

and

are fluorescence

intensities after two-photon and one-photon excitation, respectively.
Relative two-photon cross-sections were determined by following equation 3.3
and corresponding two-photon cross-section enhancement was plotted as a function of
DNA concentration and shown in parts A and B of Figure 3.10 for Hoe and AcrO,
respectively.
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Figures 10A and 10B show interesting trends where the 2PA enhancement is
more than 4-fold for Hoe binding to DNA while it is unchanged or has decreased slightly
for AcrO bound to DNA. The differences can be attributed to the way they are bound to
the DNA. However, it is important to know whether is just a wavelength effect or some

124

spurious signals associated with the laser. Further two-photon cross-section spectra and
power dependence measurements were carried out to confirm the results obtained here.

3.7 Two-photon Cross-section Measurements
As the main objective of the study was to prove that 2PA cross-sections of
chromophores can be used to differentiate molecule-DNA interactions, the 2PA crosssection enhancements were determined as a function of wavelengths. In the previous
section, relative 2PA enhancements were shown for Hoe and AcrO at 800 nm. To rule
out that the enhancement is solely due to the wavelength effect, two-photon crosssections were measured at different wavelengths. Before carrying out the 2PA crosssection measurements, it was necessary to prove that the fluorescence was arising out of
the two-photon excitation event only. To achieve the same, power dependence
fluorescence measurements were carried out while varying the laser power with a neutral
density filter. Shown in Figure 3.11 are the power dependence plots for Hoe and AcrO at
different concentrations of DNA. Also shown in the figure is the power dependence of
fluorescence for the standard, coumarin 485. The slope of log (counts) vs log(power)
gave a slope of 2.0 for all the systems confirming that the fluorescence is a result of twophoton event.
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Figure 3.11: Power dependence of fluorescence for all the investigated systems after
excitation at 800 nm. All the systems have shown slope 2.0 dependence suggesting that it
is a two-photon event.

Once it was confirmed that the fluorescence was arising out of two-photon event,
2PA cross-sections were determined at different excitation wavelengths using Coumarin
485 in methanol as a standard. Figure 3.12A illustrates the 2PA cross-section as a
function of wavelength for Hoe with and without DNA. At 720 nm, the 2PA crosssection of Hoe was around 30 GM, which increased to 60 GM. Also, the enhancement
was higher at longer wavelengths compared to shorter ones. The 2PA enhancement as a
function of wavelength was determined and is shown in the inset of Figure 3.12A. It was
observed that a more than 4-fold enhancement was observed for Hoe with DNA at a
wavelength of 820 nm. In contrast, 2PA cross-sections were measured for AcrO with and
without DNA at different wavelengths; the corresponding spectrum is shown in Figure
3.12B. It can be observed from Figure 3.12B that there is no change in 2PA cross-section
for AcrO with and without DNA. At a wavelength of 800 nm, there was a slight decrease
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in 2PA cross-section. So, the results confirm that the 2PA cross-sections show different
trends for the enhancements for the dyes that bind with DNA via intercalation or via
groove-binding.
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Figure 3.12. (A) 2PA cross-section spectra of Hoe bound to DNA. Also, shown in the
inset is the 2PA cross-section enhancement as a function of wavelength. (B) 2PA crosssection spectra of AcrO bound to DNA.
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3.8 Mechanism of 2PA Cross-sections Differentiating Minor-grove vs Intercalation
From the results, two important observations were made. First, Hoe, a dye known
for its intercalation exhibited 5-fold 2PA enhancement when bound to DNA. Secondly,
AcrO - a known intercalator - showed no change or a slight decrease in 2PA cross-section
when bound to DNA. It is known that47-51 the 2PA cross-sections of chromophores are
quite sensitive to the local electric fields. This is especially to use for DNA, which is
considered as an electric wire, possessing directional electric which can impact the 2PA
cross-sections of chromophores. The dependence of 2PA cross-section on DNA
concentration depends on the specific nature of DNA that possesses electric field. These
electric fields are known to alter the 2PA cross-sections of chromophores47. It would be
interesting to know how the 2PA cross-sections can be influenced by the DNA backbone
electric fields.
The 2PA cross-sections of chromophores can be altered by the electric fields
depending on the direction of the electric field in relation to the orientation of the
molecule. If molecules are oriented perpendicular to the field, the chromophores
fluoresce less during two-photon excitation. This can be explained as follows: In a sumover states formalism,25 the two-state 2PA cross-section (

) is given by:

(eq 2)

where,

is the transition dipole moment vector between the ground state (g) and

excited state (e),

the difference between the permanent dipole moments in the

ground and excited state and

is the angle between these two vectors.
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, is the

normalized line shape function,
Planck’s constant, and

is the refractive index, the speed of light,

is the

is the local field factor (optical) given by

.

It can be seen that the 2PA cross-section of the chromophore is proportional to the
square of change in dipole moment and change in permanent dipole moment. The local
electric fields of DNA can contribute to a change in dipole moment via an increase in
induced dipole moment35-39.

(eq 3)

where,
situation,

corresponds to the permanent dipole moment change in the zero field
is the change in polarizability between ground and excited

states and E is the local electric field, and
and the electric field. If the

is the angle between the polarizability vector

is zero (parallel to the electric field), the effect is maximum

and one can observe large increases in 2PA cross-sections. However, if

is 90 degrees

(i.e., perpendicular to the electric field), one observes no change in 2PA cross-section. If
the

is between 90 and 270 degrees, it can lead to a decrease in the 2PA cross-section.

Than, the orientation of the local electric field is very important and the DNA backbone
orientation with respect to the molecule plays an important role in altering their 2PA
cross-sections.
The electric field induced by DNA runs along the phosphate-sugar backbone.
DNA has electric fields in different directions (Figure 3.13). When molecules bind to
duplex DNA, either through intercalation or minor-groove binding, the electric field is
possibly affected differently in comparison to duplex DNA. The 2PA cross-section can
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be used as an indicator of whether the DNA is intercalation or minor-groove binding,
depending on which molecule is bound to the DNA.

Figure 3.13. Molecules binding to duplex DNA and interacting with the electric field
induced by the sugar-phosphate backbone.

The two-photon cross-section shows a five-fold enhancement between the onephoton and two-photon fluorescence intensities for Hoe with DNA. Hoe is bound to the
duplex DNA at the minor-groove, with an orientation parallel to the molecular dipole,
increasing the induced electric field. The two-photon cross section showed a 15 percent
decrease for AcrO when it is bound to DNA. The aromatic rings of AcrO - stack with
the based pairs in the DNA. With this interaction, its transition dipole is perpendicular to
the electric field offered by the DNA backbone, diminishing the effect of electric field, in
turn having negligible or slight decrease in 2PA cross-sections. The results have shown
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that the 2PA cross-sections of chromophores are good indicators of the intercalation
versus minor groove binding interactions and it can be used to differentiate them. The
general rule that can be obtained from the investigation is that the minor groove-binding
dye molecules should show an enhancement of 2PA cross-sections while intercalators
should not have much effect if the results are solely based on the electric field offered by
the DNA backbone.

3.9 Conclusion
Optical absorption, steady-state fluorescence, two-photon fluorescence and
circular dichroism measurements were carried out on two dye molecules (Hoe and AcrO)
bound to salmon-sperm DNA. The investigations are carried out in an attempt to prove
the principle that 2PA cross-sections of chromophores can be used as markers to
differentiate the minor groove-binding versus intercalation interactions. Two dye
molecules that were well known for their modes of interactions are chosen wherein Hoe
is a minor groove binder while AcrO is an intercalator. The results provided us with a
novel 2PA cross-section technique to monitor molecule-DNA binding interactions. Two
main results were obtained: (i) the 2PA cross-sections of Hoe have shown 5-fold
enhancements when it was bound to DNA; and (ii) the 2PA cross-sections of AcrO have
shown no change (or are slightly decreased) with DNA binding. The results were
rationalized based on the fact that the DNA backbone’s electric field is parallel to
molecular dipole in the minor-grove binding case while it is perpendicular or more than
90 degree with respect to the molecular dipole, decreasing the 2PA cross-sections. From
the result, Hoe is confirmed as minor-grove binder while AcrO is assigned as intercalator.
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Overall, a new spectroscopic technique based on the 2PA cross-section is power to be a
method to monitor molecule-DNA interactions and differentiate minor groove versus
intercalation interactions.

3.10 Chapter 3 Summary
 Novel spectroscopic techniques are needed to differentiate molecule-DNA binding
interactions, as they are crucial for therapeutics and medical diagnostics.
 Current analytical techniques can track molecule-DNA binding interactions but cannot
differentiate one from another. For e.g. minor groove binding to intercalation.
 Our research hypothesis is that two-photon absorption (2PA) cross-sections can
differentiate such interactions, as they are sensitive to the local electric fields offered by
the DNA backbone.
 To prove the hypothesis, linear, nonlinear fluorescence and time-resolved
measurements were carried out on two well-known dye molecules, Hoechst 33258
(Hoe) and Acridine Orange (AcrO) binding to Salmon sperm DNA. Hoe is a known
minor groove binder while AcrO is an intercalator.
 Optical absorption, steady-state fluorescence, femtosecond time-resolved fluorescence,
femtosecond time-resolved anisotropy and circular dichroism measurements have
confirmed the binding of dye molecules with DNA.
 Relative 2PA cross-sections measured as a function of DNA concentration have shown
4-fold enhancement for Hoe while no change or slight decrease in cross-section was
observed for AcrO.
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 The results show that 2PA cross-sections are enhanced for minor groove binding dye
molecule as the transition dipole vector is parallel to the electric field while no effect
was observed for intercalating dye, as its transition dipole vector is perpendicular to the
DNA electric field.
 Combined femtosecond and nonlinear optical measurements have shown that 2PA
spectroscopy is one of the first techniques to differentiate molecule-DNA interactions
and can be used to sense the DNA.
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CHAPTER 4
ESTABLISHING TWO-PHOTON ABSORPTION SPECTROSCOPY
TO DIFFERENTIATE MOLECULE-DNA INTERACTIONS
AND SENSE DNA

4.1 Introduction
In the previous chapter, a proof-of principle study has shown that two-photon
absorption (2PA) spectroscopy can differentiate molecule-DNA interactions like
intercalation and minor-groove binding. In addition, measurements were successful in
showing that the molecules that bind to DNA via minor-groove can sense DNA with
better sensitivities with two-photon fluorescence. In continuation of our efforts to
establish this novel spectroscopic tool to differentiate molecule-DNA interactions, studies
were carried out on other molecules that are well known to bind to biological systems as
well as to duplex DNA.
Studies of molecule-DNA interactions have found applications in the fields of
drug research as well as medical diagnostics1. The appearance of particular genes that are
responsible for a certain disease can be reduced if the drugs can recognize and destroy the
genomic information that is not important2. Photodynamic therapy is a well-established
technique through which one can destroy the DNA that deals with the growth of
unwanted tumors that can be either malignant or non-malignant3. When photodynamic
therapy is employed together with DNA-binding drugs, the directed DNA damage can be
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amplified4. Some applications of directed DNA damage are seen in therapeutic treatments
against cancer, viral diseases and malaria3,4. However, one of the major shortcomings in
the drug research field is the direct targeting of the DNA and the techniques that can act
as monitors. In this manner, molecule-DNA interactions play a crucial role in identifying
the drugs that can destroy the genes and DNA that can cause diseases4,5.
In addition, molecular binding to DNA has also been used as an analytical tool to
sense DNA with potential applications in medical diagnostics4,5. Within small moleculeDNA interactions, intercalation and minor-groove binding drugs are quite common in
drug research. Several experimental techniques are available to monitor molecule-DNA
interactions that include UV-Vis absorption, fluorescence, fluorescence resonance energy
transfer, and circular dichroism among others. Theoretical models such as molecular
docking studies were also used to probe molecule-DNA interactions. All these techniques
do not fare well in terms of differentiating intercalation versus groove-binding
interactions. In the study presented in Chapter 3 of this dissertation, we have a shown the
feasibility of 2PA spectroscopy to differentiate between intercalation versus minorgroove binding. The relative 2PA cross-section measurements have shown >4-fold
enhancement with minor-groove binding molecules while a molecule that intercalates has
shown little change or a decrease in 2PA cross-section. In addition, the measurements
have also shown that the fluorescence sensitivity of Hoechst 33258 to DNA increased by
more than 10-fold with two-photon excitation.
To further establish this technique, investigations were carried out on other
biologically relevant dye systems such as Thioflavin-T (ThT) and different cyanine dyes
(3,3′-Diethylthiacyanine iodide (DTI), 3,3′-Diethylthiacarbocyanine iodide (DTCI), 3,3-
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Diethylthiadicarbocyanine iodide (DTDCI); molecular structures are shown in Figure
4.1) binding to salmon-sperm DNA. The Thioflavin T dye molecule was chosen as it is a
well known dye molecule that binds well with amyloid aggregates and has been used
extensively in biophysical research.6-10 When Thioflavin T binds to the beta-rich
structures in DNA, a clear fluorescence is observed which is characterized with a red
shift of its emission spectrum10. The variation in fluorescent behavior that is seen can be
brought about by various factors that have an impact on the excited state charge
distribution of the dye11,12. ThT was also known to bind to DNA via intercalation and
external binding. The 2PA measurements were carried out on this dye to prove our
hypothesis that 2PA spectroscopy can differentiate various molecule-DNA interactions.
Another class of dye molecules that has been extensively investigated to bind to
DNA are the cyanine series of dyes. The various interactions of cyanine dyes with DNA
are usually accompanied by great changes in their optical properties when bound to
biologically relevant systems and DNA13-25. Here, we have chosen cyanine dyes with the
same molecular frame but increasing double bonds to probe the intercalation and groovebinding interactions. The interaction of cyanine dyes is interesting as the length of the
dye molecule is very important for its binding studies. It is reported in literature that
cyanine dyes are capable of interacting with DNA both by intercalation and, also, groovebinding25-33. To understand the effect of length of cyanine and to differentiate the
intercalation versus groove-binding interactions, measurements were carried out on this
series of dye molecules34-35.
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ThT

DTI

DTCI

DTDCI

Figure 4.1: Molecular Structures of the Investigated Dye Molecules.
The measurements on these systems would also provide the means to design
specific molecular systems that can better sense the DNA. Optical absorption, onephoton, two-photon fluorescence, time-resolved fluorescence and circular dichroism
measurements were carried out to monitor the binding of molecules to DNA. 2PA crosssections were measured utilizing the two-photon excited fluorescence technique and the
relative 2PA cross-sections were analyzed as a function of DNA concentrations.
Interesting trends with respect to the molecular structure and DNA binding were
observed.
4.2 Experimental Section
4.2.1 Materials
Salmon sperm DNA, 3,3′-Diethylthiacyanine iodide (DTI), 3,3′Diethylthiacarbocyanine iodide (DTCI), 3,3-Diethylthiadicarbocyanine iodide (DTDCI)
and Thioflavin T (structures shown in Figure 4.1) were obtained from Sigma-Aldrich and
were used as such. TRIS-HCl, KCl and NaCl were obtained from Sigma-Aldrich and
were used as received. Nanopure water from Millipore inc., was used. All the
measurements were carried out in buffered solutions unless stated otherwise. A buffer
stock solution (pH = 7.2) was created using tris-HCL (5mM) and potassium chloride (50
mM) and milli-Q water. The salmon sperm DNA was combined with the buffer solution
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(10 mL) to create a stock solution of DNA. The dye was combined with DMSO (1 0mL)
to create the dye stock solutions. Sixteen samples were created from the stock solutions
with increasing concentrations of DNA placed in each (0, 1, 2, 5, 10, 15, 20, 30, 50, 70,
100, 200, 300, 400, 650, 900 µL). Each sample was 1 mL, so buffer was added
decreasingly as each sample was made, while dye (10 µL) was added to each uniformly.
This process was repeated for all the investigated dye molecules.

4.2.2 Optical Methods
The UV/Vis absorption spectrometric measurements were performed on a
Shimadzu UV2101 PC spectrophotometer. One-photon fluorescence measurements were
performed with a Hitachi F2500 spectrofluorimeter. Fluorescence quantum yield
measurements were determined with C485 in methanol as the standard. 2PA crosssections were measured using the two-photon excited fluorescence technique with C485
in methanol as a standard36, 37. Briefly, the output from Tsunami (Spectra-Physics), 720
nm to 900 nm, 100 fs was used to carry out the measurements. The relative 2PA crosssections were determined from the ratio of one and two-photon fluorescence from the
samples. The circular dichroism spectra were measured under N2 over the range of 200600 nm.
Fluorescence upconversion measurements were carried out using an instrument
described elsewhere38, 39. Briefly, the system used frequency doubled light from a modelocked broad band Ti-sapphire laser (Tsunami, 800 nm) as the excitation source and the
residual fundamental is used as the gate pulse. The excitation of the sample at 400 nm
leads to fluorescence from the sample, which was upconverted in a nonlinear crystal of β-
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barium borate using a gate pulse at 800 nm, which first passed through a variable delay
line. The instrument response function (IRF) was obtained using Raman scattering from
water. Fitting the Gaussian peak from the Raman scattering yielded a sigma value of
∼120 fs and a Full Width Half Maximum (FWHM) of ∼280 fs. Spectral resolution was
achieved using a double monochromator and a photomultiplier tube. The excitation
average power varied during the experiments but was consistently in the range of 4.0 ±
0.2 mW. The sample was continuously rotated with a rotating cell that is 1 mm thick to
avoid degradation.
Time-correlated single photon counting measurements with diode laser excitation
were carried out to monitor nanosecond lifetimes of molecules and molecule-DNA
systems. The measurements were carried out on a Edinburgh F900 spectrofluorimeter; a
cooled Hamamatsu-R928P PMT was used as the detector.

4.3 Results and Discussion
4.3.1 Optical Absorption and Steady-state Fluorescence Measurements
Optical absorption and fluorescence measurements were carried out for all
investigated dye molecules with and without DNA to understand their interaction with
DNA. Shown in parts A, B, C and D of Figure 4.2 are the normalized optical absorption
and fluorescence spectral properties of ThT, DTI, DTCI and DTDCI, respectively.
Corresponding absorption, fluorescence maxima and quantum yields are provided in
Table 4.1. It is observed from Figure 4.2A that both the absorption and fluorescence of
ThT are shifted to longer wavelengths along with an increase in fluorescence quantum
yield as high as 150-fold. The shifts in absorption and emission indicate strong electronic
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interaction of the dye with DNA both in ground and excited state. Fluorescence quantum
yield of ThT is usually low and was subjected to several investigations. The low quantum
yield is attributed to faster rotation around single bond leading to faster non-radiative
pathways. When the dye is stabilized in rigid medium, the fluorescence quantum yield
increases by reduced non-radiative relaxation rates. This is exactly what was observed
with ThT in the presence of DNA. The fluorescence quantum yield of ThT in buffer
(0.002) increased to 0.26 when it was complexed to DNA. The investigations confirm
that ThT binds with DNA and similar binding of ThT was observed earlier by other
research groups and was ascribed to intercalation40,41,42.
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Figure 4.2: (A) Normalized absorption and fluorescence spectra of ThT with and without
DNA, (B) Normalized absorption and fluorescence spectra of DTI with and without
DNA, (C) Normalized absorption and fluorescence spectra of DTCI with and without
DNA and (D) Normalized absorption and fluorescence spectra of DTDCI with and
without DNA.

Interestingly, shift of absorption to longer wavelengths and shift to shorter
wavelengths in emission was observed for DTI in the presence of DNA (Figure 4.2B).
Also, the fluorescence quantum yield increased from 0.005 in buffer to 0.77, when
complexed with DNA. Such a large increase in quantum yield in fluorescence is
attributed to strong binding of DTI with DNA. For DTI, the binding again was ascribed
to intercalation as the aromatic strictures of DTI - stacks with DNA base pairs. Also,
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the absorption of DTCI was shifted from 554 nm to 563 nm when it was bound with
DNA, while the fluorescence was shifted to longer wavelengths from 573 to 579 nm.
Along with a shift in absorption and emission, the fluorescence quantum yield also
increased from 0.028 to 0.043, suggesting strong interaction of DTCI with DNA. Note
that the increase in fluorescence quantum efficiency increase is not as much as DTI. Even
in the case of DTDCI, there was a shift in the absorption maximum from 645 to 660 nm,
while the emission shifted to longer wavelengths from 670 to 680 nm. However, the
fluorescence quantum yield did not change much when the dye was bound to DNA. The
longer structure of DTDCI allows it to bind to minor grooves of DNA. All the absorption
and fluorescence measurements for the investigated dye molecules suggest strong binding
of molecules with DNA mostly with intercalation for ThT and DTI, while it is probably
via groove binding for DTCI and DTDCI.

Table 4.1: Absorption and Fluorescence Spectral Properties of ThT and Cyanine Cye
Molecules
sample
DTI/0 DNA
DTI/160 µg/L DNA
DTCI/0 DNA
DTCI/160 µg/L DNA
DTDCI/0 DNA
DTDCI/160 µg/L DNA
THT/0 DNA
THT/160 µg/L DNA

(nm)
421
429
554
563
645
660
413
435

(Quantum yield)
(nm)
477
468
573
579
670
679
450
487
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0.005
0.77
0.028
0.043
0.10
0.08
0.005
0.20

Further steady-state absorption and fluorescence measurements were carried out
as a function of DNA concentration for all the investigated dye molecules in order to
study the binding systematically.

4.3.2 Interaction of ThT with Salmon Sperm DNA
Among the investigated dye molecules, ThT is different from the cyanine series
of dye molecules. Hence, the interaction of ThT is addressed first. It is reported in the
literature that ThT interacts with DNA by both intercalation and external binding. How
these interactions would influence the 2PA cross-section of ThT was being studied.

4.3.2.1 Optical Absorption Measurements
Shown in Figure 4.3 are the optical absorption at different DNA concentrations;
the inset shows the absorbance at 450 nm as a function of DNA concentration. It is
observed that the absorption maxima of ThT shifted from 413 nm to 435 nm with
increasing DNA concentration. The DNA concentration in all samples was calculated
from the absorbance at 260 nm by following the relation: Concentration of DNA (µg/mL)
= A/(0.02*l); where l is the path length of the cuvette and A is the absorbance at 260 nm.
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Figure 4.3: Optical absorption spectra as a function of DNA concentration for ThT. Inset
shows the absorbance at 450 nm as a function of DNA concentration.
4.3.2.2 One-photon Fluorescence Measurements
Figure 4.4 shows the fluorescence spectra of ThT at different DNA concentrations
after excitation at 420 nm. The fluorescence intensity of ThT increases drastically with
the addition of DNA, indicating that the dye is interacting with the DNA. In addition, the
fluorescence maximum has shifted from 450 to 487 nm at the highest DNA
concentration. The increase in fluorescence intensity at 480 nm is plotted as a function of
DNA concentration (inset of Figure 4.4) and an enhancement of 100-fold was observed.
It is well reported in the literature that the fluorescence of ThT increases when it binds to
biological systems as the confined geometries offer stabilization for the dye and hinder
the rotation around single bond and reduces non-radiative relaxation40,41,42.
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Figure 4.4: Steady-state fluorescence spectra of ThT as a function of DNA
concentration. Inset shows the normalized fluorescence intensity at 480 nm that exhibits
an enhancement close to 100-fold.

4.3.2.3 Two-photon Fluorescence Measurements
Similar to one-photon fluorescence, two-photon fluorescence measurements were
also carried out for ThT as a function of DNA concentration after excitation at 800 nm.
Shown in Figure 4.5 are the corresponding fluorescence spectra as a function of DNA
concentration. The increase in two-photon fluorescence intensity is similar to that of onephoton fluorescence. The normalized fluorescence at 480 nm is shown in the inset of
Figure 4.5 and an increase in two-photon fluorescence was observed; it is close to 80fold. It is interesting to note that the intensity enhancements are more or less similar for
both one and two-photon excitations. The results do confirm here as well that ThT is
strongly binds to DNA. Based on the previous work, the result suggests that it is probably
due to intercalation.
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Figure 4.5: Two-photon fluorescence spectra of ThT as a function of DNA concentration
after excitation at 800 nm. Inset shows the normalized fluorescence intensity at 480 nm
that shows an enhancement close to 80-fold.

4.3.2.4 Circular Dichroism Measurements
To further probe the binding of ThT, CD measurements were performed. Shown
in Figure 4.6 are the CD spectra of ThT with and without DNA. ThT in buffer solution
shows no CD signal as it is achiral. Even when ThT was bound with DNA, there is only a
slight signal to negative values at the absorption spectrum of ThT indicating that
probably the interaction is intercalation.
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Figure 4.6: CD spectrum of ThT with and without DNA.

4.3.2.5 Time-resolved Fluorescence Measurements
Time-resolved fluorescence measurements were carried out on ThT with and
without DNA to probe the binding of dye with DNA. It is reported in the literature that
the excited dynamics of ThT in solution is quite fast and hence we have used
femtosecond time-resolved fluorescence measurements to probe the fluorescence
decay40,41,42. Shown in Figure 4.7A are the fluorescence decay traces of ThT with and
without DNA after excitation at 400 nm and monitoring emission at 480 nm. As
expected, the fluorescence decay of ThT in buffer is fast and completed within 10 ps. The
fluorescence decay was fitted with a three exponential function with lifetimes of 0.1 ps
(86.1%), 0.6 ps (8.5%) and 1.9 ps (5.4%) with an average lifetime of 0.24 ps. Such
ultrafast relaxation dynamics is expected for ThT as the single bond rotation is
unhindered in water because of its low viscosity. The results obtained for free dye
matched well with what was observed by other research groups40, 41, 42. Interestingly,
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fluorescence decay of ThT in the presence of DNA is comparatively longer and the
fluorescence decay was fitted with time constants of 0.23 ps (51.8%), 1.4 ps (38.6%) and
50 ps (9.6%) and an average lifetime of 5.5 ps. Increase in lifetime confirms that the dye
is bound to DNA and the lifetime increase explains the increase in fluorescence quantum
yield of the dye when it is bound to DNA.
Femtosecond fluorescence anisotropy measurements were carried out to
understand the binding of ThT with DNA and corresponding anisotropy decay traces for
ThT with and without DNA at a wavelength of 480 nm are provided in Figure 4.7B. It
was difficult to obtain complete anisotropy decay of ThT in buffer as its excited state
decays before the fluorescence is complete. However, the anisotropy decay of ThT with
DNA does not decay within the time delay that was monitored, indicating that ThT binds
with DNA.
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Figure 4.7: (A) Fluorescence decay traces of ThT in buffer and ThT in presence of DNA
monitored at 480 nm after excitation at 400 nm and (B) corresponding anisotropy decay
traces.
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4.3.2.6 Fluorescence Sensing of DNA
Optical absorption, one-photon fluorescence, two-photon fluorescence, CD and
time-resolved fluorescence measurements have shown that the dye is bound to the DNA.
Fluorescence enhancement of the molecule upon binding to DNA has been used to sense
DNA. As ThT has shown significant fluorescence enhancement upon binding, sensing
ability of ThT with one-photon and two-photon excitation was monitored and is shown in
Figure 4.8. It can be observed that the sensing ability of ThT is higher with one-photon
excitation than that of two-photon excitation. This result indicates that ThT is not an ideal
molecule to be used for sensing DNA with two-photon excitation.
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Figure 4.8: Fluorescence enhancement of ThT as a function of DNA concentration for
both one and two-photon excitation.
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4.3.2.7 Relative 2PA Cross-section Measurements
Relative two-photon absorption cross-sections were determined using the
relation:

4.1

where,

represents the two-photon cross-section,

and

are fluorescence

intensities after two-photon and one-photon excitation, respectively. The corresponding
plot of relative 2PA cross-sections for ThT as a function of DNA concentration is
provided in Figure 4.9. It can be observed in Figure 4.9 that the 2PA cross-section has
shown a slight decrease of 20% and remains that way with increase in 2PA cross-section.
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Figure 4.9: Relative 2PA cross-sections for ThT as a function of DNA concentration and
note slight decrease of 2PA cross-section. Red line is a guide to the eye.
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4.3.2.8 2PA Cross-section Measurements
It can be argued that no change was observed in 2PA cross-section is because the
cross-section measurements were carried out at a wavelength of 800 nm, and it might be
higher at other wavelengths. To confirm this, 2PA cross-section measurements were
determined using a relative method of two-photon excited fluorescence technique, with
Coumarin 485 in methanol as the standard. Power dependence measurements have shown
slope 2 dependence suggesting that it is a two-photon absorption event. Shown in Figure
4.10 are the 2PA cross-sections of ThT with and without DNA. It can be observed from
the figure that the 2PA excitation spectrum matched more or less the absorption spectrum
of the dye and there is no 2PA cross-section enhancement as the cross-section remained
more or less similar. The small decrease in 2PA cross-section observed can be attributed
to a change in absorption with one-photon excitation.
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Figure 4.10: 2PA cross-sections as a function of wavelength for ThT with and without
DNA.
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4.3.3. Interaction of Cyanine Dyes with DNA
As explained in the introduction, cyanine dyes are molecules that are well-known
to bind to DNA. In order to establish the technique of 2PA spectroscopy to differentiate
molecule-DNA interactions, investigations were carried out on three cyanine dye
molecules whose basic architecture is similar except for the absence of double bonds
between two rings (DTI) to one double bond (DTCI) and two double bonds (DTDCI).
This study can probe the effect of molecular structure on binding to DNA and how the
length of dye molecule influences the binding geometries to DNA. In addition, the 2PA
cross-section measurements would provide the means to design novel molecules that can
be used to sense DNA effectively. Before continuing to 2PA cross-section measurements,
steady-state, time-resolved and CD measurements were carried out as a function of DNA
concentration to confirm the binding of dye molecules to DNA.
4.3.3.1 Optical Absorption Measurements
Shown in Figure 4.11A are the absorption spectra of DTI as a function of DNA
concentration. DTI has an absorption maximum if 421 nm and shifted to 429 nm with an
increase in DNA concentration. One peak in the absorption spectrum of DTI is split into
two with increase in DNA concentration. The results indicate the interaction of DTI with
DNA did influence the ground state of the dye. The absorption at 429 nm is plotted as a
function of DNA concentration in the inset of Figure 4.11A. On the other hand, DTCI has
an absorption maximum of 554 nm in buffer solution, but is shifted to 563 nm at highest
DNA concentration. One interesting point to note for DTCI is that with a small increase
in DNA concentration, the optical density of the dye decreased significantly but
stabilized later on (Figure 4.11B). This decrease in absorption was attributed to the
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formation of soluble aggregates that can result in decrease of the oscillator strength of
absorption. With further increases in DNA concentration, these aggregates tend to
dissociate and associate themselves with DNA. The inset of Figure 4.11B shows the
absorption at 563 nm as a function of DNA concentration that shows the decrease in
absorption at low DNA concentration and a smaller increase later on. The results suggest
that the dye is binding to DNA.
The largest of cyanine dye molecules investigated, DTDCI interacts with a change
in absorbance from 645 to 660 nm with increase in DNA concentration. (Figure 4.11C)
The absorption spectrum of the dye at 645 nm is split into two peaks with lowest energy
absorption shifted to 660 nm. Even for DTDCI, there was a slight decrease in absorption
with small DNA concentration that can be probably assigned to the formation of
aggregates but gets incorporated into the DNA as more and more DNA availability
breaks the aggregates and DTDCI becomes associated with DNA. The absorbance at 660
nm as a function of DNA concentration is shown in the inset of Figure 4.11C which
shows that the absorbance decreases with small DNA concentrations, but increases with
further increase in DNA concentration. Optical absorption measurements have shown
that all the investigated molecules interact with DNA with a significant perturbation to
the ground state of the molecule.
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Figure 4.11: (A) Optical absorption spectra of DTI at different DNA concentrations and
the inset shows the absorbance at 429 nm versus DNA concentration. (B) Optical
absorption spectra of DTCI at different DNA concentrations and the inset shows the
absorbance at 563 nm as a function of DNA concentration and (C) Optical absorption
spectra of DTDCI at different DNA concentrations. Inset shows the absorbance at 660
nm as a function of DNA concentration.

4.3.3.2 One-photon Fluorescence Measurements
To further understand the interaction of cyanine dye molecules with DNA, steadystate fluorescence measurements were carried out at different DNA concentrations.
Figure 4.12A shows the fluorescence spectra of DTI with increasing concentrations of
salmon sperm DNA. The fluorescence intensity without DNA is quite small with a
maximum centered on 477 nm. With increases in DNA concentration, the fluorescence
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intensity increases greatly and the maximum is shifted to 468 nm. Normalized
fluorescence intensity at 468 nm as a function of DNA concentration is shown in the inset
of Figure 4.12A and the intensity enhancement is close to 160-fold at the highest DNA
concentration. The increase in fluorescence intensity indicates strong binding of the dye
with DNA. Shown in Figure 4.12B are the fluorescence spectra of DTCI at different
DNA concentrations after excitation at 530 nm. It can be observed that there is a small
decrease in fluorescence intensity at low DNA concentrations as that of absorption
spectrum and then the intensity increases to close to 3-fold. (inset of Figure 4.12 B) The
fluorescence maximum of DTCI shifted from 573 nm to 579 nm at the highest DNA
concentration.
In contrast, the fluorescence spectra of DTDCI decreased with increase in DNA
concentration in the beginning and increased slightly with further increase in DNA
concentration (Figure 4.12C). Even at the highest DNA concentration, fluorescence
intensity of DTDCI is lower than that of DTDCI in buffer. The fluorescence maximum
also shifted from 670 to 679 nm at highest DNA concentration. It is interesting to note
that the Stoke’s shifts of larger cyanine dyes is much smaller.
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Figure 4.12: (A) Fluorescence spectra of DTI at different DNA concentrations and the
inset shows the normalized fluorescence intensity at 468 nm. (B) Fluorescence spectra of
DTCI at different DNA concentrations and the inset shows the normalized fluorescence
intensity at 580 nm as a function of DNA concentration and (C) Fluorescence spectra of
DTDCI at different DNA concentrations. Inset shows the normalized fluorescence
spectra at 680 nm as a function of DNA concentration.

4.3.3.3 Two- photon Fluorescence Measurements
Two-photon fluorescence spectra of cyanine dyes were studied to prove that 2PA
spectroscopy can differentiate molecule-DNA binding interactions. Shown in Figure
4.13A are the two-photon fluorescence spectra of DTI after excitation at 800 nm. Note
that the fluorescence intensity increased with increase in DNA concentration. Close to
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160-fold increase in normalized fluorescence intensity was observed for DTI at highest
DNA concentration (inset of Figure 4.13A). This intensity increase is similar to that of
one photon excitation for DTI. In contrast, two-photon fluorescence spectra of DTCI after
excitation at 800 nm have shown increases in fluorescence intensity with increase in
DNA concentration. (Figure 4.13B) Normalized fluorescence intensity of DTCI as a
function of DNA concentration is shown in the inset of Figure 4.13B. It is interesting to
see that the fluorescence enhancement for DTCI with two-photon excitation is more than
12-fold while that of one-photon excitation is only 3-fold. This result shows that DTCI
has different interaction with DNA than that of DTI.
For DTDCI, two-photon excitation at 800 nm gave a scattering at its emission
wavelength. Hence, two-photon fluorescence measurements were carried out after
exciting the sample at 880 nm. Shown in Figure 4.13C are the two-photon fluorescence
spectra of DTDCI at different DNA concentrations. It is interesting to note that there is a
decrease in two-photon fluorescence intensity in the beginning but increases occur
rapidly with further increase in DNA concentration. As in the case of absorption and onephoton fluorescence, DTDCI shows a decrease at small DNA concentration even with
two-photon excitation. This decrease is assigned to aggregation of the dyes. However,
further increase in DNA concentration breaks the aggregates and two-photon
fluorescence intensity increases rapidly. Normalized fluorescence intensity at 680 nm is
plotted as a function of DNA concentration and shown in the inset of Figure 4.13C. Here
again, the two-photon intensity enhancement is significantly higher than that of onephoton excitation. The results indicate that two-photon excitation is able to differentiate
the interaction of cyanine dyes with DNA.
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Figure 4.13: (A) Two-photon fluorescence spectra of DTI after excitation at 800 nm at
different DNA concentrations; the inset shows the normalized fluorescence intensity at
468 nm. (B) Two-photon fluorescence spectra of DTCI at different DNA concentrations
after excitation at 800 nm; the inset shows the normalized fluorescence intensity at 580
nm as a function of DNA concentration and (C) Two-photon fluorescence spectra of
DTDCI at different DNA concentrations after excitation at 880 nm. Inset shows the
normalized fluorescence spectra at 680 nm as a function of DNA concentration.

4.3.3.4 CD Measurements
To monitor the binding of cyanine dye molecules to DNA, CD measurements
were carried out with dyes in buffer and dyes bound to 70 µg/mL of salmon sperm DNA.
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Shown in Figure 4.14A are the CD spectra of DTI in buffer and in the presence of DNA.
DTI is inherently achiral and does not show any CD signal which was confirmed from
the measurements. However, with an increase in DNA, not only the CD signal of DNA
appears but also DTI shows CD signal. This confirms that DTI is bound to DNA
obtaining chirality form DNA. Similarly, the CD spectra for DTCI are shown in Figure
4.14B. Note the small CD signal of DTCI acquired by binding to DNA. The noise in this
region is high as the current needed to generate CD signal because of the low sensitivity
of the detector. Similar CD measurements were not carried out for DTDCI as its
absorption maximum is at 650 and the CD instrument does not have the sensitivity at that
wavelength. The CD measurements confirm the binding of dye molecules to DNA.
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Figure 4.14. (A) CD spectra of DTI free dye (black) and DTI bound to DNA (red) with a
concentration of 70 µg/mL. (B) CD spectra of DTCI in buffer and bound to DNA.

4.3.3.5 Time-resolved Fluorescence Measurements
Time-resolved fluorescence measurements were carried out on cyanine dyes with
varying concentrations of DNA to monitor the fluorescence lifetime changes with DNA
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binding. Among all dye systems, DTI has a low luminescence quantum yield and the
lifetimes were found to be short and hence femtosecond time-resolved fluorescence
measurements were carried out for DTI in buffer and DTI with 160 µg/mL DNA after
excitation at 400 nm and monitoring fluorescence at 480 nm. Shown in Figure 4.15 are
the corresponding fluorescence decay traces. Fluorescence of DTI in buffer decays fast
and was fitted with a three exponential function with lifetimes of 0.10 ps (70.6%), 3.0
(26.6%), 105 ps (2.8%) and an average lifetime of 3.8 ps. Fast fluorescence decay is
ascribed to non-radiative relaxation associated with single bond rotation in solution. With
DNA, fluorescence decay of DTI is visibly longer and was fitted with lifetimes of 0.75 ps
(35.4%), 6.8 (40.5%) and 280 ps (24.1%) with an average lifetime of 71 ps. The longer
lifetimes for DTI with DNA can be ascribed to the rigidity offered by DNA base-pair
complexation, thus reducing the non-radiative relaxation. Fluorescence lifetime
measurements explain the observed fluorescence enhancement. Further binding of dye
with DNA was monitored with femtosecond fluorescence anisotropy. Corresponding
anisotropy decay traces for DTI in buffer and DTI with DNA are shown in the inset of
Figure 4.15. The anisotropy of DTI in buffer decays rapidly with a lifetime of 95 ps.
However, when DTI is combined with DNA, anisotropy decay is fitted with 35 ps
followed by a residual anisotropy of 0.2. High residual anisotropy suggests that the
polarization is intact even at 400 ps and confirms the binding of DTI with DNA.
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Figure 4.15: Fluorescence decay traces of DTI with and without DNA at a monitoring
wavelength of 480 nm after excitation at 400 nm. Corresponding anisotropy decay traces
are shown in the inset.
The absorption of other cyanine series of dyes at 400 nm is limited and thus we
were unable to carry out femtosecond time-resolved fluorescence measurements. For
these systems, time-resolved luminescence measurements were carried out with the timecorrelated single photon counting technique after exciting the samples with a laser diode
at 503 nm. Shown in parts A and B of Figure 4.16 are fluorescence decay traces of DTCI
and DTDCI, respectively, at different DNA concentrations. The decay trace for DTCI at
0 DNA was fitted with 0.63 ns (98.0%) and 3.3 ns (2.0%) with an average lifetime of
0.63 ns. The lifetime of DTCI has increased to 1.17 ns (16.7%) and 3.1 ns (83.3%)
(average lifetime = 2.7 ns) in the presence of 160 µg/mL of DNA. The increase in
fluorescence lifetime is consistent with DTCI binding to DNA. Likewise, the
fluorescence decay of DTDCI was fitted with a single exponential lifetime of 1.2 ns
which increased to 1.7 ns (25.3%) and 3.1 ns (74.7%) with an average lifetime of 2.75 ns
at a DNA concentration of 160 µg/mL. The lifetime increase for DTDCI confirms the
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binding of DTDCI with DNA. The lifetimes of investigated cyanine dyes is provided in
Table 4.2.
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Figure 4.16. (A) Fluorescence decay traces of DTCI at 0 DNA, 20 µg/mL and 160
µg/mL DNA concentrations. Excitation is by 503 nm diode laser and emission
monochromator is set at 570 nm. (B) Fluorescence decay traces of DTDCI at 0 DNA, 20
µg/mL and 160 µg/mL DNA concentrations. Excitation was with a 503 nm diode laser
and emission monochromator was set at 660 nm.

Table 4.2: Fluorescence Lifetimes of Investigated Cyanine Dyes with and without DNA.
System

Lifetime (0 DNA)

DTI

0.10 ps (70.6%), 3.0 ps (26.6%),
105 ps (2.8%), av = 3.8 ps

0.75 ps (35.4%), 6.8 ps (40.5%), 280
ps (24.1%), av = 71 ps

DTCI

0.63 ± 0.01 ns(98.0%), 3.3 ± 0.1
(2%), av = 0.68 ns

1.17 ± 0.06 ns (16.7%),3.06 ± 0.04 ns
(83.3%), av = 2.74 ns

1.18 ± 0.01s (100.0%)
DTDCI av = 1.18 ns

1.7 ± 0.2 ns (25.3%), 3.1 ± 0.2 ns
(74.7%), av = 2.75 ns

4.3.3.7 Fluorescence Sensing of DNA
All investigated optical techniques have confirmed that all the cyanine dye
molecules bind to DNA. One consistent phenomenon with most of the dyes is that
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binding to DNA enhances fluorescence intensities that can be used as markers to sense
DNA. One of the objectives of this dissertation was to find novel dye systems that could
be used for better two-photon sensing. Fluorescence enhancements as a function of DNA
concentration with one and two-photon excitation with DTI, DTCI and DTDCI are
shown in parts A, B and C of Figure 4.17, respectively. Fluorescence enhancements are
highest for DTI close to 160-fold at highest DNA concentration. The sensitivity is close
to 2 µg/mL of DNA. Both one- and two-photon excitations show similar intensity
enhancement and sensitivity for DTI. However, fluorescence intensity enhancement is
only 3-fold for DTCI at 160 µg/mL of DNA with one-photon excitation. However, the
intensity enhancement increased to more than 12-fold for DTCI with two-photon
excitation. Also, the sensitivity of DTCI to DNA for two-photon excitation was
determined to be 10 µg/mL as opposed to 100 µg/mL for one-photon excitation. In
contrast, fluorescence was actually quenched for DTDCI with DNA by half at 160 µg/mL
of DNA with one-photon excitation. The fluorescence intensity enhancement of more
than 2-fold was observed for DTDCI with two-photon excitation. The results show that
DTI is a good system for both one and two-photon excitations, while DTCI and DTDCI
are better with two-photon excitation.
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Figure 4.17: Fluorescence enhancement of (A) DTI, (B) DTCI and (C) DTDCI as a
function of DNA concentration for both one and two-photon excitation. Note the twophoton excitation wavelength for DTDCI is 880 nm.

4.3.3.8 Relative Two- photon Cross-section Measurements
The Main objective of the work presented here was to establish 2PA spectroscopy
as a tool to differentiate molecule-DNA interactions. To accomplish this objective,
relative 2PA cross-sections were determined for the investigated cyanine dyes by
following equation 5.1. The relative cross-sections obtained for all cyanine dyes as a
function of DNA concentration are provided in Figure 4.18. It is observed from the
Figure that the relative 2PA cross-section of DTI is independent of DNA concentration.
However, 2PA cross-section enhancement of more than 4-fold was observed for both
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DTCI and DTDCI. The results established our hypothesis that 2PA spectroscopy can
differentiate molecule-DNA interactions.
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Figure 4.18: Relative 2PA cross-sections for investigated cyanine dye molecules as
function of DNA concentration.

4.3.3.8 2PA Cross-section Measurements
To prove that the observed relative two-photon cross-section is not due to
wavelength dependence, 2PA cross-section measurements were carried out as a function
of wavelength from 720 to 880 nm. Measurements were carried out only for DTI and
DTCI, as the wavelength region is not suitable for DTDCI. The Power dependence of
fluorescence shows a slope of 2 for both DTI and DTCI with and without DNA,
confirming that it is indeed a 2PA event. Figure 4.19A shows the 2PA cross-section
spectra at different wavelengths for DTI in buffer, 10 µg/mL DNA and 150 µg/mL DNA.
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It is interesting to note that the 2PA cross-section of DTI in buffer has a maximum crosssection of 40 GM at 760 nm and it is shifted to 810 nm with an increase in DNA
concentration. However, the 2PA cross-section shows a slight decrease to 30 GM at
highest DNA concentration. The results confirmed our relative 2PA cross-section
measurements that showed no change in 2PA cross-section at 800 nm; the slight decrease
in 2PA cross-section can be attributed to the way in which DTI is aligned to the electric
field vector of phosphate backbone.
On the other hand, 2PA cross-section spectra measured for DTCI with and
without DNA have shown an interesting trend. The two-photon excitation spectrum of
DTCI did not show any characteristic feature probably because its absorption spectrum
was not in this wavelength region (Figure 4.19B). Even with DNA, DTCI did not show
any feature but the spectrum did shift to higher wavelength regions. The 2PA crosssection of DTCI at 800 nm increased from 11 GM to 48 GM when DNA concentration
was increased to 150 µg/mL. The cross-section spectra confirm that the cross-section of
DTCI increased with DNA concentration by more than 4-fold. It is reported in the
literature that an increase in the length of cyanine dyes would shift the interaction of the
dyes with DNA from intercalation to minor groove. Overall, the results obtained for
cyanine dyes established our hypothesis that 2PA cross-section is enhanced with minorgroove binding interactions, while it remained unchanged or decreased slightly with
intercalation.
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Figure 4.19. (A) 2PA cross section spectra of DTI at different excitation wavelengths
and (B) Two-photon excitation spectra of DTCI with and without DNA.

4.3.4 Mechanism of 2PA Cross-sections Differentiating Minor-grove vs Intercalation
From the results, three important observations were made. First, DTCI and
DTDCI, dye molecules that are known for minor groove binding have shown more than
4-fold 2PA enhancement. Secondly, DTI and THT, molecules whose structures are
shorter in length and with planar aromatic rings, tend to bind DNA via intercalation and
they have shown no change or a slight decrease in 2PA cross-section when bound to
DNA. An important result is that the 2PA cross-sections of chromophores are quite
sensitive to DNA and it varies depending on how they are bound to DNA. The results
obtained here are quite consistent with the results described in the previous chapter. The
dependence of 2PA cross-section on the DNA concentration has to deal with the specific
nature of DNA that possesses an inherent electric fields because of the phosphate
backbone. These electric fields are known to alter the 2PA cross-sections of
chromophores.
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The 2PA cross-sections of chromophores can be altered by the electric fields
depending on the direction of the electric field in relation to the orientation of the
molecule. If molecules are oriented perpendicular to the field, the chromophores
fluoresce less during two-photon excitation. This can be explained as follows: In a sumover states formalism,43-46 the two-state 2PA cross-section (

) is given by:

4.2

where,

is the transition dipole moment vector between the ground state (g) and

excited state (e),

the difference between the permanent dipole moments in the

ground and excited state and

is the angle between these two vectors.

normalized line shape function,
Planck’s constant, and

is the refractive index, the speed of light,

, is the
is the

is the local field factor (optical) given by

.

It can be seen that the 2PA cross-section of chromophore is proportional to the square
of change in dipole moment and change in permanent dipole moment. The local electric
fields of DNA can contribute to change in dipole moment via an increase in induced
dipole moment.

4.3

where,
situation,

corresponds to the permanent dipole moment change in the zero field
is the change in polarizability between ground and excited

states and E is the local electric field.

is the angle between the polarizability vector and
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the electric field. If

is zero (parallel to the electric field), the effect is maximum and one

can observe large increases in 2PA cross-sections. However, if

is 90 degrees

(perpendicular to the electric field), one can observe no change in 2PA cross-section. If
the

is between 90 and 270 degrees, it can lead to decrease in the 2PA cross-section.

Therefore, the orientation of the local electric field is very important and the DNA
backbone’s orientation with the molecule plays an important role in altering their 2PA
cross-sections.
The electric field induced by DNA runs along the phosphate-sugar backbone.
Different forms of DNA have electric fields in different directions (schematic 1). When
molecules bind to DNA, either through intercalation or minor-groove binding. The 2PA
cross-section can be used as an indicator as to whether the DNA is intercalation or minorgroove binding formation depending on which molecule is bound to the DNA.
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Figure 4.20: Molecules binding to duplex DNA and interacting with the electric field
induced by the sugar-phosphate backbone.

The two-photon cross-section measurements have shown more than 4-fold
enhancement for both DTCI and DTDCI. It is reported in the literature that longer chain
length cyanine dye molecules interact with DNA via minor-groove binding. In minorgroove interaction, the orientation of transition dipole of the molecule is parallel to the
electric field vector of the phosphate backbone (Figure 4.20). As the transition dipole
vector is parallel to electric field vector, the local electric field of phosphate backbone
induces additional change in the dipole moment, which adds to the zero-field dipole
moment. The 2PA cross-section is proportional to the square of the change in dipole
moment. With any change in the local electric field vector induced dipole moment, the
2PA cross-sections increase significantly. However, as DTI and ThT interact with DNA
via intercalation, the orientation of dipole is perpendicular to the electric field vector,
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leading to no effect of the phosphate backbone on the change in dipole moment of the
molecule, and hence no change in 2PA cross-section is observed with these intercalating
molecules. The results obtained from this investigation further validate the technique of
2PA cross-sections differentiating intercalation versus minor-groove binding.
One consequence of change in the 2PA cross-sections with intercalation versus
minor-groove is the increase in two-photon fluorescence enhancement compared to onephoton enhancement. These results explain better sensitivity to DNA for two-photon
fluorescence enhancement with minor groove binding molecules. Also, the sensitivity can
be further be enhanced by designing molecules with greater polarizability changes, as in
the case of cyanine dye molecules.

4.4 Conclusion
In an effort to establish that 2PA spectroscopy can differentiate molecule-DNA
binding interactions and effectively sense DNA, this investigation was carried out.
Optical absorption, steady-state fluorescence, two-photon fluorescence and circular
dichroism measurements were carried out on four dye molecules (ThT, DTCI, DTI,
DTDCI) to probe the binding interaction of molecules with salmon sperm DNA. ThT was
chosen as it is known to bind to biological systems such as amyloid fibrils as well as to
G-quadruplex DNA. We wanted to probe how this dye interacts with DNA. Also, cyanine
series of dye molecules are chosen as they offer structural similarity except for the length
of the chromophores. Based on the length of the chromophopre, the way they interact
with DNA is different. Two main results were obtained from the investigations: (i) The
2PA cross-sections of DTCI and DTDCI have shown more than 4-fold enhancements
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when they are bound to DNA, and (ii) the 2PA cross-sections of ThT and DTI have
shown no change or slight decreases with DNA binding. The results were rationalized on
the basis that the DNA backbone’s electric field is parallel to molecular dipole in minorgrove binding case while it is perpendicular or more than 90 degrees with respect to the
molecular dipole, decreasing the 2PA cross-sections. From the results, DTCI and DTDCI
are confirmed as minor-grove binders while ThT and DTI are assigned as intercalators.
Overall, current results established this new spectroscopic technique based on the
2PA cross-sections to differentiate minor-groove versus intercalation interactions. One
and two-photon fluorescence sensitivity enhancement was highest for DTI and ThT with
100-fold and 160-fold. However, there was no change in 2P sensitivities for both of these
molecules. However, the two-photon fluorescence sensitivity increased by more than 4fold with DTCI and DTDCI. The results have confirmed that the minor groove binding
dye molecules will lead to better two-photon sensitivity for DNA.

4.5 Chapter 4 Summary


The aim of this investigation is to establish 2PA spectroscopy as a novel
spectroscopic tool to differentiate molecule-DNA binding interactions as well as to
sense DNA.



To accomplish the objective, measurements were carried out on four different dye
molecules, namely ThT, DTI, DTCI and DTDCI. These dye molecules are chosen as
they are known to bind to biological systems and have good biological significance.
The cyanine series of dyes can lead to specific structure-property relationships based
on the structure of molecule and the mode of DNA binding.
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Steady-state and time-resolved and circular dicrhoism measurements have confirmed
the binding of molecules with DNA,



Two main results were obtained from the relative 2PA cross-section measurements.
More than 4-fold 2PA cross-section enhancement was observed for DTCI and
DTDCI after binding to DNA. The second result showed a slight decrease or no
change the 2PA cross-sections of ThT and DTI when bound to the DNA.



The increase in the 2PA cross-sections of DTCI and DTDCI confirmed them to be
minor-grove binders while the decrease in the 2PA cross-sections of ThT and DTI
were assinged as intercalators. The investigations have shown that differentiating
molecule-DNA binding interactions by 2PA spectroscopy is not one of a kind but can
be widely applicable to different chromophores.



Also, one-photon fluorescence sensitivity was highest for ThT and DTI to salmon
sperm DNA with enhancement greater than 100-fold. While DTCI and DTDCI are
best suited for two-photon fluorescence sensing of DNA.
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CHAPTER 5
TWO-PHOTON FLUORESCENCE SPECTROSCOPY TO SENSE DIFFERENT
FORMS OF DNA AND TRACK DNA MELTING

5.1 Introduction
The research work presented in the previous two chapters (Chapter 3 and Chapter
4) was able to establish two-photon absorption (2PA) spectroscopy as an analytical tool
to differentiate molecule-DNA interactions. The results were also able to provide specific
dye-molecule systems that can be used as turn-on one- and two-photon fluorescent
sensors for double-stranded DNA and to show that two-photon fluorescence spectroscopy
is a selective and sensitive tool for DNA detection. Further experiments are presented in
this Chapter to prove and establish that 2PA spectroscopy is able to sense different forms
and architecture of DNA, namely single stranded, double-stranded and G-quadruplex.
The hypothesis is that the 2PA cross-sections of specific dye molecular systems can
differentiate different forms of DNA by selectively showing fluorescence enhancement
for one form over other.
Selective and sensitive detection of various forms of DNA has found applications
in forensics, drug research and cancer treatment1. DNA is a very dynamic molecule that
is capable of forming different spatial arrangements that include single-stranded hairpins,
duplexes, triplexes and quandruplexes2. Among different forms, DNA systems can be
classified into the following main categories: single-stranded, duplex and the quadruplex
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DNA systems1. The difference in these systems is in the number of strands each has. It is
very easy for the single-stranded DNA to be digested by the nucleases2. In order to
prevent this digestion, the single-stranded binding proteins hinder premature annealing.
The single-stranded binding proteins also eliminate secondary structure from the DNA
for the purpose of permitting other enzymes to perform their functions as required on the
DNA3. There are two groves that are contained in the DNA’s double helix; the minor
groove and the major groove. The minor groove is usually narrower in width when
compared to the major groove. The majority of the proteins that attach themselves to
DNA do so via the major groove, which is wider. This is attributed to the difference in
widths of the two grooves. The quad-DNA system is also referred to as the four-stranded
quadruple helix or the G-quadruplexes4. Their generation is carried out in the DNA
sections which are very rich in the guanine building block. The G-quadruplexes are being
viewed by scientists as the possible key to hinder cancer cells proliferation.
Several analytical techniques such as UV-Vis absorption, fluorescence,
fluorescence resonance energy transfer and circular dichroism are used for the detection
of DNA. These techniques have shown promise in the monitoring of the binding of
different dye molecules to DNA structures. With the work presented in previous chapters,
we were able to prove that 2PA spectroscopy can differentiate intercalation versus minor
groove binding by aligning the transition dipoles towards or away from the electric field
vector of DNA backbone. However, different forms of DNA possess electric field vectors
aligned in different ways. It would be interesting if 2PA spectroscopy were able to follow
these orientations of electric fields in single-stranded, double stranded and G-quadruplex
architectures. This constitutes the motivation behind the proposed research. The main
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objective of the investigation is to identify specific molecular systems that can selectively
sense particular form of DNA over others.
To accomplish the objectives, three different nucleotide combinations were
chosen: single-stranded DNA1 (with a sequence 5-TGT GAG TGT GAG TGT GAG
TGT GAG-3’, ssDNA1) , single-stranded DNA2 (a complimentary sequence, 3’-ACA
CTC ACA CTC ACA CTC ACA CTC-5’, ssDNA2) and a guanine-rich sequence that
was known to form G-quadruplex (5’-TTA GGG TTA GGG TTA GGG TTA GGG3’, Quad DNA). By mixing ssDNA1 and ssDNA2, duplex DNA was obtained (Dup
DNA). Overall, four different DNA forms were investigated: two single stranded, one
duplex and one G-quadruplex. Four extrinsic dyes known to bind to DNA via an increase
in fluorescence intensity were chosen, namely Hoechst 33258 (Hoe), Acridine Orange
(ArcO), Thioflvain T (ThT) and 3,3′-Diethylthiacyanine iodide (DTI, molecular
structures are shown in Figure 5.1). Binding of these dye molecules to DNA have been
investigated by different research groups as well as by us (Chapter 3 and Chapter 4)5-40.
We have chosen four different dye molecules so that one can obtain specific structuresensitivity relationships with the kind of dye molecules and sensitivity to different forms
of DNA.
Another important aspect related to nucleotide research is the melting of DNA
that is normally followed by temperature-dependent UV-Vis absorption, fluorescence,
fluorescence resonance energy transfer and circular dichroism (CD) spectroscopic
techniques 41,42,43. As we have shown that 2PA spectroscopy as well as two-photon
fluorescence enhancement are viable techniques to study molecule-DNA interactions, a
question arose whether these novel techniques can be applied to melting of DNA41,42,43.
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To answer this, DNA melting studies with two different forms of DNA were monitored,
namely the dupDNA and quad-DNA41,42,43. For the melting of dupDNA, Hoe and ThT
were used, while to study quadDNA melting, Hoe and AcrO were used. Overall, linear,
nonlinear and time-resolved optical measurements were carried out on four different dye
molecules binding to four DNA forms and also two dye molecules each to study the
melting of DupDNA and QuadDNA. Interesting trends with respect to differentiating
DNA forms and DNA melting were obtained from the results.
ssDNA1 sequence: 5’-TGT GAG TGT GAG TGT GAG TGT GAG-3’
ssDNA2 sequence: 3’-ACA CTC ACA CTC ACA CTC ACA CTC-5’
DupDNA – (ssDNA1 + ssDNA2)
Quad-DNA sequence: 5’-TTA GGG TTA GGG TTA GGG TTA GGG-3’

Hoechst 33258 (Hoe)

AcrO

DTI

Thioflavin T

Figure 5.1: Molecular structures of the dye molecules that were investigated

5.2 Experimental
5.2.1 Materials
Hoechst 33258, Acridine Orange, 3,3′-Diethylthiacyanine iodide (DTI) and
Thioflavin T (structures shown in Figure 5.1) were obtained from Sigma-Aldrich and we
used as such. Single stranded DNA (SSDNA1 and ssDNA2), duplex DNA (duDNA) and
quadruplex DNA (quadDNA) were obtained from Innovative DNA Technologies, Inc.
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TRIS-HCl, KCl and NaCl were obtained from Sigma-Aldrich and were used as received.
Nanopure water from Millipore Inc., was used
. All the measurements were carried out in buffered solutions unless stated
otherwise. A buffer stock solution (pH = 7.2) was created using tris-HCL (5mM) and
potassium chloride (50 mM) and MilliQ water. The salmon sperm DNA was combined
with the buffer solution (10 mL) to create a stock solution of DNA. The dye was
combined with DMSO (10mL) to create the dye stock solutions. Sixteen samples were
prepared from the stock solutions with increasing concentrations of DNA placed in each
(0, 1, 2, 5, 10, 15, 20, 30, 50, 70, 100, 200, 300, 400, 650, 900 µL). Each sample was 1
mL, so buffer was added decreasingly as each sample was made, while dye (10 µL) was
added to each uniformly. This process was repeated for all of the investigated dye
molecules.

5.2.2 Optical Methods
The UV/Vis absorption spectrometric measurements were performed utilizing a
Shimadzu UV2101 PC spectrophotometer. One-photon fluorescence measurements were
performed utilizing a Hitachi F2500 spectrofluorimeter. Fluorescence quantum yield
measurements were determined using C485 in methanol as the standard. 2PA crosssections were measured using the two-photon excited fluorescence technique with C485
in methanol as a standard.44,45 Briefly, the output from Tsunami (Spectra-Physics), 720
nm to 900 nm, 100 fs was used to carry out the measurements. The relative 2PA crosssections were determined from the ratio of one and two-photon fluorescence from the

190

samples. The circular dichroism spectra were measured under N2 over the range of 200600 nm.
Fluorescence upconversion measurements were carried out using an instrument
described elsewhere46,47. Briefly, the system used frequency doubled light from a modelocked broadband Ti-sapphire laser (Tsunami, 800 nm) as the excitation source, and the
residual fundamental was used as the gate pulse. The excitation of the sample at 400 nm
leads to fluorescence from the sample, which was upconverted in a nonlinear crystal of βbarium borate using a gate pulse at 800 nm, which first passed through a variable delay
line. The instrument response function (IRF) was obtained using Raman scattering from
water. Fitting the Gaussian peak from the Raman scattering yielded a sigma value of
∼120 fs and a Full Width Half Maximum (FWHM) of ∼280 fs. Spectral resolution was
achieved using a double monochromator and a photomultiplier tube. The excitation
average power varied during the experiments but was consistently in the range of 4.0 ±
0.2 mW. The sample was continuously rotated with a rotating cell that was 1 mm thick to
avoid degradation. Time-correlated single photon counting measurements with diode
laser excitation were carried out to monitor nanosecond lifetimes of molecules and
molecule-DNA systems. The measurements were carried out utilizing an Edinbugh F900
spectrofluorimeter and a cooled Hamamtsu-R928P PMT was used as the detector. For
DNA melting experiments, temperature-dependent UV-Vis absorption, one-photon
fluorescence, two-photon fluorescence after excitation at 800 nm and CD measurements
were carried out.
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5.3 Results and Discussion
The investigated dye molecules whose structures are shown in Figure 5.1 are
known to bind to DNA. Hoe is a large molecule that binds to the minor groove of DNA.
AcrO has three aromatic rings, which will contribute to a large -stacking surface, which
has higher affinity for intercalation wherein the dye molecule stacks with aromatic
structures of the DNA base pairs. ThT and DTI both have the same  stacking
surfaces as that of AcrO and are small enough to intercalate with DNA. An interesting
thing with all these molecules is that all they bind to DNA with an increase in
fluorescence intensity. It would be interesting to see how the fluorescence intensity varies
with binding to different forms of DNA, namely ssDNA1, ssDNA2, dupDNA and
QuadDNA. The objective of these investigations was to obtain molecular systems that
best serves to differentiate one form of DNA over another and sense that form selectively
and sensitively. With this objective, absorption, one-photon fluorescence, two-photon
fluorescence, time-resolved fluorescence and CD measurements were carried out.

5.3.1 Interaction of Hoe with Different Forms of DNA
In Chapter 3 of this dissertation, it was shown that Hoe is a minor groove-binding
molecule that has shown 4-fold increase in 2PA cross-section by binding to salmon
sperm DNA. Also, it is reported in literature that Hoe binds to Adenine-Thymine (AT)rich sequence of DNA. To understand the changes in two-photon cross-sections as well
as intensity changes, measurements were carried out on Hoe binding to different forms of
DNA, such as single stranded, duplex and quadruplex structures.
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5.3.1.1 Steady-state Optical Properties
Hoe is known to interact with different forms of DNA via electrostatic
interactions, as it is cationic and the phosphate backbone is negatively charged. Shown in
Figure 5.2 are normalized absorption and fluorescence spectra of Hoe in buffer, with
ssDNA1, ssDNA2, dupDNA and QuadDNA. Maximum Stoke’s shift is observed for Hoe
in buffer. But the Stoke’s shift is decreased as it binds with different forms of DNA, with
a shift in absorption to longer wavelengths and fluorescence to shorter wavelengths
(Table 5.1). However, it is interesting to note that the shifts in absorption and
fluorescence are not same for different forms of DNA. The results show that ssDNA1
interacts with Hoe, leading to strong red shift in absorption maximum and blue shift in
fluorescence maximum. However, weak interaction is observed with ssDNA2. This is an
indication that it is not only the phosphate backbone that is responsible for binding; the
strength of interaction also depends on the type of nucleotide base pairs present in the
strand. ssDNA1 possesses AT-rich sequence while ssDNA2 is cytosine rich and Hoe
tends to bind with A-T sequence selectively. The observed results confirm what was
reported in the literature2,6,8. However, the next strongest interaction is observed with
quad DNA which also possess A-T nucleotides. In addition, dupDNA also interacts with
Hoe effectively, as observed from a strong blue shift in fluorescence maximum; it is
reported in the literature as well as observed in our previous studies that Hoe binds to the
minor-groove of DNA26,29,32. Overall, all different forms of DNA interact with Hoe with
varying binding strengths.
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Figure 5.2: Normalized absorbance and fluorescence spectra for Hoe interacting with
different forms of DNA.

Table 5.1: Optical Absorption and Fluorescence Maxima of Hoe in Different Media
sample

(nm)

Hoe/0 DNA
SSDNA1/160 µg/L DNA
SSDNA2/160 µg/L DNA
DupDNA /160 µg/L DNA
QuadDNA /160 µg/L DNA

338
373
353
353
363

(nm)
496
472
491
474
480

5.3.1.2 Optical Absorption Properties as a Function of DNA Concentration
To better understand the interaction of Hoe with different forms of DNA and the
influence of DNA concentration on the optical properties, optical absorption
measurements as a function of DNA concentration were carried out for Hoe with
different forms of DNA. Parts A, B C and D of Figure 5.3 show the optical absorption
spectra as a function of different DNA concentrations. In all the samples, DNA
concentration was estimated as µg/mL using the following empirical relationship: [DNA]
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(µg/mL) = A/(l*0.02); where l is the path length of the cuvette. It can be observed from
Figure 5.3A that increasing the concentration of ssDNA1 leads to a strong red shift in
absorption maximum with a clear isosbestic point. However, the red shift or isosbestic
point is not prominent for ssDNA2 interaction. However, decent isosbestic point and
strong red shift is observed for quad DNA interacting with Hoe. From the results, it can
be pointed out that Hoe interacts with the AT sequence selectively in addition with its
electrostatic interaction to the DNA backbone. However, weaker interaction is observed
with ssDNA2 which is deficient in AT sequence. Insets in the figures show the change in
absorbance at 380 nm as a function of DNA concentration. The absorption increased
sharply at smaller DNA concentrations and relatively weaker interaction is observed
letter. From the absorption changes, two slopes for binding were observed that can be
attributed to two dyes binding to one DNA molecule with different binding strengths.
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Figure 5.3: Optical absorption spectral changes of Hoe with different forms of DNA: (A)
ssDNA1, (B) ssDNA2, (C) DupDNA and (D) QuadDNA. Insets show corresponding
increase in optical density at 380 nm as a function of DNA concentration.

5.3.1.3 One-photon Fluorescence Measurements
Optical absorption has shown shifts to longer wavelengths while the fluorescence
of Hoe has increased significantly with the addition of different forms of DNA; spectra
for Hoe interacting with ssDNA1, ssDNA2, dupDNA and QuadDNA are shown in Figure
5.4A, B, C and D, respectively. Not only was there an increase in fluorescence intensity
but the fluorescence maximum shifted to shorter wavelengths, confirming that the excited
state of the dye is also influenced by DNA binding. However, the increase in
fluorescence intensity is different with different DNA architecture. Fluorescence intensity
increase at a wavelength of 470 nm is shown in the insets of the figures.
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Figure 5.4: One-photon fluorescence spectral changes of Hoe with different forms of
DNA after excitation at 350 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 470 nm (with respect to
intensity at 0 DNA) as a function of DNA concentration.

Here again, an intensity increase close to 100-fold was observed with ssDNA1
followed by quadDNA with a 25-fold intensity increase. However, ssDNA2 and
dupDNA shows only 6-fold enhancement. The results again point to the fact that the
guanine interaction with Hoe stablilizes both ground and excited state leading to the
rigidity of the dye molecule and thereby maximum intensity increase. However, with
dupDNA, Hoe binds to the minor groove and its interaction with thymine and nucleotides
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is rather less and, thus, less intensity was observed. It will be interesting observe how the
two-photon fluorescence changes with these systems.

5.3.1.4 Two-photon Fluorescence Measurements
Interesting one-photon fluorescence intensity variation was seen with Hoe binding
to different forms of DNA. Similar fluorescence measurements were carried out with
increasing DNA concentration after exciting the samples with 800 nm laser radiation.
Figures 5.5A, B, C and D show two-photon fluorescence spectra of Hoe binding with
ssDNA1, ssDNA2, dupDNA and QuadDNA, respectively. The corresponding intensity
increase as a function of DNA concentration is plotted in the insets of figures. The
intensity increase was again maximum with ssDNA1 and the enhancement stands at 200fold with it. However, for quadDNA the intensity increase was close to 40-fold, where as,
with dupDNA, the intensity increase is close to 60-fold, while it was just 6-fold in the
case of one-photon excitation. The results indicate that the orientation and interaction of
Hoe with DNA are related to the observed intensity changes observed for one and twophoton excitation.
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Figure 5.5: Two-photon fluorescence spectral changes of Hoe with different forms of
DNA after excitation at 800 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 470 nm (with respect to
intensity at 0 DNA) as a function of DNA concentration.

5.3.1.5 Time-resolved Fluorescence Measurements
To monitor the binding of Hoe, fluorescence lifetime and anisotropy
measurements were carried out on Hoe with different forms of DNA after excitation at
400 nm using femtosecond fluorescence upconversion measurements. Shown in figure
5.6A are fluorescence decay traces of Hoe interacting with different forms of DNA
monitored at an emission wavelength of 480 nm. The fluorescence decay of Hoe in buffer
is fast and it was fitted with a multi-exponential function and an average lifetime of 2.4
ps was obtained from the analysis. With different forms of DNA, fluorescence lifetimes
increased (Table 5.2) and the results matched the increase in fluorescence intensities.
Fluorescence anisotropy decay traces were monitored and not shown for Hoe in buffer
and ssDNA2, as the data was noisy. The anisotropy decay traces for Hoe with dupDNA
and quadDNA are shown in Figure 5.6B and no decay is observed suggesting that Hoe is
bound to DNA structures.
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Figure 5.6: (A) Fluorescence decay traces of Hoe in buffer and with different forms of
DNA monitored at 480 nm and (B) Anisotropy decay traces for Hoe with dupDNA and
QuadDNA.

Table 5.2: Fluorescence Lifetimes of Hoe in Various Investigated Media
System
Hoe/0 DNA
Hoe/ssDNA1
Hoe/ssDNA2
Hoe/DupDNA
Hoe/QuadDNA

Lifetimes
0.15 ps (79.4%), 1.6 ps (13.4%), 23.5 ps (7.2%)
0.30 ps (45.2%), 3.5 ps (32.2%), 3500 ps (22.6%)
0.6 ps (44.8%), 16.5 ps (41.6%), 220 ps (13.6%)
2.5ps (50.4%), 70ps (16.9%), 900 ps (32.7%)
0.3 ps (46.8%), 3.5 ps (18.9%), 35 ps (18.2%),
480 ps (16.1%)

Average lifetime
2.0 ps
790 ps
37 ps
307 ps
84 ps

5.3.1.6. CD Measurements
Further CD measurements were carried out to monitor the binding of Hoe with
various forms of DNA. Hoe is originally a non-chiral molecule and hence should not
have given any CD signal. However, when Hoe binds to DNA it can become chiral as it
imparts the chirality of the DNA. The circular dichroism of Hoe bound to different forms
of DNA is shown in Figure 5.7. It is interesting to see that the chirality was imparted
only in the case of dupDNA, while no other binding interactions with DNA impacted the
chirality to Hoe. The results suggest that Hoe binds with dupDNA in such as way that it
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rotates along with the DNA. The minor groove binding of Hoe with dupDNA has
something to do with this interaction.
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Figure 5.7. CD spectra of Hoe with different forms of DNA.

5.3.1.7 Relative 2PA Cross-section Measurements
Interesting differences were observed with respect to one and two-photon excited
fluorescence intensities for Hoe binding to different forms of DNA. Relative 2PA crosssections were calculated by taking the ratio of two-photon fluorescence to one-photon
fluorescence using the relationship:
the two-photon cross-section,

; where,
and

represents

are fluorescence intensities after two-photon

and one-photon excitation, respectively. Corresponding plots of relative 2PA crosssections as a function of DNA concentrations for Hoe binding to different forms of DNA
are shown in parts A-D of Figure 5.8. The results show that 2-fold enhancement is
observed for Hoe binding to ssDNA1, ssDNA2 and QuadDNA. However, close to 10fold enhancement was observed for DupDNA. The observed 2-fold enhancement for Hoe
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can be ascribed to the wavelength of two-photon excitation that is used (800 nm). As
observed earlier in optical absorption measurements, there is a shift of absorption to
longer wavelengths for Hoe binding to DNA and it might account for small 2PA crosssection enhancement observed in the case of ssDNA1, ssDNA2 and quadDNA.
However, 10-fold enhancement observed with dupDNA cannot be explained by
just invoking wavelength explanation. The result obtained for 2PA cross-section is
consistent with what was presented in Chapter 3 where Hoe has shown more than 4-fold
enhancement while binding with Salmon sperm DNA. The result obtained here for Hoe
interacting with minor groove binding further establishes that 2PA cross-section of
chromophores is quite sensitive to the local electric field of the DNA backbone. This
effect will be only perfect when the orientation of the electric field vector is parallel to
the transition dipole vector of the chromophore.
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Figure 5.8: Relative 2PA cross-sections of Hoe with different forms of DNA: (A)
ssDNA1, (B) ssDNA2, (C) dupDNA and (d) quadDNA.

5.3.1.8 Comparison of Fluorescence Sensing
The main objective of this study was to find which molecule is best suited for
sensing certain DNA architecture over others, namely duplex over single stranded and
quadruplex or quadruplex over duplex and single strand. To assess the sensing
capabilities of Hoe for one-photon fluorescence, intensity enhancement was plotted for
Hoe with different forms of DNA as shown in Figure 5.9A. With one-photon
fluorescence, Hoe is most sensitive to ssdNA1 than other forms and least to ssDNA2.
Among dupDNA and QuadDNA, Hoe is more sensitive to QuadDNA. However, this
scenario is reversed in two-photon fluorescence enhancement (Figure 5.9B) where Hoe
shows better sensitivity to dupDNA over QuadDNA. With the ratio of two-photon to onephoton intensities (relative 2PA cross-section), Hoe shows best sensitivity only to
QuadDNA while all other forms of DNA have more or less similar sensitivities. (Figure
5.9C)
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Figure 5.9: Comparison of (A) One-photon fluorescence intensity enhancement at 470
nm, (B) Two-photon fluorescence intensity enhancement 470 nm at and (C) Relative 2PA
cross-sections for Hoe with different forms of DNA.
The spectroscopic measurements of Hoe interacting with different forms of DNA,
can be summarized as follows: Hoe shows greater sensitivity to ssDNA1 and QuadDNA
as they are thymine rich and Hoe binds to adenine and thymine nucleotides specifically.
However, Hoe shows best sensitivity to dupDNA (10-fold compared to 2-fold for all
other forms) with relative 2PA cross-section measurements as it binds via minor groovebinding, and with minor-groove binding the electric field of DNA backbone induces
additional change in dipole moment that would help in enhancing the 2PA cross-sections.
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5.3.2 Interaction of ThT with Different Forms of DNA
Thioflavin T is one of the well-known biological markers that work by lighting up
the DNA when it binds to it as the rigidity offered by confined systems enhances its
fluorescence intensity5. When Thioflavin T is bound to the beta-rich DNA structures, a
clear fluorescence is seen and it is characterized by a red shift of its emission spectrum8.
Our earlier results shown in Chapter 4 suggest that ThT binds with salmon-sperm DNA
via intercalation and this matches what was observed by other research groups9. It is
known in recent literature that ThT binds to G-quad DNA better than other forms of
DNA. To verify the same, measurements were carried out on ThT binding to different
forms of DNA.

5.3.2.1 Steady-state Properties
Shown in Figure 5.10 are the normalized optical absorption and steady-state
fluorescence spectra of ThT binding to different forms of DNA. As reported in literature,
ThT binds to different forms of DNA with electrostatic as well as interaction with
Guanine nucleotide. ThT binds strongly with quadDNA as observed from a large shift in
absorption maximum to longer values (Table 5.3). Next strongest is ssDNA2 which is
also guanine-rich and the weakest of them is ssDNA2, which is guanine-deficient. Even
though the shifts in absorption maxima are different for ThT interacting with various
forms of DNA, the shift in fluorescence maxima is similar, suggesting that ThT binds
will all forms of DNA although with varying binding strengths.
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Figure 5.10: Normalized absorbance and fluorescence spectra for ThT interacting with
different forms of DNA.

Table 5.3: Optical Absorption and Fluorescence Maxima of ThT in Various Media
sample
THT/0 DNA
SSDNA1/160 µg/L DNA
SSDNA2/160 µg/L DNA
Duplex_DNA /160 µg/L DNA
Quad_DNA /160 µg/L DNA

(nm)
412
437
418
430
441

(nm)
465
492
488
491
487

5.3.2.2 Optical Absorption Properties as a Function of DNA Concentration
The absorption spectra of ThT with increasing concentrations of different forms
of DNA were measured and shown in parts A-D of Figure 5.11. The absorption
maximum is shifted from 411 nm to longer wavelengths for quadDNA, ssDNA and
dupDNA with a clear isosbestic point for quadDNA. Insets of figures show the increase
in absorption intensity at a wavelength of 450 nm. The absorption increase is consistent
with ssDNA1, dupDNA and quadDNA and not so much for ssDNA2, again pointing to
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the differences in their binding interactions. However, the shifts do indicate the ThT
interacts with all forms of DNA.
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Figure 5.11: Optical absorption spectral changes of ThT with different forms of DNA:
(A) ssDNA1, (B) ssDNA2, (C) dupDNA and (D) quadDNA. Insets show corresponding
increase in optical density as a function of DNA concentration at 450 nm.

5.3.2.3 One-photon Fluorescence Measurements
ThT in water without DNA has very low quantum efficiency mainly because of
the torsional relaxation around the single bond of the chromophore providing ultrafast
non-radiative decay channel. However, when the DNA concentration is increased, the
fluorescence quantum efficiency has increased significantly with all forms of DNA
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(Figure 5.12A-D) indicating that the ThT is bound to DNA and the torsional relaxation is
somewhat hindered when it is bound to DNA. Insets of figures show the intensity
enhancement at 490 nm and interesting trends can be observed here. In all cases, the
fluorescence intensity is increased while the amount of increased intensity differed.
Maximum intensity is observed with QuadDNA of about 300-fold at a DNA
concentration of 150 µg/mL. Followed by ssDNA1 that has shown 120-fold at a DNA
concentration of 350 µg/mL and 60-fold for dupDNA at a concentration of 300 µg/mL.
The smallest intensity increase is observed for ssDNA2 which stands at about 10-fold.
The differences in the intensity are consistent with changes in absorption. Note that the
intensity is normalized with absorption changes and solely arises from the strengths of
interaction. As ssDNA2 is guanine-deficient, it shows the least intensity enhancement
while quadDNA, being guanine-rich, shows maximum intensity enhancement.

100

900

60
40
20
0

600

0

50

100

150

200

250

300

350

[DNA] (g/mL)

60

12

40

9
6

3
0

0

50

100

150

200

250

300

[DNA] (g/mL)

20

300
0

ThT/SSDNA2

80

80

Fl Intensity

1200

Fl Intensity

B

120

I/I0 @ 490 nm

100
ThT/SSDNA1

I/I0 @490 nm

A

1500

450

500

550

600

Wavelength (nm)

208

0
450

500

550

Wavelength (nm)

600

Figure 5.12 Continued
D

50

400

10
0
0

50

100

150

200

250

300

[DNA] (g/mL)

200

150

2k

20

300

300
250

40
30

Fl Intensity

ThT/Quad_DNA

200

I/I0 @ 490 nm

500

3k

60

I/I0 @ 490 nm

C

ThT/Duplex_DNA

Fl Intensity

600

100
50
0
0

1k

50

100

150

[DNA] (g/mL)

100
0

0
450

500

550

Wavelength (nm)

600

450

500

550

Wavelength (nm)

600

Figure 5.12: One-photon fluorescence spectral changes of ThT with different forms of
DNA after excitation at 400 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 490 nm (with respect to
intensity at 0 DNA) as a function of DNA concentration.

5.3.2.4 Two-photon Fluorescence Measurements
Similarly to one-photon fluorescence, the two-photon fluorescence (after
excitation at 800 nm) has shown enhancement with increase in DNA concentration and
corresponding fluorescence spectra of ThT are shown in Figure 5.13A-D. However, the
increase in two-photon fluorescence intensities tends to differ slightly from one-photon to
two-photon excitation (insets of Figure 5.13A-D). The intensity increase stands at 160fold with ssDNA1 at 350 µg/mL while it decreased for QuadDNA to become 120-fold at
150 µg/mL. Interestingly, the intensity increase is similar to one-photon excitation for
both ssDNA2 and dupDNA. The differences observed here can be explained by the
nature of binding of ThT with different forms of DNA.
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Figure 5.13: Two-photon fluorescence spectral changes of ThT with different forms of
DNA after excitation at 800 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 490 nm (with respect to
the intensity at 0 DNA) as a function of DNA concentration.

5.3.2.5 Time-resolved Luminescence Measurements
To monitor the binding interaction of ThT with various forms of DNA, timeresolved fluorescence and fluorescence anisotropy measurements were carried out. ThT
is termed an ultrafast motor as it rotates around the single bond quickly to give rise to
ultrafast non-radiative relaxation. However, when it is bound to confined geometries, The
lifetimes increase as this motion is restricted. To monitor the binding of ThT different
forms of DNA, ultrafast fluorescence measurements were carried out after excitation at
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400 nm and monitoring fluorescence at 480 nm. Shown in Figure 5.14A are the
fluorescence decay traces for Hoe with different forms of DNA. ThT in buffer decays
very fast and its decay is fitted with a multi-exponential function; an average lifetime of
0.24 ps was determined from the analysis. Upon binding to DNA, the lifetimes increased
for ThT. A maximum lifetime increase was observed for ThT with ssDNA1 followed by
QuadDNA, DupDNA and ssDNA2. The corresponding fluorescence lifetimes are
provided in Table 5.4.
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Figure 5.14: (A) Fluorescence Decay traces of ThT in Different Media Monitored at 480
nm After Excitation at 400 nm and (B) Corresponding Anisotropy Decay Traces for ThT
with ssDNA1, dupDNA and quadDNA.

The fluorescence anisotropies are shown in Figure 5.14B and the anisotropies do
not decay in the time delay investigated, confirming that ThT is bound to different forms
of DNA.
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Table 5.4: Fluorescence Lifetimes of ThT in Different Media after
and Fluorescence Monitored at 480 nm
System
Lifetimes
ThT/0 DNA
0.166 ps (76.2%), 1.14 ps (23.4%), 9.5 ps (0.4%)
ThT/ssDNA1
0.25 ps (56.6%), 5.5 ps (13.8%), 220 ps (29.6%)
ThT/ssDNA2
0.25 ps (73.9%), 1.5 ps (23.6%), 55.0 ps (2.5%)
ThT/DupDNA 0.40 ps (70.0%), 2.45 ps (22.5%), 122 ps (7.6%)
ThT/QuadDNA 0.45 ps (71.8%), 4.9 ps (15.7%), 225 ps (12.5%)

Excitation at 400 nm
Average lifetime
0.43 ps
66 ps
1.9 ps
10.1 ps
29.2 ps

5.3.2.6 Relative 2PA Cross-sections
The relative 2PA cross-section enhancement was determined from the ratio of
two-photon to one-photon fluorescence and is plotted as a function of DNA concentration
for ssDNA1, ssDNA2, dupDNA and QuadDNA in parts A, B, C and D of Figure 5.15,
respectively. It can be observed from figure that the 2PA cross-section is increased by
close to 2-fold for ssDNA1 while it has decreased by more than 2-fold for ThT bound to
QuadDNA. It remained unchanged with both ssDNA2 and QuadDNA. Although ThT
binds to ssDNA1 and QuadDNA strongly via guanine-rich parts, the 2PA cross-sections
have shown differences mainly because of the transition dipole vector of the molecule
orientation with the DNA backbone. In the case of dupDNA, ThT binds by intercalation,
and no influence of DNA backbone’s electric field is observed. However, for ssDNA1 it
has a small effect, as it is not organized while in the quadruplex, the electric field has an
opposite effect as the anti-parallel nature of the G-quadruplex influences the 2PA crosssections of ThT.
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Figure 5.15: Relative two-photon absorption cross-sections of ThT with different forms
of DNA: (A) ssDNA1, (B) ssDNA2, (C) dupDNA and (d) quadDNA.

5.3.2.7 Comparison of One and Two-photon Sensing
Figure 5.16A shows the comparison of one-photon fluorescence intensity
variation for ThT binding to different forms of DNA. With one-photon excitation, the
maximum enhancement is observed for QuadDNA and is very sensitive to it over other
forms of DNA. On the other hand, the sensitivity changes with two-photon excitation
(Figure 5.16B) where both ssDNA1 and quadDNA have similar sensitivities but better
than dupDNA and ssDNA2. The differences in relative 2PA cross-sections are not
obvious even though ssDNA1 shows a 2-fold increase while a 2-fold decrease was
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observed for quadDNA (Figure 5.16C). The results of 2PA cross-section for ThT shows
that it binds with DNA by intercalating and - stacking with DNA base pairs; no
specific 2PA cross-section enhancement was observed.
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Figure 5.16: Comparison of (A) One-photon fluorescence intensity enhancement at 490
nm, (B) Two-photon fluorescence intensity enhancement at 490 nm and (C) Relative 2PA
cross-sections for ThT with different forms of DNA.

Overall, ThT interacts with different forms of DNA mainly by complexing with
guanine nucleotide and thereby enhancing the fluorescence. In addition, it binds with
dupDNA by intercalation. ThT is a better one-photon fluorescence sensor for quadDNA
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than for other forms of DNA and is consistent with literature reports6,18-20,22-24. However,
its sensitivity decreases with two-photon excitation and similar sensitivities are observed
for ssDNA1 and quadDNA. In terms of relative 2PA cross-sections, ThT is most
selective to ssDNA1 over other forms of DNA.

5.3.3. Interaction of DTI with Different Forms of DNA
Another class of chromophores that was investigated for binding to DNA is the
cyanine class of dye molecules. Cyanine dyes are known to bind to DNA in different
ways. As observed in the previous study (Chapter 4), DTI, a smaller cyanine dye, binds
to DNA via intercalation while longer cyanine dyes tend to bind through minor groove
binding. However, maximum fluorescence intensity was observed with DTI and not with
other dye molecules. Thus, to identify selective and sensitive molecular system for the
detection of various forms of DNA, studies were carried out on DTI that gave greater
fluorescence enhancement upon binding to DNA.

5.3.3.1 Steady-state Optical Properties
Normalized absorption and fluorescence spectra of DTI in buffer and in the
presence of ssDNA1, ssDNA2, dupDNA and quadDNA are shown in Figure 5.17. The
absorption and fluorescence maxima recorded for DTI in different media are provided in
Table 5.5. It is observed from the figure and Table 5.5 that free DTI in buffer has an
absorption maximum at 421 nm which is shifted to longer wavelengths in the presence of
DNA. The red shift is highest in the case of ssDNA1, dupDNA and quadDNA. The
fluorescence of the dyes is also shifted to blue wavelengths from 477 nm to buffer to 462
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nm when it is bound to dupDNA. The results from the investigation also suggest that DTI
binds to the AT-rich sequence. Since SS2 is GC- rich, strong perturbation to the ground
and excited state is not observed. However, it is not a condition to have ground and
excited state interaction so that the dye binds with DNA. It is possible that DTI still binds

Absorbance

DTI_0 DNA
DTI_ssDNA1
DTI_ssDNA2
DTI_dupDNA
DTI_quadDNA

400

500

Norm Fluorescence

with ssDNA2 although with a different binding constant.

600

Wavelength (nm)
Figure 5.17: Normalized absorbance and fluorescence spectra for DTI interacting with
different forms of DNA

Table 5.5: Optical Absorption and Fluorescence Maxima of DTI in Different Media
sample
DTI/0 DNA
SSDNA1/160 µg/L DNA
SSDNA2/160 µg/L DNA
Duplex_DNA /160 µg/L DNA
Quad_DNA /160 µg/L DNA
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(nm)
421
429
425
430
429

(nm)
477
466
471
462
470

5.3.3.2 Optical Absorption Properties as a Function of DNA Concentration
Optical absorptions of DTI were recorded at different DNA concentrations and
with varying forms of DNA and corresponding spectra are shown in parts A-D of Figure
5.18. As expected, with an increase in DNA concentration, lower energy absorption
maximum is shifted to longer wavelengths for ssDNA1, dupDNA and quadDNA.
However, the shift is not significant with ssDNA2. The insets in the figures show the
absorption at 410 nm that decreases with increase in DNA concentration, suggesting
molecule binding to DNA.
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Figure 5.18: Optical absorption spectral changes of DTI with different forms of DNA:
(A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D) QuadDNA. Insets show corresponding
increase in optical density as a function of DNA concentration at 410 nm.
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5.3.3.3 One-photon Fluorescence Measurements
One-photon fluorescence measurements were carried out after exciting the
samples at 400 nm; corresponding fluorescence spectral changes as a function of DNA
concentration are shown in Figure 5.19A-D. Fluorescence intensity increase is observed
for DTI with all DNA forms. As the DNA concentration is increased, there is a slight
shift of the fluorescence maximum to shorter wavelengths with a concomitant increase in
fluorescence intensity. However, the increase in fluorescence intensity is not identical for
all systems. The insets of Figure 5.19 show the normalized fluorescence intensity at 470
nm as a function of DNA concentration. From the figure, it can be observed that the
intensity increase is maximum for DTI/quad DNA at 280-fold followed by DTI-ssDNA1
at 200-fold, DTI-dupDNA at 180-fold, and DTI-ssDNA2 at 50-fold. The results are quite
similar to what was observed for ThT, which was known to be a quadruplex binding
molecule that binds to guanine-rich nucleotides specifically. Current results also suggest
that DTI binds to guanine-rich systems preferentially over cytosine-rich ssDNA2.
However, DTI still binds to ssDNA2 electrostatically and an intensity increase as high as
50-fold was observed. (Figure 5.19B)
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Figure 5.19: One-photon fluorescence spectral changes of DTI with different forms of
DNA after excitation at 410 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 470 nm (with respect to
intensity at 0 DNA) as a function of DNA concentration.

5.3.3.4 Two-photon Fluorescence Measurements
In order to study two-photon fluorescence sensing, measurements were carried
out on all the systems after excitation at 800 nm. Power-dependence measurements have
shown that the fluorescence arises from two-photon excitation only. Shown in Figure
parts A-D of Figure 5.20 are two-photon excited fluorescence spectra with increasing
DNA concentrations for ssDNA1, ssDNA2, dupDNA and quadDNA, respectively. As in
the case of one-photon excitation, a fluorescence intensity increase is observed for all
systems and the normalized intensity increase at 470 nm is plotted as a function of DNA
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concentration and shown in the insets of Figure 5.20. Although the increase is evident in
all systems, the enhancement is not identical. The fluorescence enhancement with quadDNA was reduced to 200-fold while that of ssDNA1 remained at 170-fold. An enhanced
increase in two-photon excited fluorescence enhancement was observed with dupDNA
that stands at 130-fold.
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Figure 5.20: Two-photon fluorescence spectral changes of DTI with different forms of
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5.3.3.5 Time-resolved Fluorescence Measurements
To understand the influence of DNA binding to the excited state relaxation,
femtosecond fluorescence measurements were carried out after exciting the samples at
400 nm and monitoring fluorescence at 480 nm. Inherently, DTI in buffer shows low
quantum yield because of ultrafast relaxation offered by rotation around the single bond.
However, when it is bound to DNA, the rotation is hindered and one can expect an
increased fluorescence lifetime as well as quantum yield. Shown in Figure 5.21A are the
fluorescence kinetic decay traces at 480 nm for DTI in different DNA media. DTI in
buffer decays rapidly although as not fast as that of ThT and was fitted with multiexponential lifetimes. The average lifetime for DTI in buffer was determined to be 21 ps.
However, it increases when it binds to different forms of DNA and corresponding
lifetime data is provided in Table 5.6.
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Figure 5.21: (A) Fluorescence lifetimes of DTI in different DNA systems monitored at
480 nm after excitation at 400 nm and (B) corresponding anisotropy decay traces for DTI
in different DNA systems.
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Table 5.6: Fluorescence Lifetimes of DTI in Different Media
System
DTI/0 DNA

Lifetimes
0.16 ps (76.2%), 0.5 ps (27.3%), 3.8 ps
(57.9%), 350 ps (5.4%)
DTI/ssDNA1
1.6 ps (40.6%), 11.5 ps (25.0%), 420 ps
(34.4%)
DTI/ssDNA2
0.5 ps (24.1%), 2.5 ps (36.7%), 9.0 ps
(19.2%), 380 ps (20.0%)
DTI/DupDNA 0.30 ps (21.0%), 3.2 ps (39.5%), 10.5 ps
(13.4%), 280.0 (26.1%)
DTI/QuadDNA 1.8 ps (51.9%), 11.5 ps (18.7%), 415 ps
(29.4%)

Average lifetime
21.2 ps
148 ps
79 ps
76 ps
125 ps

From the table and figure, it can be seen that maximum lifetime increase was
observed with quadDNA and ssDNA1, and a lifetime increase of 125 ps was determined.
It is interesting to note that the lifetime increase did not match the fluorescence quantum
yield and this might have to do with the longer lifetimes not appropriately determined
with fast time-resolved techniques. Time-resolved fluorescence anisotropy measurements
can also show the binding nature of dye molecules to DNA. If dye binds to DNA, the
fluorescence anisotropy does not relax rapidly, as its apparent molar volume increases
thereby hindering its rotation in solution. Figure 5.21B shows the corresponding
fluorescence anisotropy decay traces for DTI in different media. The anisotropy of DTI
decays rapidly and an anisotropy decay of 95 ps was determined from the analysis.
However, the anisotropy of DTI did not decay in the presence of DNA confirming the
binding interaction of DTI with DNA.

5.3.3.6 Relative 2PA Cross-section Measurements
Relative 2PA cross-sections were estimated from the ratio of two-photon to onephoton fluorescence intensities; corresponding cross-sections as a function of DNA
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concentration are shown in Figure 5.22A-D for ssDNA1, ssDNA2, dupDNA and
quadDNA, respectively.

3.0

B

DTI/ssDNA1

Rel. 2PA enhancement

Rel. 2PA enhancement

A

2.5
2.0
1.5
1.0
0.5
0.0

0

100

200

300

3.0
2.5
2.0
1.5
1.0
0.5
0.0

400

DTI/ssDNA2

0

50

100 150 200 250 300 350 400

[DNA] (g/mL)

[DNA] (g/mL)

D 4.0

3.0

Rel. 2PA enhancement

Rel. 2PA enhancement

C

DTI/Duplex_DNA

2.5
2.0
1.5
1.0
0.5
0.0

3.0
2.5
2.0
1.5
1.0
0.5
0.0

0

50

100

150

200

250

300

DTI/Quad_DNA

3.5

0

50

100

150

200

[DNA] (g/mL)

[DNA] (g/mL)

Figure 5.22: Relative two-photon absorption cross-sections of DTI with different forms
of DNA: (A) ssDNA1, (B) ssDNA2, (C) dupDNA and (d) quadDNA.

It is interesting to observe from Figure 5.22 that there is no appreciable increase
in 2PA cross-sections for any DNA form. The cross-section remained the same for
ssDNA1, ssDNA2 and dupDNA, while there was a slight decrease in 2PA cross-section
quadDNA. It was shown in our previous studies that DTI binds to salmon sperm DNA
via intercalation and no 2PA enhancement can be expected as the electrostatic fields of
DNA backbone are perpendicular to molecule’s orientation. So, the observed lack of 2PA
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enhancement for the investigated dye molecules is assigned to -stacking of DTI with
nucleotide base pairs. However, a slight decrease in 2PA cross-section was observed for
quadDNA that might be due to the opposing effect of local electric field in the
quadruplex backbone working against the dipole vector of the molecule and reducing its
cross-section.

5.3.3.7 Comparison of Single and Two-photon Fluorescence Sensing
One-photon fluorescence, two-photon fluorescence, and relative 2PA cross-sections are
compared for DTI in different DNA media; the results are plotted in Figure 5.23 A-C.
With one-photon excitation, DTI can differentiate quadruplex DNA over single-stranded
and duplex DNA and the enhancement greater than 2-fold is observed over other forms.
However, it is not so clear with two-photon excitation where quadDNA has shown
decreased enhancement when compared to dupDNA and ssDNA1. However, the relative
2PA cross-sections were not conclusive for this particular molecular system. The present
results suggest that the molecules that bind with DNA via intercalation might not be
particularly suited for sensing via relative 2PA cross-sections. However, investigations on
several dye molecules can provide a better picture to use this technique not only to
differentiate different forms of DNA but also to sense the DNA better.
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Figure 5.23: Comparison of (A) One-photon fluorescence intensity enhancement at 470
nm, (B) Two-photon fluorescence intensity enhancement 470 nm at and (C) Relative 2PA
cross-sections for DTI with different forms of DNA.

5.3.4 Interaction of Acridine Orange with Different Forms of DNA
Another well-known DNA intercalating molecule is AcrO. It binds with DNA via
 stacking with DNA base pairs, as it possesses flat architecture. Measurements were
carried out on this dye molecule to probe if it can differentiate various forms of DNA
using novel optical spectroscopic techniques.
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5.3.4.1 Steady-state Measurements
Normalized optical absorption and fluorescence spectra are plotted and shown in
Figure 5.24 for AcrO in buffer and with different DNA constructs. The corresponding
absorption maximum and fluorescence maximum for AcrO in different media is provided
in Table 5.7. The absorption spectrum of AcrO is shifted to longer wavelengths with
DNA while no appreciable fluorescence shifts were observed. Larger shift in absorption
maximum was observed or dupDNA and quadDNA.
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Figure 5.24: Normalized absorbance and fluorescence spectra for AcrO interacting with
different forms of DNA.

Table 5.7: Optical Absorption and Fluorescence Maxima of AcrO in Different Media
sample
AcrO/0 DNA
SSDNA1/160 µg/L DNA
SSDNA2/160 µg/L DNA
Duplex_DNA /160 µg/L DNA
Quad_DNA /160 µg/L DNA
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(nm)
491
502
501
503
502

(nm)
530
530
530.80
529
528

5.3.4.2 Optical Absorption Measurements
Shown in Figure 5.25A-D are the optical absorption spectral changes for AcrO
with increasing DNA concentrations for ssDNA1, ssDNA2, dupDNA and quadDNA.
AcrO is a known intercalator and the optical absorption spectral changes observed (insert
of Figure 5.25) indicate that AcrO also binds strongly with different DNA constructs. An
increase in optical density at 500 nm was observed maximum for dupDNA and
quadDNA. The results show that AcrO binds strongly with dupDNA and quadDNA and
not so much with single stranded DNA forms.
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Figure 5.25: Optical absorption spectral changes of AcrO with different forms of DNA:
(A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D) QuadDNA. Insets show corresponding
increase in optical density as a function of DNA concentration.

5.3.4.3. One Photon Fluorescence Spectral Changes as a Function of DNA
Concentration
Fluorescence spectra of AcrO with increasing DNA concentrations were obtained
by exciting the samples at 440 nm and corresponding spectra are shown in Figure 5.26AD. The inset of Figure 26A-D shows corresponding changes in fluorescence intensity at
530 nm. With increasing DNA, there was a decrease in fluorescence initially for
ssDNA1, followed by recovery to its original value. (Figure 5.26A) Similar behavior was
observed with ssDNA2. However, dupDNA showed a 8-fold increase in fluorescence
intensity while 4-fold intensity enhancement was observed with quadDNA. These subtle
differences are attributed to the binding of the AcrO with different DNA forms.
Fluorescence measurements also indicate that AcrO does not bind strongly with single
stranded DNA, while it has good binding constants with duplex and quadruplex DNA
structures.
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Figure 5.26: One-photon fluorescence spectral changes of AcrO with different forms of
DNA after excitation at 450 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity (with respect to intensity at 0
DNA) as a function of DNA concentration.

5.3.4.4. Two-photon Fluorescence Spectral Changes as a Function of DNA
Concentration
Similarly to one-photon fluorescence, two-photon fluorescence spectra for AcrO
with increasing DNA concentrations were recorded after excitation at 800 nm and
corresponding fluorescence spectra are shown in Figure 5.27A-D.
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Figure 5.27: Two-photon fluorescence spectral changes of AcrO with different forms of
DNA after excitation at 800 nm: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (D)
QuadDNA. Insets show corresponding normalized intensity at 530 nm (with respect to
intensity at 0 DNA) as a function of DNA concentration.

Insets of figure 5.27A-D show the normalized fluorescence intensity at 530 nm as
a function of DNA concentration and the trends observed are slightly different from those
of one-photon excitation. ssDNA1 and ssDNA2 systems showed almost identical trends
to that of one-photon excitation while the intensity enhancement is reduced to only 4-fold
for dupDNA and also decreased to 2-fold with two-photon excitation.
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5.3.4.5. Time-resolved Fluorescence Measurements
Time-resolved fluorescence and fluorescence anisotropy measurements were
carried out to monitor the binding abilities of AcrO with different forms of DNA. Figure
5. 28A shows the fluorescence decay traces of AcrO in different media after excitation at
400 nm and monitoring fluorescence at 520 nm. Fluorescence of AcrO was fitted with a
multi-exponential function of 0.30 ps, 1.50 ps and > 500 ps and an average lifetime of
220 ps was estimated from the analysis. However, it has to be noted that the fast
components might arise from salvation components and do not represent the singlet state
completely. For the sake of comparison, it should serve the purpose. The fluorescence
decays of AcrO in different DNA forms were also fitted with multi-exponential function
and the data is provided in Table 5.8. It is observed from the data that the fluorescence
lifetime is reduced when AcrO was bound to ssDNA1. On the other hand, with ssDNA2,
there are ultrafast decay components followed by long-lived singlet state. Fluorescence
for AcrO with dupDNA decays slowly compared to others. Fluorescence anisotropy
decay traces of AcrO in water and with dupDNA are shown in Figure 5.28B. The
anisotropy of AcrO in buffer decays rapidly with a relaxation time of 98 ps which is
ascribed to the rotational relaxation. However, the anisotropy does not decay in the
investigated time window suggesting that the dye is bound to dupDNA.
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Figure 5.28: (A) Fluorescence decay traces of AcrO in buffer and with different DNA
forms monitored at 520 nm and (B) Anisotropy decay traces for AcrO in buffer and with
dupDNA.

Table 5.8: Time-resolved Fluorescence Lifetimes of AcrO in Different Media
System
AcrO/0 DNA
AcrO /ssDNA1
AcrO /ssDNA2
AcrO /DupDNA
AcrO /QuadDNA

Lifetimes
0.30 ps (46.8%), 1.8 ps (10.9%), 520 ps
(57.9%)
0.16 ps (65.1%), 1.5 ps (13.1%), 14.5 ps
(12.0%), 210 ps (9.8%)
0.175 ps (88.0%), 9.3 ps (6.4%), 3490 ps
(5.6%)
0.18 ps (40.7%), 2.2 ps (20.9%), 620 ps (38.44
0.17 ps (61.7%), 2.5 ps (21.6%), 250 ps
(16.7%)

Average lifetime
220 ps
22.6 ps
195 ps
240 ps
42.4 ps

5.3.4.6 Relative 2PA Cross-sections
Using the ratio of two-photon to one-photon fluorescence intensities, relative 2PA
cross-sections were determined for AcrO in different media and plotted as a function of
DNA concentration in A-D of Figure 5.29. It is observed from the analysis that the
relative 2PA cross-section of AcrO is closer to unity with two single stranded DNAs.
However, there is a decrease in 2PA cross-section close to 2-fold with dupDNA and
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quadDNA. The intercalation of AcrO with base pair is influencing the 2PA cross-section
of the AcrO while with ssDNA, the interaction might be simply electrostatic in nature.
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Figure 5.29: Relative two-photon absorption cross-sections of AcrO with different forms
of DNA: (A) ssDNA1, (B) ssDNA2, (C) DupDNA and (d) QuadDNA.

5.3.4.7 Comparison of One and Two-photon Fluorescence Sensing
AcrO is a known intercalator and the effect of DNA backbone’s electric field on
enhancing the 2PA cross-sections would be minimal. Figure 5.30A and B show the onephoton and two-photon fluorescence enhancements as a function of DNA concentration
and the results indicate that AcrO is a better sensor for duplex DNA over other forms and
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least sensitive to single-stranded DNA. However, the dynamic range is not high and the
sensitivity was estimated to be around 20 µg/mL for dupDNA.
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Figure 5.30: Comparison of (A) One-photon fluorescence intensity enhancement at 530
nm, (B) Two-photon fluorescence intensity enhancement at 530 nm and (C) Relative
2PA cross-sections for AcrO with different forms of DNA.

The relative 2PA cross-sections might not be a good measure of the sensitivity for
DNA as the 2PA cross-section is decreased with both dupDNA and quadDNA. The
decrease in 2PA cross-sections might arise from the strong interaction of AcrO with
DNA base pairs influencing the dipole moment of the molecule.
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Overall from the measurements, different molecules have shown varying degrees
of one-photon, two-photon enhancements, and relative 2PA cross-sections. The observed
differences are rationalized based on the interaction of molecules with DNA. Our results
have shown that if a molecule is bound to the minor groove of duplex DNA, it can
differentiate duplex DNA over quadruplex and single-stranded DNA structures. Basic
interactions of molecules with different forms of DNA are represented in Figure 5.31.

E

E
Molecule binding to DNA

E
E
E

ssDNA

dupDNA

QuadDNA

Figure 5.31: Molecules binding to ssDNA, duplex DNA, and quadruplex DNA and
interacting with the electric field induced by the sugar-phosphate backbone.

With single-stranded DNA, molecules still can interact with nucleotides
chemically via hydrogen bonding or -stacking. Especially in the case of single stranded,
the electric field of DNA can be quite random and possibly no effect can be observed.
However, dye molecules such as Hoe and ThT bind with AT-rich sequences and have
shown large increase in fluorescence intensities when bound to ssDNA1. Yet, the relative
2PA cross-sections show no major changes as their interaction with the electric field of
DNA backbone is minimal. However, the interaction of the dyes with ssDNA2 is not so
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strong especially for Hoe, ThT and AcrO and the relative 2PA cross-sections also show
minimal influence.
The Hoe was able to differentiate dupDNA over other forms of DNA with respect
to relative 2PA cross-sections as it is a minor groove binder and its transition dipole
vector is parallel to the electric field vector of DNA backbone, thereby enhancing its 2PA
cross-section. The results show that Hoe can differentiate dupDNA over quadDNA
especially with ratio imaging. On the other hand, ThT bound to QuadDNA specifically
with great one-photon enhancement. However, with 2PA enhancement, its sensitivity
decreased and the relative 2PA cross-sections have shown a decrease for ThT with quad
DNA. Yet, this decrease is prominent only for the case of quadDNA, as its binding with
guanine-rich sequence alters the energetics of the chromophore and makes its orientation
anti-parallel to the bound chromophore. Also, with quadruplex confirmation, it is possible
to provide an electric field with opposite orienation when four phosphate chains align
antiparallel to one another. With added salt, ThT is known to take the anti-parallel
orientation that lead to a decrease in 2PA cross-section. A similar explanation is
appropriate for the decrease in 2PA cross-sections observed for DTI and AcrO when
bound to QuadDNA. The investigated molecules were able to provide new analytical
tools to monitor molecule-DNA binding pathways. Further measurements were carried
out to understand the DNA melting transitions using linear and nonlinear optical
techniques.
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5.4 Monitoring Duplex DNA Melting
The hydrogen bonding interactions that hold double helical DNA can be broken
with temperature and this process leads to two single strands. This process is studied by
following increased absorbance at 260 nm due to hyperchromicity which is exploited to
see the helix-coil transitions or simply termed as DNA melting transitions. The
temperature at which 50% DNA is melted is termed as melting temperature (Tm). Melting
or denaturation of DNA can be induced by many factors such as temperature, pH and
organic molecules such as urea. Most investigations have used temperature to induce the
melting of the DNA hydrogen bonds which tend to get broken with an increase in
temperature. The effect of temperature on the DNA structure has been studied
extensively in the melting temperature (Tm) region where helix to coil transition takes
place. However, the melting transitions for quadruplex DNA might not be forward
straight. Understanding the transitions help to unravel different intermediate regions in
quadruplex DNA that can be targeted for therapeutic or diagnostic applications.
The melting transitions are often monitored by UV-Vis spectroscopy by following
the absorbance at 260 nm, circular dichroism spectroscopy, fluorescence resonance
energy transfer and fluorescence of extrinsic fluorophores. In addition, nucleotides that
were made intrinsically fluorescent were also used as markers for DNA melting. In the
case of dye molecules bound to DNA, it is difficult to follow the absorbance at 260 nm
alone to monitor the DNA melting as its absorbance can overlap with dye molecule
absorbance. Also, more sensitive techniques are needed to monitor complex melting
transitions that are possible in the case of quadruplex melting. In search of such
techniques, we have attempted to use two-photon fluorescence spectroscopy to monitor

237

both duplex and quadruplex melting transitions. The studies will also be able to further
establish the technique of using 2PA cross-sections to monitor the electric fields of DNA
backbone. To accomplish the objective, measurements carried out on Hoe and ThT
monitoring the dupDNA melting while Hoe and AcrO were used as markers to study
melting of quadDNA. AcrO was also used to monitor dupDNA melting but the
experiments were not successful as AcrO was breaking the DNA at elevated temperatures
and degrading it. UV-Vis absorption, one-photon and two-photon fluorescence and
circular dichroism measurements were carried out as a function of temperature to monitor
the melting transitions and interesting trends were obtained from the analysis.

5.4.1 Hoe_bound to Duplex DNA
It was shown with this study and previous studies that Hoe binds to DNA via
minor groove of dupDNA and can be a good marker to monitor the melting transitions of
duplex.

5.4.1.1 Optical Absorption Properties
Figure 5.32 shows the optical absorption spectra of Hoe/dupDNA as a function of
temperature from 20 to 90 degrees Celsius. As expected the absorption maxima of Hoe is
shifted from 358 nm to 340 nm with an increase in temperature and followed by increase
in absorption at 260 nm.

238

2.5

0.40

2.0

0.35

Absorbance

2.2

1.5

2.0

1.0

0.30

1.8
20

0.5

Abs @340 nm

Abs @260 nm

2.4

250

40

50

60

70

80

900.25

Temperature °C

Hoe_Duplex

0.0
200

30

300

350

400

450

500

Wavelength (nm)

Figure 5.32: Optical absorption spectra of Hoe_dupDNA at different temperatures from
20 to 90 degrees Celsius. Insets show the change in absorbance at 260 nm and 340 nm. It
is observed that the DNA melting occurs around 70 degrees Celsius.

The absorbance at 260 nm was plotted as a function of temperature and the
increase was fitted with a sigmoid function that gave a melting transition of around 65
degrees Celsius. (Inset of Figure 5.32) However, a much sharper melting transition was
observed when the absorbance at 340 nm is followed as a function of temperature (inset
of Figure 5.32). The fitting of the transition gave a melting transition of 68 degrees
Celsius.

5.4.1.2 One-photon and Two-photon Fluorescence Measurements
As the main objective of the study is to use the power of one and two-photon
fluorescence spectroscopy to monitor the melting transitions, fluorescence spectra of
Hoe_dupDNA were monitored as a function of temperature with both and one-photon
excitation and the fluorescence spectra are shown in Figure 5.33A and B, respectively.
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Figure 5.33: (A) One-photon fluorescence spectral changes for Hoe_dupDNA as a
function of temperature. Inset shows the normalized intensity at 470 nm as a function of
temperature. (B) Two-photon fluorescence spectral changes as a function temperature
and the inset shows the normalized intensity at 470 nm as a function of temperature.

Fluorescence intensity decreased with increase in temperature for both one and
two-photon excitation; insets of Figure 5.33A and 5.33B show the normalized intensity at
470 nm as a function of temperature. It is interesting to see that there is no clear transition
and the fluorescence decreased monotonically with an increase in temperature for both
one and two-photon excitation. However, the intensity decrease was greater for twophoton excitation compared to one-photon.

5.4.1.3 Circular Dichroism Measurements
To confirm the melting of dupDNA, CD measurements were carried out for
Hoe_dupDNA with increasing temperature and the spectra are shown in Figure 5.34.
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Figure 5.34: CD spectra of Hoe_dupDNA as a function of temperature. Inset shows the
change in CD signal at 260 nm and 340 nm. The CD signal at 340 nm shows a sharp
decrease at 70 degrees celsius confirming the DNA melting.

Inset of Figure 5.34 shows the change in CD signal at 260 nm and 340 nm. As
expected, the DNA melting occurs with a decrease in CD signal at 260 nm and also the
CD signal corresponding to Hoe decreases with increase in temperature. The CD at 260
nm was fitted to a sigmoid curve to obtain the melting transition that matched well with
what was observed from absorption data at 260 nm. A much sharper transition in the
signal was observed when the CD signal at 340 nm was plotted as a function of
temperature. Both the melting transitions matched well with one another within
experimental error.

5.4.1.4 Fluorescence Intensity Variation and Relative 2PA Cross-sections
Normalized fluorescence intensities have shown a difference with one and twophoton excitation. To further elucidate the differences, the normalized fluorescence
intensities were plotted as a function of DNA concentration for Hoe_dupDNA after one
and two-photon excitation as shown in Figure 5.35A. It is evident from the figure that the
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decrease in one-photon excitation is at least an order of magnitude lower than the twophoton excitation trace. From the ratio of two-photon to one-photon fluorescence, relative
two-photon cross-sections were determined and the trend observed here (Figure 5.35 B)
matched well with the CD trace at 260 nm.
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Figure 5.35: (A) Plot of normalized fluorescence intensities at 470 nm for Hoe_dupDNA
for one- and two-photon excitation as a function of temperature. (B) Relative 2PA crosssections as a function of temperature. The decrease in 2PA cross-section is as high as 10fold and suggests that the minor-groove bound dye is released out from the dupDNA.
Also, shown for comparison is the trace of CD signal at 260 nm as a function of DNA
concentration.

UV-Vis absorption and CD measurements of Hoe_dupDNA were able to monitor
the melting transition in the duplex DNA. The transitions were sharper when the dye
molecule absorption and CD signal were monitored. One and two-photon fluorescence
were unable to provide any trends while the relative 2PA cross-sections were able to
show the melting transition and it matched well with what was observed with CD
measurements.
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5.4.2 ThT and Duplex DNA Melting Studies
The studies of Hoe with duplex DNA have shown that the extrinsic dyes bound to
DNA can be used to study the melting transitions. Hoe is a minor-grove binding
chromophore. Can similar transition be followed using a dye that intercalates into DNA
such as ThT?

5.4.2.1 Optical Absorption Measurements
Figure 5.36 shows the absorption spectra of ThT_dupDNA at temperatures from
20 to 90 degrees Celsius. As expected, the absorption spectrum of DNA increases at 260
nm, signifying DNA melting. However, the change in the absorption spectrum of ThT is
not high with DNA concentration. Yet, there was a shift of absorption to longer
wavelengths. This is due to the fact that ThT strongly binds with ssDNA1 which has
shown a stronger red shift compared to duplex DNA. When duplex melts it leads to two
single stranded DNA structures; ThT binds with ssDNA1 and a red shift in absorption
can be expected. The inset of Figure 5.36 shows the absorbance change at 260 nm and
450 nm as a function of temperature to monitor the melting transition. The transitions
occur at approximately the same temperature of 68 degrees Celsius. Temperaturedependent UV-Vis measurements were able to follow the melting transitions with good
sensitivity and the changes in the absorption maximum of the dyes give sharper transition
curves.
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Figure 5.36: Optical absorption spectra of ThT_dupDNA at different temperatures from
20 to 90 Celsius. Insets show the change in absorbance at 260 nm and 450 nm. It is
observed that the DNA melting occurs around 68 Celsius.

5.4.2.2 One and Two-photon Excited Fluorescence Measurements
Fluorescence measurements were carried out to monitor the melting transitions in
Tht_dupDNA as a function of temperature and the spectra are shown in Figure 5.37A and
5.37B for one and two-photon excitation, respectively. One-photon fluorescence
measurements were carried out after excitation at 400 nm while two-photon fluorescence
measurements were carried out after excitation at 800 nm. A decrease in fluorescence
intensity is observed for both one and two-photon excitation. Insets of Figure 5.37 show
corresponding normalized intensity monitored at 470 nm. A decrease in fluorescence
intensity was observed that can be attributed to an increase in non-radiative relaxation
channels that allows the rotation around the single bond of ThT. Ultrafast molecular
rotation is a well established phenomenon for ThT and ultrafast fluorescence studies
carried out in this study represent it. The decrease in fluorescence intensity were unable
to monitor the melting transitions in any way, shape, or form.
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Figure 5.37: (A) One-photon fluorescence spectral changes for ThT_dupDNA as a
function of temperature. Inset shows the normalized intensity at 470 nm as a function of
temperature. (B) Corresponding two-photon fluorescence spectral changes as a function
temperature and the inset shows the normalized intensity at 470 nm as a function of
temperature.

5.4.2.3 Circular Dichroism Measurements
Further analysis of duplex melting in the presence of ThT was studied by varying
the temperature and employing CD spectrometer. CD spectra at different temperatures
are provided in Figure 5.38 that show a typical negative-positive signal around the
absorption maximum of the DNA. The dye, ThT, has shown small negative signal around
460 nm that is not particularly evident. However, the melting transition was monitored by
following the CD signal at 260 nm and is shown in the inset. The sigmoid fitting gave a
melting temperature of 65 0C, which matched with what other techniques obtained for the
duplex DNA.
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Figure 5.38: CD spectra of ThT_dupDNA as a function of temperature. Inset shows the
change in CD signal at 260 nm and 340 nm. The CD signal at 340 nm shows a sharp
decrease at 65 0C confirming the DNA melting.

5.4.2.4 Fluorescence Intensity Variation and Relative 2PA Cross-sections
Fluorescence intensity decreased drastically for ThT_dupDNA with increase in
temperature. It was not easy to observe the trends in fluorescence spectra. Therefore, we
have plotted normalized fluorescence intensities at 470 nm as a function of temperature,
shown in Figure 5.39A. Only small differences were seen and the ratio of two-photon to
one-photon fluorescence was used to determine the relative 2PA cross-sections and
plotted as a function of temperature. (Figure 5.39B). There is a small decrease in 2PA
cross-section of about 40% for the dye with increase in temperature. We have carried out
similar temperature-dependent 2PA cross-sections for free dyes and no changes in 2PA
cross-sections were observed for dye molecules. The changes in 2PA cross-section were
compared with the CD signal at 260 nm in Figure 5.39B. It can be observed that there is a
match between the CD signal and the 2PA cross-section trends indicating that the 2PA
cross-sections can monitor the melting transitions of DNA.
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Figure 5.39: (A) Plot of normalized fluorescence intensities at 470 nm for ThT_dupDNA
for one- and two-photon excitation as a function of temperature. (B) Relative 2PA crosssections as a function of temperature. The decrease in 2PA cross-section is as high as 10fold and suggests that the minor-groove bound dye is released out from the dupDNA.

5.4.3 Hoe_Quad DNA for DNA Melting
Melting of quadruplex DNA has also been investigated by many research groups
and the thermodynamics of melting seem to depend on the salt concentration. However,
in what pathway the G-quadruplex melts still is under debate. The formation pathway for
G-quadruplex studied by Wyatt et.al, have shown that single strands, bind to form dimers
and then the dimers take time to form quandruplexes. The melting takes the same
pathway of quadruplex forming a duplex and finally settling into single strands.
However, most of the studies have shown melting transitions to be around 40 to 50 0C as
in the current study. To probe further, we propose to use the power of one and twophoton fluorescence to monitor the transitions in G-quadruplex DNA using Hoe and
AcrO as molecule binders.
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5.4.3.1 Optical Absorption Measurements
As the case of dupDNA melting studies, optical absorption spectra as a function
of temperature were studied and the corresponding spectra at different temperatures are
shown in Figure 5.40. The absorption at 260 nm increases as well as a shift in absorption
to blue wavelengths is observed for Hoe. The inset of Figure 5.40 shows the change in
absorbance at 260 nm and 340 nm as a function of temperature. Unlike the case for
dupDNA, quadDNA shows two interesting transitions, one at 45 0C followed by another
at more than 80 0C. The second transition is not clear from the optical absorption
measurements but the increase is quite evident. Further measurements are needed to
determine whether these transitions are real or not. It has to be mentioned that the
absorption measurements with dupDNA were carried out under identical conditions and
only one transition was observed there.
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Figure 5.40: Optical absorption spectra of Hoe_quadDNA at different temperatures from
20 to 90 Celsius. Insets show the change in absorbance at 260 nm and 340 nm. There are
two distinct features of melting for quadDNA.
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5.4.3.2 One and Two-photon Excited Fluorescence Measurements
One- and two-photon excited fluorescence measurements were studied for
Hoe_quadDNA as a function of temperature and the spectra are shown in parts A and B
of Figure 5.41, respectively. It is observed that the fluorescence intensities decrease
differently in two-photon excited fluorescence than in one-photon fluorescence. The
insets show the variation in normalized fluorescence intensities as a function of
temperature for both one-photon and two-photon excitation. In the case of one-photon
excitation, there was a slight decrease to 0.7 until 70 0C followed by a sharper decrease.
However, with two-photon excitation, fluorescence increases to up to 1.3 followed by a
sharper decrease. The fluorescence intensity variation is quite apparent and is completely
different from what was observed with dupDNA transititons.
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Figure 5.41: (A) One-photon fluorescence spectral changes for Hoe_quadDNA as a
function of temperature. Inset shows the normalized intensity at 480 nm as a function of
temperature. (B) Corresponding two-photon fluorescence spectral changes as a function
temperature and the inset shows the normalized intensity at 480 nm as a function of
temperature.
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5.4.3.3 CD Measurements
CD measurements were also carried out for Hoe_quadDNA at different
temperatures and the spectra are shown in Figure 5.42. The CD signal shows variation
with an increase in temperature. The inset of Figure 5.42 shows the variation in the CD
signal at 260 nm as a function of temperature. An interesting trend was observed here.
There was an initial increase followed by decrease until it reached 90 0C. The results
point to two different transitions, one at 45 0C and another greater than 70 0C. It will be
interesting to see if 2PA cross-sections can provide the trend so that this technique can be
used as an analytical tool to monitor QuadDNA transitions.
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Figure 5.42: CD spectra of Hoe_quadDNA as a function of temperature. Inset shows the
change in CD signal at 260 nm that show two different transitions.

5.4.3.4 One and Two-photon Intensity Changes and Relative 2PA Cross-section
To determine whether the 2PA spectroscopy can monitor the transitions observed
in quadDNA melting, one and two-photon fluorescence intensity variation is compared in
Figure 5.43A. The comparison figure conclusively shows that the intensity variation is
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significant when compared to one and two-photon excitation. The relative 2PA crosssections were calculated from the ratio of two-photon to one-photon fluorescence and
plotted as a function of temperature, Figure 5.43B. It is interesting to see that the 2PA
cross-section increases at first until it reaches 50 0C and drops down to below. The
obtained trend for 2PA cross-section is compared with the CD signal at 260 nm and they
match quite well. This result confirms that 2PA spectroscopy can sensitively detect the
DNA melting transitions where simple fluorescence measurements cannot. What is the
origin of the two transition points in quadDNA melting is difficult to address. However,
current 2PA measurements with Hoe show a trend. The increase in 2PA cross-section
until 50 0C suggests that the Quad DNA is melting to form DupDNA which then melts
further to form single stranded DNA.
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Figure 5.43: (A) Plot of normalized fluorescence intensities at 480 nm for
Hoe_quadDNA for one- and two-photon excitation as a function of temperature. (B)
Relative 2PA cross-sections as a function of temperature. Interestingly, two-different
transitions were observed for melting quadDNA. Also, shown is the CD curve at 260 nm
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5.4.4 AcrO_quadDNA Melting
Measurements carried out on Hoe_quadDNA were able to show that it is possible to
monitor the melting with 2PA cross-sections of extrinsic fluorophores. To further the
understanding, quadDNA melting studies were also carried out with AcrO, which is a
known intercalator to DNA.

5.4.4.1 Optical Absorption Measurements
Optical absorption measurements of AcrO_quadDNA were carried out as a
function of temperature and shown in Figure 5.44. Interesting changes are observed at
260 nm as well as near the absorption of the dye molecule. The changes in absorbance at
260 nm is monitored as a function of temperature and plotted in the inset of Figure 5.44.
It is interesting to see an increase until it reaches and then decreases and again increases
showing double transition type behavior. The observed behavior is similar to
Hoe_quadDNA. More interesting features are observed when we follow the optical
absorption spectrum of AcrO with temperature.
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Figure 5.44: Optical absorption spectra of AcrO_quadDNA at different temperatures
from 20 to 90 Celsius. Insets show the change in absorbance at 260 nm, 470 nm and 500
nm. Here again, two different melting transitions were observed.

The inset of Figure 5.44 shows the change in absorbance at 500 nm and 470 nm
as a function of temperature. The change in absorbance at 470 nm shows the same trend
as that of the absorbance at 260 nm with two transitions. However, the change in
absorbance at 500 nm shows much more clear transitions, where one transition is around
50 0C and another at 65 0C. Further one and two-photon fluorescence measurements are
carried out to understand these transitions.

5.4.4.2 One and Two-photon Fluorescence Measurements
Shown in parts A and B of Figure 5.45 are fluorescence spectra of
AcrO_quadDNA at different temperatures after one-photon and two-photon excitation,
respectively. In both cases, fluorescence intensity decreases with temperature
monotonically and no special differences were observed here.
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Figure 5.45: (A) One-photon fluorescence spectral changes for AcrO_quadDNA as a
function of temperature. Inset shows the normalized intensity at 530 nm as a function of
temperature. (B) Corresponding two-photon fluorescence spectral changes as a function
temperature and the inset shows the normalized intensity at 530 nm as a function of
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5.4.4.3 CD Measurements
To study the quadDNA melting transitions in AcrO bound system, CD
measurements at different measurements were carried out and are shown in Figure 5.46.
Here again, there is a decrease in CD signal at higher temperatures. The CD signal at 260
nm is plotted as ab function of temperature and shown in the inset of Figure 5.46. Here
again, presence of two different transitions is observed.
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Figure 5.46: CD spectra of AcrO_quadDNA as a function of temperature. Inset shows
the change in CD signal at 260 nm that show two different transitions.

5.4.4.4 One and Two-photon Intensity Changes and Relative 2PA Cross-sections
A plot of normalized fluorescence intensities for AcrO_quadDNA as a function of
temperature after one- and two-photon excitation is shown in the Figure 5.47A. Only
slight differences are observed between one- and two-photon excitation even though both
of them decrease with increasing temperature. The ratio of two-photon to one-photon
fluorescence is plotted as a function of temperature and shown in Figure 5.47B. Even
though the changes in 2PA cross-section are rather minimal, there is an interesting trend
of a decrease followed by an increase until it reaches a temperature of 50 0C and then
decrease until 80 0C. This trend is quite interesting and it matches the trend observed in
CD at 260 nm. The results obtained are consistent and show two transitions for quadDNA
melting.
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Figure 5.47: (A) Plot of normalized fluorescence intensities at 530 nm for
AcrO_quadDNA for one- and two-photon excitation as a function of temperature. (B)
Relative 2PA cross-sections as a function of temperature for AcrO_quadDNA.
Interestingly, two-different transitions were observed for melting of quadDNA and
matched well with what was observed for CD signal at 260 nm (red line).

5.4.5 Mechanism of DNA Melting
Duplex DNA melting studied by UV-Vis absorption, CD and 2PA cross-sections
with two different dye molecules have all shown similar trends and can monitor the
dupDNA melting sensitively. From these results, we were able to show that 2PA crosssections of extrinsic chromophores is a sensitive technique to monitor the melting
transitions in duplex DNA. Better sensitivity was obtained with Hoe binding to dupDNA
as it is a minor groove-binding dye and quite sensitive to the local electric fields in the
duplex DNA. These results have further established that 2PA cross-sections of
chromophores are sensitive to the local electric fields and can be used to monitor the
melting transitions in dupDNA. A single transition is observed for dupDNA melting with
a temperature of 68 0C and can be assigned to double helix to random coil transition.
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Figure 5.48: Schematic representation of the transformation in different forms of DNA,
duplex DNA with heat become as two single strand, quadruplex with increasing of
temperature become duplex and then single DNA.

For the case of quadDNA melting, two different transitions were observed in UVVis spectroscopy, CD and 2PA cross-sections. The presence of two transitions is also
evident with two different dye molecules. To understand the origin of quadruplex
melting, its formation should be studied. Researchers have shown that they form by
single strands to dimers followed by forming a quartet structure. Our results can be
analyzed in the same manner. With an increase in temperature, the quarter structure is
changed to a duplex which melts further to give rise to single strands. (Figure 5.48) The
evidence for the duplex intermediate arises from the increased 2PA cross-section for
Hoe_quadDNA at 50 0C, which then decreases with temperature to form single strands.
From these results, we have conclusively shown that 2PA spectroscopy is a powerful
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technique to probe both molecule-DNA interactions and to differentiate DNA, as well as
to study the melting transitions in different DNA constructs.

5.5 Conclusion
Optical absorption, steady-state fluorescence, two-photon fluorescence and
circular dichroism measurements were carried out on four dye molecules (Hoe, ThT,
AcrO and DTI) bound to different forms of DNA (ssDNA1, ssDNA2, dupDNA and
quadDNA). The research was carried out in an effort to find the dye molecule that can
selectively and sensitively detect one form of DNA construct over the other. The results
of relative 2PA cross-sections have confirmed that Hoe is a minor groove-binding dye,
whereas ThT, DTI and AcrO are intercalators. Based on one-photon fluorescence
intensities, Hoe is most sensitive to ssDNA1 over all other forms of DNA. However, the
two-photon fluorescence sensitivity of Hoe to dupDNA increases even though ssDNA1 is
still the highest. For relative 2PA cross-sections, Hoe is sensitive to only dupDNA and
can differentiate all other forms of DNA. This sensitivity arises as the 2PA cross-section
of Hoe enhanced as it binds to minor groove. The sensitivity of Hoe to ssDNA1 is high
because it is AT rich. On the other hand, ThT is quite sensitive to quadDNA with both
one and two-photon fluorescence intensities probably because it gains rigidity by strongly
binding to guanine rich systems. However, the 2PA cross-sections of ThT has shown a
decrease in relative 2PA cross-section when it is bound to quadDNA as the orientation of
quadruplex is quite different to other forms of DNA. DTI is similar to ThT and shows
good one-photon fluorescence sensitivity to quadDNA while the 2PA cross-sections are
more or less unchanged. AcrO is quite selective to dupDNA over other forms because it
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is a strong intercalator and pairs with DNA base pairs more selectively than to other
single stranded and quandruplex DNA constructs.
In addition, two-photon fluorescence spectroscopy was successfully used to
monitor duplex as well quadDNA melting. The trend observed in relative 2PA crosssections matched well with optical absorption and CD measurements. One melting
transition was observed in all the measurements for dupDNA which is assigned to double
helix to random coil structure. However, two melting transitions are observed for
quadDNA, which were assigned to melting of quadDNA to dupDNA followed by
furthers melting to give rise to random coil structures. Overall, the investigations were
able to successfully establish this novel 2PA spectroscopy to glean information of
molecule-DNA binding as well as DNA melting.
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5. 6. Chapter 5 Summary


The main objective of the investigation is to develop novel spectroscopic tools based
on 2PA spectroscopy to sense selectively different DNA constructs one over the
other. The investigated DNA constructs include ssDNA1 (AT rich), ssDNA2 (GC
rich), duplex and G-quadruplex DNA. Sensing different DNA constructs have
applications in diagnostics and therapeutics.



Four different dye molecules were investigated for selective and sensitive detection of
DNA constructs. They are Hoe, ArcO, ThT and DTI. Hoe is a minor groove binder
while others bind to DNA via intercalation.



Three figures of merit for sensing DNA were checked, they are (i) One-photon
fluorescence enhancement, (ii) two-photon fluorescence enhancement and (iii)
relative 2-photon cross-sections.



The results show that Hoe has good sensitivity to ssDNA1 with both one and twophoton fluorescence sensing but its sensitivity is comparable to that of dupDNA in
two-photon fluorescence sensing. Hoe was highly selective to dupDNA over all other
forms in terms of relative 2PA cross-sections.



ThT was found to be selective to G-quadruplex with one-photon fluorescence
sensing and relative 2PA cross-sections show a decrease only for G-quadruplex. From
the measurements, it was found that ThT is sensitive and selective to G-quadruplex.



DTI is again sensitive to G-quadruplex DNA over other forms in terms of one-photon
sensing.



AcrO is sensitive and selective to dupDNA over other constructs in terms of onephoton, two-photon fluorescence and relative 2PA cross-sections.
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Additional investigations were carried out to track DNA melting curves with relative
2PA cross-sections of dye molecules bound to DNA. The melting curves of DNA are
studied routinely in relation to genotyping based assays for pathogen detection.



Melting of duplex DNA to give single stranded or coiled structures was studied with
Hoe and ThT binding to duplex



The measurements of relative 2PA cross-sections of Hoe and ThT have successfully
tracked down melting transitions of dupDNA and the transitions matched well with
CD data.



Melting of G-quadruplex DNA was monitored with Hoe and AcrO binding to
quadDNA



The results of relative 2PA cross-sections of Hoe with quadDNA have shown two
transition temperatures that matched well with CD data.



Similarly, the relative 2PA cross-sections of AcrO also shows two melting
temperatures.



From the investigations, a model based on quadruplex melting to form Duplex,
followed by further melting to coiled structure was proposed.
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CHAPTER 6
TWO-PHOTON INDUCED FLUORESCENCE RESONANCE ENERGY TRANSFER
(2P-iFRET) TO MONITOR MOLECULE-DNA INTERACTIONS AND DNA
MELTING

6.1 Introduction
In the research described in previous chapter (Chapter 5), attempts to understand
the DNA melting transitions using two-photon excited fluorescence spectroscopy were
shown and they were successful in revealing that 2PA cross-sections indeed can monitor
DNA melting transitions. Novel spectroscopic tools probing DNA melting and
hybridization help researchers to develop better genotyping and PCR based techniques. In
this chapter, we propose to develop a two-photon induced fluorescence resonance energy
transfer (FRET) technique that can monitor DNA melting or denaturation transitions.
Real time polymerase chain reaction (PCR) followed by fluorescence based DNA
melting curve analysis is a simple and reliable technique that is often used to detect and
identify various pathogens. In this technique, a dye molecule binds only to duplexDNA
either by intercalation or minor groove-binding and the fluorescence is quenched when it
melts and the melting curves can be specific to certain pathogens over others1. DNA
denaturation or melting can be caused by changing pH, temperature or organic
molecules1. DNA melting is often monitored by optical spectroscopic techniques
especially those related to fluorescence2,3. Among several fluorescence based techniques,
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FRET is a powerful technique to detect the spatial relationships between two different
strands and by there track melting of the DNA4-8. FRET is a process that measures the
changes in fluorescence signal as FRET donor and acceptor moieties are brought closer
together or moved apart from one another as a result of DNA denaturation or melting9.
Some of the simplest methods to detect DNA melting or hybridization, during
genotyping or similar assays, are to use an intercalating or minor groove-binding dye that
is specific to duplexDNA8. When the dye binds to duplex DNA, it gives rise to intense
fluorescence and it will be quenched when the duplex form melts to give the coiled or
single-stranded form10. This process of DNA melting is quite inexpensive and can give
good signal but its limitations are in the lack of specificity for any particular duplex11.
(Figure 6.1 i) Another method for DNA melting is FRET (Fig. 6.1 ii). In FRET, a donor
molecule absorbs light and transfers its energy via dipole–dipole interaction to the
acceptor molecule, leading to quenching of donor fluorescence and enhancing acceptor
fluorescence11. FRET is very specific to the distance between donor and acceptor. During
melting, duplex DNA melts and donor and acceptor get separated, leading to enhanced
donor fluorescence and quenched acceptor fluorescence9. This technique is highly
specific and can be used for qualitative and quantitative applications12-15. However, this
technique is quite expensive as one needs to attach dye molecules to both strands of DNA
and real time assays with these techniques can be costly. The third technique, that was
discovered by Howell et al is to use only one dye-labeled DNA strand (usually a dye that
is a donor) with dyes that intercalate or minor groove-bound to DNA as acceptors16.
Light will be absorbed by donor molecules and transfers its energy to the acceptor dye,
which is bound to DNA, thus lighting up the DNA sequence16. Upon DNA melting,
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FRET from the donor is reduced, leading to complete quenching of the fluorescence from
the dye, both for lack of FRET from donor, as well as the absence of stabilization by
duplex DNA and this technique is termed as induced FRET (iFRET, Fig 6.1 iii). This
technique is comparatively less expensive, has high signal, good specificity and less
background. In this way, one can use iFRET technique to monitor DNA denaturation or
melting16.

Figure 6.1: Different fluorescence based methods for probing DNA melting. (i) Bound
dye fluorescence, (ii) FRET and (iii) iFRET.
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The technique of iFRET is a specific and sensitive method for DNA melting, but
it is not regularly used as the popular FRET because of the limited number of dye
molecules that can be used and the smallest dynamic range16. Improvements into the
dynamic range, lower background signals and reduced photo-damage would help the
technique to be used for genotyping-based assays16. One such method that can help in
these areas is the use of the two-photon based technique. Two-photon FRET has already
been used by researchers to track DNA hybridization and melting with specific
advantages of reduced photo-damage and lower background signal. But this method is
still expensive as it needs both strands to be labeled. To develop a novel spectroscopic
tool for DNA melting curve analysis, we propose to use the advantages of two-photon
excitation and iFRET to develop 2P-iFRET. The details of the proposed method are
shown in Figure 6.2.
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Figure 6.2: Schematic depicting our research approach to develop 2P-iFRET for DNA
melting analysis.

Since the interaction of the donor dye is reversible and dependent on the presence
of double-stranded DNA, iFRET is extremely useful and herein demonstrated in the
generation of DNA melting curves. Additional advantage for 2P-iFRET is the enhanced
2PA cross-sections of chromophore when it is bound to minor groove. Our earlier results
have conclusively shown that the 2PA cross-sections of chromophores are enhanced by
as much as 10-fold when it is bound via minor groove. In this way, it is possible to get
10-fold increase in the signal strength with 2P-iFRET over one-photon iFRET.
To accomplish the objective of using 2P-iFRET technique to study DNA melting,
DNA was labeled with dye molecules and the optical measurements were carried out on
dye molecules that would bind to DNA either via intercalation or minor-groove binding.
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The following DNA sequences were used: ssDNA1 (sequence: 5’-TGT GAG TGT GAG
TGT GAG TGT GAG /3ThioMC3-D/ -3’) and ssDNA2 (sequence: 5’-CTC ACA CTC
ACA CTC ACA CTC ACA-3’). Two dye molecules were chosen for the study, 7Diethylamino-3-(4'-Maleimidylphenyl)-4-Methylcoumarin (CPM) and fluorescein 5Maleimide (F-Mal). Maleimide derivatives bind specifically to thiolated DNA. CPM and
F-Mal were chosen as they present a case of molecules that can serve as donor and
acceptor, respectively. Investigations were carried out on three dye molecules binding to
labeled DNA, they are Hoechst 33258 (Hoe), Acridine Orange (AcrO) and 3,3′Diethylthiacarbocyanine iodide (DTCI). (Figure 6.3) We have shown from our previous
measurements that Hoe and DTCI are minor groove binders while AcrO is an intercaltor.
The donor acceptor pairs are CPM_DNA-AcrO, CPM_DNA-DTCI and F.Mal_DNAHoe.

Hoechst 33258 (Hoe)

AcrO

DTCI

Figure 6.3. Molecular structures of the investigated dye molecules.

Optical absorption, one-photon, two-photon fluorescence and CD measurements
were carried out on these different combinations to prove the principle of 2P-iFRET
technique to monitor DNA melting transitions.
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6.2 Experimental
6.2.1 Materials
Hoechst 33258, Acridine Orange, 3,3′-Diethylthiacyanine iodide (DTI), , CPM
and fluorosceine-5-malemide (structures shown in Figure 6.1) were obtained from
Sigma-Aldrich and we used as such. Single stranded DNA SSDNA1 (sequence: 5’-CTC
ACA CTC ACA CTC ACA CTC ACA-3’) and ssDNA2 with thiol group (sequence: 5’TGT GAG TGT GAG TGT GAG TGT GAG /3ThioMC3-D/ -3’) were obtained from
ITD DNA technologies. Phosahate buffer pH (7.0–7.5), Dimethyl Sulfoxide (DMSO),
Gel filtration column, Glutathione, Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
were obtained from Sigma Aldrich and were used as such.

Dye Preparation
1–10 mM stock solution of the reactive dye was prepared in DMSO and the
solution container wrapped in aluminum foil to protect it from illumination prior to their
use. Sufficient protein-modification reagent from a stock solution was added to produce
an approximate concentration of 10–20 moles of reagent for each mole of protein. The
reaction was left to proceed for 2 hours at room temperature in an aluminum-covered
container. Upon completion of the reaction with the protein, an excess of glutathione was
added to consume the excess thiol-reactive reagent, which ensured that no reactive
species were present during the purification step. Purification was carried out through
extensive dialysis at 4°C in a phosphate buffer.
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Synthesis of CPM_DNA

CPM-DNA
DNA was reacted with CPM using a general procedure suitable for binding most
thiol-reactive probes. In this process, 50-100 μM of DNA was dissolved in 50 mM
sodium phosphate buffer at pH 7.5 at room temperature. In pH range of 7.5-8.0, the thiol
group of the cysteine is sufficiently nucleophilic, while the amines groups are protonated
and unreactive. The CPM dye was dissolved in DMSO just immediately prior to use, to
about 1-10 mM. The dye is not stable when exposed to light, therefore aluminum foil was
used to wrap it and prevent exposure to the light. 10-20 moles of dye were added per
mole of protein. The dye was added dropwise with gentle stirring. The reaction was
allowed to proceed for 2 hours at room temperature, then for 17 hours at 40 C.
The reaction mixture was protected from light all the time. Upon completion of
the reaction, excess reduced glutathione solution was added to the reaction mixture and
stirred for 30 minutes in order to consume excess CPM dye. The mixture was
concentrated using an Amicon ultrafiltration device with a 3000 MWCO membrane to a
volume of 2.5 mL. This reduced volume was passed through a PD-10 column (GE
Healthcare) to separate the CPM-modified protein from free CPM dye and exchange the
buffer into 50 mM sodium phosphate buffer. The DNA then was concentrated again and
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quantified using the BCA assay. Almost 75% of the DNA was recovered. Along similar
lines, F.Mal labeled DNA was prepared (Figure 6.4B).

Figure 6.4. The probe used is a thiol-reactive reagent called, (A) 7-diethylamino-3-(4'maleimidylphenyl)-4-methylcoumarin (CPM), (B) fluorescein-5-maleimide (F.Mal).
contains a maleimide group that forms a covalent bond with the cysteine residue shows
the structures of dyes and the covalent bond formed.

6.2.2 Optical Methods
The UV/Vis absorption spectrometric measurements were performed with a
Shimadzu UV2101 PC spectrophotometer. One-photon fluorescence measurements were
performed a Hitachi F2500 spectrofluorimeter. Fluorescence quantum yields were
determined with C485 in methanol as the standard. 2PA cross-sections were measured
using two-photon excited fluorescence technique with C485 in methanol as a
standard17,18. Briefly, the output from a Tsunami (Spectra-Physics), 720 nm to 900 nm,
100 fs was used to carry out the measurements. The relative 2PA cross-sections were
determined from the ratio of one and two-photon fluorescence from the samples19. The
circular dichroism spectra were measured under N2 over the range of 200-600 nm. For
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DNA melting experiments, temperature-dependent UV-Vis absorption, one-photon, twophoton fluorescence after excitation at 800 nm and CD measurements were carried out.

6.3 Results and Discussion
The central objective of the study is to prove the principle that 2P iFRET is a
viable technique to monitor DNA melting transitions. To accomplish the objective, one of
DNA strands has to be labeled and we have successfully labeled by binding the thiolated
single stranded DNA with CPM dye as well as F. Mal. The binding of dye with DNA was
monitored by following the fluorescence from the dye as well as electron-spray
ionization-mass spectrometry. This dye labeled single stranded DNA is mixed with its
complementary sequences, annealed at 95 0C, and slowly cooled to obtain hybridized
DNA. The studies were carried out in the following manner. First, one-photon and twophoton optical properties of dye-labeled DNA were studied, especially with respect to
their melting transitions. Then, CPM_DNA was non-covalently bound to DTCI (minor
groove binder) and AcrO (intercalator). The studies on these systems were discussed.
Later, Hoe bound to F.Mal_DNA was studied. Several other measurements were carried
out on these systems, as well as Hoe and AcrO bound to thiolated DNA as controls, and
there are not discussed for the sake of clarity of presentation. Linear and nonlinear optical
measurements were carried out on these systems to monitor DNA melting transitions and
are discussed below.

6.3.1 Steady-state Optical Properties of CPM_DNA
When CPM binds to thiolated DNA, its fluorescence increases by more than 10-
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fold and was manifested in the results obtained after binding to DNA. Normalized optical
absorption and fluorescence properties are carried out on CPM_DNA in buffer and
corresponding spectra are shown in Figure 6.5. It can be observed from Figure 6.5 that
the optical absorption maxima of CPM before binding was at 387 nm and shifted to 397
nm after binding to thiolated DNA. However, fluorescence maxima remained same at
around 488 nm for CPM and CPM_DNA. Also shown in Figure 6.5 are the optical
absorption of CPM_DNA system at 20 0C where it is in duplex form and at 90 0C where
it turns to single stranded or coiled structure. There is a slight shift of absorption
maximum to higher energies when the DNA is melted and more results as a function of
temperature are presented in following sections.
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Figure 6.5: Normalized optical absorption and fluorescence spectra of CPM, CPM_DNA
at 20 0C and at 90 0C.
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6.3.1.1 Optical Absorption Properties of CPM_DNA while Melting
Shown in Figure 6.6 are the optical absorption spectra of CPM_DNA with a
decrease in temperature. It is observed from the figure that the absorption maximum of
CPM is around 397 nm that slightly shifted to reach 390 nm. However, there is an
increase in absorbance at 260 nm. This is expected as the duplex DNA melts into single
stranded DNA, it is often accompanied by increase in absorbance due to
hyperchromicity.20 The inset of figure 6.6 shows the absorbance change plotted as a
function of temperature and fitting with a sigmoid function gave a melting transition of
67 0C.
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Figure 6.6: Optical absorption spectra as a function of increase in temperature. Inset
shows the change in absorbance at 260 nm and 380 in with an increase in temperature.
Both of them show DNA melting transitions.

6.3.1.2 One-and Two-photon Excited Fluorescence and Relative 2PA Cross-sections
To probe the effect of melting on the fluorescence properties of CPM when it is
bound to DNA, one-photon fluorescence measurements after excitation at 380 nm and
two-photon fluorescence measurements after excitation at 800 nm were carried out.
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Shown in Figure 6.7A are one-photon fluorescence spectra at different temperatures and
the inset shows the change in noramalized fluorescence intensity at 475 nm. It is
observed that there is a monotonic decrease with increasing in temperature from 20 0C to
90 0C. This decrease is expected as the non-radiative relaxation will be more prominent at
higher temperatures. Figure 6.7B shows the two-photon excited fluorescence spectra of
CPM_DNA after excitation at 800 nm. The inset shows the normalized fluorescence
intensity versus temperature and it shows similar monotonous decrease as of one-photon
excited fluorescence.
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Figure 6.7: (A) One-photon excited fluorescence spectra of CPM_DNA as a function of
temperature. Inset shows the variation of normalized intensity at 475 nm. (B) Twophoton excited fluorescence spectra of CPM_DNA after excitation at 800 nm. Inset
shows the normalized intensity vs temperature at 475 nm and (C) Relative 2PA crosssection obtained from the ratio of two-photon fluorescence to one-photon fluorescence.

The ratio of two-photon fluorescence to one-photon fluorescence is used to
calculate the relative 2PA cross-section using the following relation:
; where,

represents the two-photon cross-section,

and

are

fluorescence intensities after two-photon and one-photon excitation, respectively.
Corresponding relative 2PA cross-sections as a function of temperature are shown in
Figure 6.7C. The results show no change in relative 2PA cross-sections and it is expected
as the dye is away from the electric field offered by DNA backbone and it behaves as a
free dye under no confinement effects. The measurements of CPM_DNA can be
considered as control experiments as its optical properties are not markers for DNA
melting.
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6.3.1.3 Circular Dichroism Measurements
To check the hybridization of the CPM_DNA, CD measurements as a function of
temperature are carried out and corresponding CD spectra at different temperatures are
shown in Figure 6.8.
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Figure 6.8: CD spectra of CPM_DNA as a function of temperature. Inset shows the CD
signal at 260 nm as a function of temperature showing the DNA melting transition.

The CD spectra matched well with duplex form of DNA and the absorbance
changes at 260 nm are monitored as a function of temperature to monitor DNA melting
(inset of Figure 6.8) and the data confirms the melting transitions observed in UV-Vis
absorption measurements. All the optical and CD measurements confirm that the dye is
chemically bound to DNA and it is properly annealed to form duplex DNA. Using CPM
labeled DNA, iFRET measurements were carried out by binding extrinsic dye molecules.

6.3.2 DTCI@CPM_DNA Melting
It was known from our previous studies (Chapter 4) that DTCI is a minor-groove
binding dye molecules. To check the validity of novel 2P based techniques of relative
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2PA cross-sections and iFRET, optical absorption, fluorescence and CD measurements
were carried out for DTCI@CPM_DNA.

6.3.2.1 Optical Absorption Measurements
Shown in Figure 6.9 are the optical absorption spectra of DTCI@CPM_DNA.
Three different absorption features are observed, absorption centered on 550 nm arises
from DTCI, the feature at 400 nm is due to CPM dye and the absorption at 260 nm us
due to DNA. With increase in temperature, the absorption of DTCI changed and the
absorption of DNA increased. The changes in absorbance at 260 nm and 540 nm are
plotted as a function of temperature and shown in the inset of Figure 6.9. The increase in
absorption is due to the melting of DNA and a melting transition of 68 0C is obtained
from the analysis. The optical absorption measurements showed that DNA is melting and
further linear and nonlinear fluorescence measurements were carried out to monitor the
melting transitions.
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Figure 6.9: Optical absorption spectra of DTCI@CPM_DNA at different temperatures
and the insets show the variation of absorbance at 260 nm and 640 nm as a function of
temperature. The absorbance change at 260 nm was able to monitor DNA melting
transition.
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6.3.2.2 One-photon and Two-photon Excited Fluorescence Measurements
Fluorescence measurements were carried out both with CPM excitation at 380 nm
and DTCI excitation. Only measurements with CPM excitation were used for the analysis
of fluorescence resonance energy transfer (Figure 6.10A). It can be observed from the
figure that with CPM excitation, emission at 570 nm is observed along with the emission
at 480 nm. With increase in temperature, there is a decrease in emission at 480 nm until it
reaches 60 0C, followed by a little furthers increase and then a small decrease. If DTCI
were not present, the emission of CPM would have decreased much more sharply than
what was observed here. The results suggest there is an energy transfer from CPM dye to
DTCI. However, the fluorescence obtained after two-photon excitation at 800 nm (Figure
6.10B) did not show as much energy transfer as that of one-photon excitation, which is
manifested by a sharp decrease in fluorescence at 480 nm (inset of Figure 6.10B)
compared to one photon excitation.
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Figure 6.10: (A) One-photon excited fluorescence spectra of DTCI@CPM_DNA at
different temperatures (excitation at 400 nm). Inset shows the normalized intensities as a
function of temperature at 480 nm and 575 nm. (B) Two-photon excited fluorescence
spectra at different temperatures after excitation at 800 nm. Insets show the normalized
intensities as a function of temperature at 480 nm 575 nm.
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6.3.2.3 CD Measurements
To monitor the DNA melting transition with DTCI bound to CPM_DNA, CD
measurements were carried out. Figure 6.11 shows the CD spectra at different
temperatures and the inset shows the change in CD signal at 260 nm as a function of
temperature. The CD signal at 260 nm decreases and the fit gave a melting transition of
65 0C.
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Figure 6.11: CD spectra of DTCI@CPM_DNA at different temperatures and the inset
shows change in CD signal at 260 nm indicating DNA melting transition.

6.3.2.4 Relative 2PA Cross-sections
In the previous chapter (Chapter 5), we have shown that DNA melting transition
can be monitored by relative 2PA cross-sections. For a comparison, shown in figure
6.12A are the normalized fluorescence intensities obtained as a function of temperature
for both one-photon excitation and two-photon excitation. There are obvious differences
with one-photon excitation showing an increase after 60 0C while two-photon excited
fluorescence showing a decrease at the same juncture. From the ratio of two-photon to
one-photon fluorescence, relative 2PA cross-sections were determined and plotted as a
function of temperature. (Figure 6.12B)
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Figure 6.12: (A) Normalized fluorescence intensities at 475 nm after one and two-photon
excitation. (B) Relative 2PA cross-sections as a function of temperature showing DNA
melting transition and also shown is the CD signal at 260 nm for comparison.

The results clearly show a sharp decrease in the 2PA cross-sections at a
temperature of 70 0C, which is considered as the melting transition. Also, shown for
comparison is the CD signal at 260 nm and it can be observed that the transition is
sharper with 2PA cross-sections, although a difference of 5 0C is observed in melting
transition. Literature reports have always shown differences with melting transitions
when the molecules are bound and the transition temperatures observed with
chromophores are considered local transitions that might be little different from the
complete DNA transition5,16.

6.3.2.5 iFRET Efficiencies
The main objective of the study is to prove the principle that two-photon induced
FRET (2P-iFRET) is a viable analytical tool to monitor DNA melting transitions. To
accomplish the objective, we have discussed the linear and nonlinear fluorescence
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properties of DTCI@CPM_DNA, where CPM is the donor and DTCI is the energy
acceptor. Unfortunately, the fluorescence of DTCI is very weak in both one-photon case
and two-photon case as its absorption if further away from 400 nm. To calculate the
energy transfer efficiency, we have used only the fluorescence of the donor, CPM to
calculate the energy transfer efficiency. The energy transfer efficiency (E) is calculated
using the following equation: 21, 22
eq. 1
where,

and

are the optical absorption at the excitation wavelength for donor

(CPM_DNA) alone (taken from CPM_DNA) and the system with both donor and
acceptor (DTCI@CPM_DNA), respectively.

and

are the fluorescence intensities

for the donor alone and the system with donor and acceptor. We have used the data for
CPM_DNA for the donor and DTCI@CPM_DNA for donor and acceptor systems. Using
this data, we have calculated the energy transfer efficiency and plotted it as a function of
temperature for one photon excitation (1P-iFRET, Figure 6.13A) and two-photon
excitation (2P-iFRET, Figure 6.13B). It can be observed from the figures that 1P-iFRET
is quite sensitive to DNA melting and gives a very sharp melting transition of 70 0C,
matched well with what was observe for relative 2PA cross-sections. However, the 2PiFRET for DTCI@CPM_DNA system is not as sharp and showed two different
transitions although the energy transfer efficiency is appreciably lower. This is probably
due to the fact that the two-photon excitation wavelength was not suitable for observing
the energy transfer as the emission with 2P excitation is completely dominated by the
donor fluorescence and little to no fluorescence was observed from DTCI. Appropriate
wavelength like 880 nm would have better been suited for the measurements. From the
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measurements, it was shown that 1P-iFRET is a good technique for monitoring DNA
melting transition and the verdict on 2P-iFRET is incomplete yet. To prove the principle,
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Figure 6.13: (A) Energy transfer efficiencies calculated with CPM fluorescence after
excitation at 400 nm as a figure of merit and inset shows the change in iFRET efficiency
as a function of temperature. Also shown is the CD change at 260 nm for comparison. (B)
Energy transfer efficiency calculated for DTCI@CPM_DNA after 800 nm excitation.

6.3.3 AcrO@CPM_DNA
The results for 2P-iFRET with DTCI@CPM_DNA did not show conclusive
evidence for a DNA melting transition. To show if this technique is a viable alternative,
measurements were carried out with another dye, AcrO which is a well known
intercalating molecule. The system studied is AcrO@CPM_DNA where CPM is the
donor and AcrO is the acceptor.

6.3.3.1 Optical Absorption Measurements
Optical absorption spectra as a function of temperature for AcrO@CPM_DNA
are shown in Figure 6.14. Here again, the absorption is dominated by AcrO absorption at
500 nm, CPM at 400 nm and DNA at 260 nm. As observed from the figure, with increase
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in temperature, AcrO absorption is blue-shifted, indicating DNA melting. Similarly, there
is an increase in DNA absorption because of hyperchromicity, confirming a DNA
melting transition. The inset of Figure 6.14 shows the absorbance at 260 nm and
absorbance at 493 nm as a function of temperature.

1.9

Abs @ 260 nm

1.8

Absorbance

1.5
1.2
0.9

0.50
0.48

1.7

0.46

1.6
0.44

1.5

Abs @ 493 nm

0.52

1.8

0.42
0.40

10 20 30 40 50 60 70 80 90 100

0.6

Temperature °C

AcrO@CPM_DNA

0.3
0.0

300

400

Wavelength (nm)

500

Figure 6.14: Optical absorption spectra of AcrO@CPM_DNA at different temperatures.
Insets show the absorbance variation at 260 nm and 493 nm depicting DNA melting
transitions.

It is observed from the figure that the absorption increased and was fitted with a
sigmoid function to obtain DNA melting transition which was found to be 70 0C with 260
nm absorbance while it shifted to 75 0C when following AcrO absorbance. It is reported
in literature that the dye molecules that intercalate with DNA would alter the melting
transition by as much as 5 to 10 0C.

6.3.3.2 One and Two-photon Excited Fluorescence Measurements
Fluorescence measurements were carried out for AcrO@CPM_DNA after CPM
excitation at 380 nm and corresponding spectra at different temperatures are shown in
Figure 6.15A. Two fluorescence peaks are observed, one at 475 nm and another at 530
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nm. The 475 nm peak arises from the donor and that at 530 nm from the emission of
AcrO. It has to be mentioned that the absorbance of AcrO at 380 nm is minimal and the
fluorescence of AcrO mainly comes from the energy transfer from CPM. With increase in
temperature, the fluorescence of AcrO and CPM decreases slowly until 60 0C (inset of
Figure 6.15A). However, after that temperature, CPM fluorescence increased little bit or
remained flat while the fluorescence of AcrO decreases sharply. The result suggest that
the fluorescence from AcrO is high due to the energy transfer when the duplex is in its
shape. However, after DNA melts, the energy transfer from CPM decreases and the
fluorescence from AcrO decreases sharply. One-photon fluorescence measurements show
evidence of strong energy transfer from CPM to AcrO.
Interesting trends were observed for two-photon fluorescence for
AcrO@CPM_DNA (Figure 6.15B) after excitation at 800 nm. Two fluorescence peaks
were observed, one for CPM at 475 nm and another for AcrO at 530 nm. However, the
ratio of fluorescence intensities is different for one-photon and two-photon excitation.
The fluorescence from AcrO is very high when compared to CPM fluorescence with twophoton excitation. This might have something to do with the fact that the 2PA crosssection of AcrO is higher than that of CPM at 800 nm. But evidence for energy transfer
exists when the normalized intensities were followed at 473 nm and 530 nm. (inset of
Figure 6.15B)
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6.3.3.3 CD Measurements
For the confirmation of DNA melting transition, CD measurements were carried
out for AcrO@CPM_DNA and corresponding spectra at different temperatures were
shown in Figure 6.16. The inset of Figure 6.16 shows the change in CD signal at 260 nm
that shows DNA melting transition. From the fitting of the CD curve, a melting
temperature of 70 0C was determined.
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Figure 6.16: CD spectra for AcrO@CPM_DNA at different temperatures. Inset shows
the variation in CD signal at 260 nm as a function of temperature suggesting DNA
melting transition.

6.3.3.4 Relative 2PA Cross-sections
Normalized fluorescence intensities at 473 nm after one and two-photon
excitation are plotted as a function of temperature (Figure 6.17A). It is observed that onephoton excitation has a different trend compared to two-photon excitation. Relative twophoton absorption cross-sections were determined from the ratio of two-photon to onephoton fluorescence and this ratio decreases at higher temperatures. (Figure 6.17B) The
relative 2PA cross-section data in most cases followed DNA melting transitions
effectively. Shown in Figure 6.17B is the CD signal at 260 nm as a function of
temperature for comparison. The relative 2PA cross-section again was able to
successively follow the DNA melting transition.
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excitation for AcrO@CPM_DNA. (B) Relative 2PA cross-sections as a function of
temperature showing DNA melting transition and also shown is the CD signal at 260 nm
for comparison.

6.3.3.5 Relative iFRET Efficiencies
Twp fluorescence peaks were observed, one is the donor fluorescence and another
is for acceptor fluorescence. When two fluorescence maxima are present, it is ideal to
calculate the relative energy transfer efficiency. As we need only efficiencies as a
function of temperature, we have calculated the relative energy transfer efficiency using
the following equation:
eq. 2
where IA and ID are the total A and D fluorescence intensities, respectively, both
following D excitation. Relative energy transfer efficiencies were calculated for both onephoton and two-photon excitation, and these efficiencies are shown as a function of
temperature in parts A and B of Figure 6.18. It can be observed from Figure 6.18A that
1P-iFRET decreased drastically at a melting temperature of 70 0C and matched well with
the CD data. However, it is interesting to see a much sharper melting curve with 1P-
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iFRET when compared to CD data. A similar sharp melting transition temperature was
observed with 2P-iFRET (Figure 6.18B).
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Figure 6.18: (A) Relative energy transfer efficiencies calculated from the ratio of CPM
and acceptor intensities after excitation at 400 nm as a figure of merit and inset shows the
change in relative iFRET efficiency as a function of temperature. Also shown is the CD
change at 260 nm for comparison. (B) Relative energy transfer efficiency calculated for
AcrO@CPM_DNA after 800 nm excitation. CD signal change at 260 nm is also shown
for comparison.

From the iFRET measurements of AcrO@CPM_DNA, we were able to
successfully show that 2P-iFRET is a sensitive technique to monitor DNA melting
temperature. However, the signal strength and efficiencies can be improved in 2P-iFRET
by determining appropriate selection of two-photon excitation wavelength that can
provide maximum signal strength and sharper melting curves. Added wavelength
dependence of 2P-iFRET efficiency would make this technique much more attractive
than 1P-iFRET.
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6.3.4 F.Mal_DNA
In the previous case of iFRET measurements, it was shown with the donorlabeled DNA and the acceptor-bound non-covalently either via minor groove or
intercalation to DNA. The measurements have shown that 2P-iFRET is a sensitive
technique to monitor the melting curves and sharper transition temperatures were
obtained. To study the other case, where the acceptor dye was used for labeling DNA and
used non-covalently bound dyes as donors. This approach can lead to better signal
strengths over the other due to the fact that the 2PA cross-sections of dyes can be
enhanced when they are bound to DNA. In previous chapters, we have shown that for the
dye molecules that are bound to DNA, it is possible to achieve greater 2PA crosssections. To demonstrate this approach, we have labeled DNA with the Fluorescein
maleimide (F.Mal) dye molecule and optical absorption measurements were carried out
to confirm the binding of dye with DNA and proper annealing thereafter.

6.3.4.1 Optical Absorption Measurements
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Figure 6.19: Optical absorption spectra of F.Mal_DNA at different temperatures and
inset show the change in absorbance at 260 nm as a function of temperature.+
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DNA melting analysis was also studied with F.Mal_DNA. Shown in Figure 6.19
are the optical absorption spectra of F.Mal_DNA at different temperatures. Two features
were observed here as well, one at 490 nm is due to fluorescein and another at 260 nm is
due to DNA. As temperature is increased, the fluorescein absorption is decreased a little,
probably due to different forms of fluorescein stabilized at higher temperatures.
However, the absorbance change at 260 nm arises from the melting of DNA and was
fitted to obtain a melting temperature of 68 0C.

6.3.4.2 One- and Two-photon Excited Fluorescence Measurements
To understand the effect of melting on the fluorescence properties of F.Mal
labeled DNA, one-photon and two-photon excited fluorescence measurements were
carried out. Corresponding fluorescence spectra are shown in Figure 6.20A and 6.20B
after one- and two-photon excitation, respectively.
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Figure 6.20: (A) One-photon excited fluorescence spectra of F.Mal_DNA as a function
of temperature. Inset shows the variation of normalized intensity at 520 nm. (B) Twophoton excited fluorescence spectra of F.Mal_DNA after excitation at 800 nm. Inset
shows the normalized intensity vs temperature at 520 nm and (C) Relative 2PA crosssection obtained from the ratio of two-photon fluorescence to one-photon fluorescence.

One-photon fluorescence measurements were carried out after excitation at 460
nm and the data shows an emission maximum around 517 nm that decreases with
increasing temperature. The normalized fluorescence intensity decrease (inset of Figure
6.20A) is gradual and is expected for organic chromophores due to increased nonradiative decay channels. On the other hand, two-photon excited fluorescence
measurements of F.Mal DNA (Figure 6.20B) also show a gradual decrease in
fluorescence intensity with decreasing temperature (inset of Figure 6.20B). Relative 2PA
cross-section measurements were determined from the ratio of two-photon to one-photon
fluorescence and these are shown as a function of temperature in Figure 6.20C. There is
no change in 2PA cross-section with DNA melting. This is expected for such systems, as
the dye molecule is not associated with the DNA electric field and the environment is
similar whether the DNA is in its duplex or single stranded. To verify the 2P-iFRET
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sensitivity, measurements were carried out with dye non-covalently bound to duplex
F.Mal_DNA.

6.3.5 Hoe@F.Mal_DNA
Optical measurements of DNA melting were carried out on the
Hoe@F.Mal_DNA system to establish the technique of 2P-iFRET as a sensitive tool to
monitor DNA denaturation or hybridization. Hoe is a well known minor groove binding
dye molecule and earlier investigations discussed in this chapter suggest the same. Our
earlier studies have shown an increase in 2PA cross-section about 4-fold for Hoe bound
to DNA compared to without it. With this system, we expect a better sensitivity for 2PiFRET compared to 1P-iFRET.

6.3.5.1 Optical Absorption Measurements
Electronic absorption spectra of Hoe@F.Mal_DNA at different temperatures are
shown in Figure 6.21. The optical absorption spectra show a small decrease in the
absorbance at 490 nm, also a blue shift for Hoe and an increase in absorbance at 260 nm.
The inset of Figure 6.21 shows the change in absorbance at 260 nm and 340 nm as a
function of temperature. The transitions were not as sharp as that were observed for
CPM_DNA. This might have to do with the annealing procedure of the DNA, where the
hybridization was not as complete. However, there was a melting transition observed at
around 70 0C by fitting the absorbance change at 260 nm and also the change in
absorbance at 340 nm.
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Figure 6.21: Optical absorption spectra of Hoe@F.Mal_DNA at different temperatures.
Insets show the absorbance variation at 260 nm and 340 nm depicting DNA melting
transitions.

6.3.5.2 One and Two-photon Excited Fluorescence Measurements
Fluorescence spectra after excitation at 330 nm (Hoe, the donor) at different
temperatures are shown in Figure 6.22 A. Two peaks were observed, one at 460 nm and
another at 517 nm. The one at 460 nm arises from the luminescence of minor groovebound Hoe and the one at 517 nm comes from F.Mal. The absorbance of F.Mal at 330 nm
is only 10% compared to that for Hoe and excitation creates mostly the excited state of
Hoe, which transfers its energy to the acceptor, F. Mal. With increasing temperature, the
duplex melts to form single stranded DNA leading to quenching of fluorescence. The
inset shows the change in fluorescence intensity of Hoe at 456 nm as a function of
temperature. At 70 0C, a sharp decrease in fluorescence was observed (inset of Figure
6.22A).
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Figure 6.22: (A) Fluorescence spectra after excitation at 340 nm for Hoe@F.Mal_DNA
at different temperatures. Inset shows the normalized fluorescence intensity at 456 nm as
a function of temperature. (B) Two-photon excited spectra for Hoe@F.Mal_DNA at
different temperatures after excitation at 800 nm. Inset shows the normalized
fluorescence intensity at 456 nm as a function of temperature.

Shown in Figure 6.22B are the fluorescence spectra at different temperatures after
excitation at 800 nm. It has to be noted here that even though the 2PA cross-section of
Hoe is 4-fold higher than what it was without DNA, it is still much smaller than for
F.Mal which has higher 2PA cross-section. So at 800 nm, significant two-photon
excitation leads to direct excitation of the acceptor (F.Mal). However, Figure 6.22B
shows two fluorescence peaks, one at 460 nm (shoulder) and another strong maximum at
517 nm. With increasing temperature, the fluorescence at 460 nm decreases sharply (inset
of Figure 6.22 B), suggesting that Hoe is released from the DNA duplex but also its
energy transfer to the acceptor was reduced. Energy transfer was observed even with 2photon excitation at 800 nm. However, a better excitation wavelength would have 720
nm, where significant light would have excited Hoe rather than F.Mal. Wavelength
dependent 2P-iFRET measurements are ongoing, which can shed light on its use as better
markers for DNA melting transitions.
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6.3.5.3 CD Measurements
Temperature-dependent CD spectra measurements were carried out to monitor the
DNA melting transitions in Hoe@F.Mal_DNA and corresponding spectra were shown in
Figure 6.23.
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Figure 6.23: CD spectra for AcrO@CPM_DNA at different temperatures. Inset shows
the variation in CD signal at 260 nm as a function of temperature suggesting DNA
melting transition.

It can be observed from Figure 6.23 that Hoe also gains chirality when it is with
DNA as it binds to DNA via minor groove. However, with increasing temperature, the
chirality at 340 nm is lost due to DNA melting. The inset of Figure 6.23 shows change in
CD signal at 340 nm and the fitting of the curve gave the DNA melting temperature of 70
0

C for Hoe@F.Mal_DNA.

6.3.5.4 Relative 2PA Cross-sections
Normalized fluorescence intensities for Hoe@F.Mal_DNA after one- and twophoton excitation are plotted as a function of temperature and shown in Figure 6.24 A.
There are subtle differences between the one-photon and the two-photon fluorescence
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intensities (after correction from the overlapping fluorescence from the acceptor).
Relative 2PA cross-sections were determined from the ratio of two-photon fluorescence
intensity to one-photon fluorescence intensity as a function of temperature and the curve
obtained is shown in Figure 6.24 B. It is evident from the Figure that there is a decrease
in 2PA cross-sections when the duplex of DNA melts to give rise to single stranded
DNA. The decrease in 2PA cross-section with melting is quite similar to other studies
where the 2PA cross-section of Hoe was found to increase by as much as 4-fold when it
was bound to the duplex DNA. This enhancement was attributed to the local electric
fields enhancing the 2PA cross-section of a minor groove binding chromophore. Also
shown in the Figure 6.24 is the CD signal change at 340 nm for the comparison of
melting transitions. Both of them matched with one another, again indicating that relative
2PA cross-sections is a good indicator of DNA melting transition.
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excitation for Hoe@F.Mal_DNA. (B) Relative 2PA cross-sections as a function of
temperature showing DNA melting transition and also shown is the CD signal at 340 nm
for comparison.
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6.3.5.5 iFRET Efficiencies
The main objective of the study is to establish that 1P and 2P-iFRET
measurements can serve to monitor DNA melting transitions better. As we have
discussed in the section 6.3.5.2, the 330 nm excitation gives two fluorescence peaks, one
for the donor Hoe and another for the acceptor F.Mal. There was an energy transfer
observed from Hoe to the acceptor. However, the two-photon excitation excites
significant amount of the acceptor that it makes us avoid using equation 2 for calculating
the energy transfer efficiencies. Thus, we determined the efficiencies by monitoring the
fluorescence of Hoe (donor) and using equation 1. To obtain the donor alone only data,
measurements were carried out with Hoe binding to thiolated DNA. One-photon
fluorescence measurements were carried out at 330 nm and the 2-photon excitation
measurements were carried out at 800 nm. Using the data from the donor alone and with
donor-acceptor (as in the case of Hoe@CPM_DNA), energy transfer efficiencies were
determined with one- and two-photon excitation and the data shown as a function of
temperature in parts A and B of Figure 6.25, respectively.
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Figure 6.25: (A) iFRET efficiencies calculated using Hoe fluorescence as a figure of
merit and inset shows the change in iFRET efficiency as a function of temperature. Also
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Figure 6.25A shows that 1P-iFRET efficiency started from 65% when it is in
duplex form and decreased to 35% when it is melted to give single stranded DNA. It can
be asked why the signal did not decay completely to zero. It is because the thiolated DNA
is a single stranded DNA which is Adenine-Thymine (AT) rich, even allowing that Hoe
still can bind to single stranded DNA in some way, by there having some energy transfer
efficiency. However, the melting transition observed with 1P-iFRET matched fairly well
with the CD change at 260 nm. The 2P-iFRET efficiency starts at 60% (in the bound
form) and decreases to 15% when it is unfolded. In this way, 2P-iFRET was found to be a
better indicator of the melting transition. The CD change at 340 nm was also provided for
the comparison and the melting transitions agree fairly well, except for the increases
melting transition with 2P-iFRET that can be ascribed to local unfolding around the
chromophore. In this way, the measurements were successful in showing that 2P-iFRET
is a good technique to monitor DNA melting. Its sensitivity can be futher improved by
varying the 2P excitation wavelength to one more suited for the donor than that of
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acceptor. In this way, one can to use this technique in conjunction with 1P-iFRET as a
novel diagnostic tool for pathogens in PCR based assays.

6.4 Rationale Behind the Sensitivity of Novel Spectroscopic Tools
Overall from the studies discussed in this chapter, three different optical
spectroscopic techniques were able to successfully monitor the DNA melting transitions
in addition to the existing techniques of UV-Vis absorption and CD. They are (i) Relative
2PA cross-sections of dye molecules bound to the DNA either covalently or noncovalently, (ii) 1P-iFRET and (iii) 2P-iFRET. Even though the individual one-photon or
two-photon fluorescence of dye molecules that are bound to DNA were unable to monitor
the melting, the ratio of two-photon to one-photon fluorescence (relative 2PA crosssection) was successful in tracking DNA melting transitions. This ratio spectroscopy is a
powerful tool as it is sensitive to the energy transfer efficiency as well as to the local
electric fields offered by the DNA backbone. When the dye molecule is released from the
duplex DNA on melting, its electric field environment changes, leading to different 2PA
cross-sections23-28. The use of 1P-iFRET to monitor the unfolding transition is further
established by the current work. We were able to show 1P-iFRET to be sensitive for both
cases of having donor bound to the DNA as well as acceptor bound to the DNA. The
results have shown the wide applicability of this technique in tracking DNA melting
curves. Finally, developed the 2P-iFRET technique and showed, with different systems,
that is sensitive to DNA melting transitions. The advantages of this technique over the
others are the following. (a) reduced photo-damage, (b) low background signal, (c)
possibility to achieve greater differentiation in the signals because of the enhanced 2PA
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cross-sections offered by electric fields in DNA and (d) ability to tune the signal by
changing the two-photon excitation wavelength and obtain optimum parameters to
maximize the signal strength as well as variation.

6.5 Conclusion
In search of novel spectroscopic tools to track DNA melting curves, this
investigation was carried out. The hypothesis is that relative 2PA cross-sections and 2PiFRET efficiencies can be good indicators for DNA melting. To prove this hypothesis,
one strand of DNA was labeled with dye molecule, CPM (donor) in one case and F.Mal
(acceptor) in another case. The dyes were successfully labeled to the DNA as observed
from their increase in fluorescence intensity and mass-spectrometric characterization. The
dye-labeled strands were annealed to form duplex DNA by mixing with a complementary
sequence and heating to 95 0C and slowly cooling to room temperature. Linear and
nonlinear optical measurements were carried out on CPM_DNA and F.Mal_DNA to
confirm the hybridization by annealing them and studying their optical properties. Both
systems did not show any change in relative 2PA cross-sections as they are away from
the interactions with duplex DNA. The measurements carried out on DTCI@CPM_DNA
have shown that relative 2PA cross-sections and 1P-iFRET are good figures of merit for
monitoring DNA melting transitions and the melting curves matched closely with what
was observed from UV-Vis absorption and CD measurements. However, the 2P-iFRET
results for DTCI were not as good, probably because the excitation wavelength was not
appropriate. Further measurements on AcrO@CPM_DNA have shown that all the three
techniques of relative 2PA cross-sections, 1P-iFRET and 2P-iFRET are best indicators
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for DNA melting. All these techniques have provided sharper melting transitions than
CD. 1P-, 2P-iFRET have much sharper melting transition than relative 2PA crosssections. These two systems are the ones where the dye-labeled DNA is acting as donor
and the molecules that are bound to DNA are acceptors. In the opposite case, where the
labeled-DNA is the acceptor and non-covalently bound dye is the donor, as in
Hoe@CPM_DNA, we were able to show that all these three novel spectroscopic tools
can monitor the DNA melting transitions. Better sensitivities can be obtained from 2PiFRET spectroscopic technique if appropriate wavelength is chosen. Current
measurements have provided proof-of principle results that 2P-iFRET and relative 2PA
cross-sections can be used to track DNA melting transitions or hybridization process that
can be helpful in pathogen detection.

6.6 Chapter 6 Summary


The main objective of this investigation is to find alternative spectroscopic tools
to track DNA melting curves with potential applications in PCR based assays for
the detection of pathogens and viruses.



To accomplish the objective, we propose to develop a two-photon induced FRET
(2P-iFRET) technique that can track DNA melting transitions with good signal
strength and reduced background. The investigations are carried out to prove the
principle that 2P-iFRET can be a viable tool to track DNA melting



Three figures of merit for DNA melting were studied. They are (i) Relative 2PA
cross-sections, (ii) 1P-iFRET and (iii) 2P-iFRET and all of them were compared
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with the melting curves obtained from CD measurements and UV-Vis
spectroscopy.


For iFRET measurements, one strand of DNA was labeled with a dye molecule in
one case where the DNA is the donor, it was bound with CPM dye. For another
case where the DNA is the acceptor, F. Mal dye was labeled.



iFRET efficiencies and relative 2PA cross-sections were determined for
DTCI@CPM_DNA and AcrO@CPM_DNA and all the figures of merit were
successful in monitoring the melting curves with sharper transition temperatures.



iFRET efficiencies and relative 2PA cross-section measurements for
Hoe@F.Mal_DNA was also quite successful in monitoring the melting curves.



The investigations have shown that 2P-iFRET is a powerful and sensitive
technique to monitor DNA melting transitions and its sensitivity can be further
amplified with appropriate selection of two-photon excitation wavelengths.
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CHAPTER 7
OVERALL SUMMARY AND FUTURE PERSPECTIVE

7.1. Overall Summary
Since the discovery of the double helical structure of DNA by Watson and Crick,
an enormous amount of research has been focused on exploring its unique structure to
bind molecules to it and probe molecule-DNA interactions. Detailed understanding of
molecule-DNA interactions play a major role in drug-DNA research, therapeutics and
medical diagnostics. Molecules that give fluorescence when they bind to sequence
specific DNA structures have also received enormous research attention. Dye molecules
that can shown turn-on fluorescence when they bind to sequence-specific nucleic acids
such as duplex and quadruplex are an integral part of fluorescence spectroscopy and are
routinely used in forensics, diagnostics and biomedical applications. In addition, selective
and sensitive binding of dye molecules with various constructs of DNA will help develop
novel probes for molecular biology, DNA quantitation, DNA melting and diagnostic
therapy of gene-related cancer and detection of viral and disease causing pathogens. For
most of the applications, it is important to understand molecule-DNA interactions.
There are several modes of binding for small molecules to DNA, they include (i)
intercalation- a process in which a molecule is slipped between base pairs, (ii) minor
groove binding, (iii) major groove binding and (iv) intercalation. Among them, there are
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two prominent modes: intercalation and minor groove binding. Several optical
spectroscopic techniques are used to monitor molecule-DNA binding interactions. The
most popular techniques include optical absorption, steady-state fluorescence,
fluorescence resonance energy transfer and circular dichroism. In addition, some other
popular techniques include isothermal calorimetry and viscometry. These techniques are
specific and sensitive in monitoring molecule-DNA binding interactions but they cannot
differentiate between intercalation vs minor groove binding. Understanding different
modes of binding goes a long way in designing better therapeutics that can target specific
DNA construct over others, as well as medical diagnostics.
Thus, the major goal of the research presented in the dissertation is to develop
novel spectroscopic tools to differentiate molecule-DNA binding interactions. While
doing so, other goals of the research are to find molecular systems that can selectively
and sensitively sense DNA, as well as several forms of DNA. Finally, the other goal of
the research is to track DNA melting or hybridization transitions that are crucial for
genotyping-based assays useful in the detection of pathogen based diseases. The
hypothesis is that two-photon absorption (2PA) spectroscopy can probe local electric
fields in the DNA that arise from phosphodiester backbone of DNA. When the transition
dipole moment of molecule is parallel to the local electric field offered by the DNA, the
2PA cross-section of the chromophore can be enhanced (as in the case of minor groove
binding) and if the transition dipole vector is perpendicular to the DNA backbone’s
electric field, no effect on 2PA cross-section should be observed. With these objectives
and hypothesis, the research discussed in the dissertation developed several two-photon
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absorption-based techniques to monitor molecule-DNA interactions, sense DNA and
track DNA melting transitions.
Chapter 3 of the dissertation discusses a proof-of principle study to test the
hypothesis that 2PA cross-sections of chromophores can monitor and differentiate
intercalation and minor groove binding interactions. To accomplish this objective, a
proof-of-principle study was carried out with two well-known DNA binding molecules,
Hoechst 33258 (Hoe) and Acridine Orange (AcrO) binding with salmon sperm DNA 2.
Hoe is a known minor groove binding dye molecules, while AcrO is a known intercalator
and crystal structures are available with these molecules showing specific mode of
binding. The feasibility of two-photon absorption spectroscopy to differentiate the
intercalation and minor-groove binding is presented in this chapter. Optical absorption,
steady-state fluorescence, two-photon fluorescence and circular dichroism measurements
were carried out on Hoe and AcrO bound to salmon-sperm DNA. Femtosecond timeresolved fluorescence and fluorescence anisotropy measurements have shown that the
dye molecules are bound to DNA. Relative 2PA cross-sections measured as a function of
DNA concentration have shown more than 4-fold enhancement for Hoe, while no change
or a slight decrease in cross-section was observed for AcrO. The results show that 2PA
cross-sections are enhanced for minor groove binding dye molecule, as the transition
dipole vector is parallel to the electric field, while no effect was observed for
intercalating dye, as its transition dipole vector is perpendicular to the DNA electric field.
Combined femtosecond and nonlinear optical measurements have shown that 2PA
spectroscopy is one of the first techniques that can differentiate molecule-DNA
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interactions and further measurements also have shown that this technique can be used to
sense DNA with two-photon fluorescence enhancement.
In Chapter 4, measurements were carried out in an effort to establish the 2PA
spectroscopy as an analytical tool to monitor molecule-DNA binding interactions and
also increase the sensitivity for DNA with two-photon fluorescence enhancement. To
accomplish the objective, measurements were carried out on four different dye molecules
namely, ThT, DTI, DTCI and DTDCI. These dyes were chosen as they are known to bind
to biological systems and have good biological significance. The investigation on cyanine
series of dyes can lead to specific structure-property relationships based on the structure
of molecule and the mode of DNA binding. Steady-state and time-resolved and circular
dicrhoism measurements have confirmed the binding of molecules with DNA. Two main
results were obtained from studies from the relative 2PA cross-section measurements.
More than 4-fold 2PA cross-section enhancement was observed for DTCI and DTDCI
after binding to salmon sperm DNA. The second result showed a slight decrease or no
change in the 2PA cross-sections of ThT and DTI when bound to the DNA. The increase
in the 2PA cross-sections of DTCI and DTDCI confirmed them to be minor-grove
binders, while the decrease in the 2PA cross-sections of ThT and DTI were assigned as
intercalators.
The investigations have shown that the differentiating molecule-DNA binding
interactions by 2PA spectroscopy is not one of a kind, but can be widely applicable to
different chromophores. Also, one-photon fluorescence sensitivity was highest for ThT
and DTI to salmon sperm DNA with enhancement greater than 100-fold. DTCI and
DTDCI are best suited for two-photon fluorescence sensing of DNA, with specific

315

enhancement only observed with two-photon excited fluorescence. The results presented
in Chapter 4 were successful in establishing 2PA spectroscopy as a novel analytical tool
to monitor molecule-DNA binding interactions and the results also provided two-photon
fluorescence based sensors to detect and sense DNA. Sensing particular construct of
DNA has found application in developing assays to detect diseases and is also useful in
forensics where DNA finger printing is usually carried out.
The results obtained in Chapter 3 and Chapter 4 were able to provide specific dyemolecule systems that can be used as turn-on one and two-photon fluorescent sensors for
double-stranded DNA, and to show that two-photon fluorescence spectroscopy is a
selective and sensitive tool for DNA detection. Further studies are presented in Chapter 5
to prove and establish that 2PA spectroscopy can sense different forms and architecture
of DNA, namely single stranded, double-stranded and G-quadruplex. The hypothesis is
that the 2PA cross-sections of specific dye molecular systems can differentiate different
forms of DNA by selectively showing fluorescence enhancement of one form over other.
The investigated DNA constructs include ssDNA1 (AT rich), ssDNA2 (GC rich), duplex
and G-quadruplex DNA. Sensing different DNA constructs have applications in
diagnostics and therapeutics.
Four different dye molecules were investigated for selective and sensitive
detection of DNA constructs. They are Hoe, ArcO, ThT and DTI. Hoe is a minor groove
binder while others bind to DNA via intercalation. Three figures of merit for sensing
DNA were checked, they are (i) One-photon fluorescence enhancement, (ii) two-photon
fluorescence enhancement and (iii) relative 2PA cross-sections. The results show that
Hoe has good sensitivity to ssDNA1 with both one and two-photon fluorescence sensing
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but its sensitivity is comparable to that of dupDNA in two-photon fluorescence sensing.
However, Hoe was highly selective to dupDNA over all other forms when relative 2PA
cross-sections are used as the figure of merit. On the other hand, ThT was found to be
selective to G-quadruplex with one-photon fluorescence sensing and relative 2PA crosssections showed a decrease only for G-quadruplex. From the measurements, it was found
that ThT is sensitive and selective to G-quadruplex as it binds to quinine-rich forms of Gquadruplex. In addition, DTI is also quite sensitive to G-quadruplex DNA over other
forms in terms of one-photon sensing and two-photon sensing. However, the sensitivity
of DTI to quadDNA with relative 2PA cross-sections is not ideal. AcrO was found to be
sensitive and selective to dupDNA over other constructs with all three figures of merit
like one-photon, two-photon fluorescence and relative 2PA cross-sections.
Additional studies to track DNA melting were discussed in Chapter 5. Here,
investigations were carried out to track DNA melting curves with relative 2PA crosssections of dye molecules bound to DNA. The melting curves of DNA are studied
routinely in relation to genotyping based assays for pathogen detection. Melting of
duplex DNA to give single stranded or coiled structures was studied with Hoe and ThT
binding to duplex. The measurements of relative 2PA cross-sections of Hoe and ThT
have successfully tracked melting transitions of dupDNA and the transitions matched
well with those from CD data. Melting of G-quadruplex DNA was monitored with Hoe
and AcrO binding to quadDNA. The results of relative 2PA cross-sections of Hoe with
quadDNA have shown two transition temperatures that matched well with CD data. The
relative 2PA cross-sections of AcrO also showed two melting temperatures. From the
investigations, a model based on quadruplex melting to form duplex followed by further
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melting to coiled structure was proposed. Overall, the results presented in Chapter 5 were
able to provide particular figures of merit for certain dye molecules that are specific to
different DNA constructs. Also, preliminary measurements of using relative 2PA crosssections for monitoring DNA melting transitions were discussed.
In the research described in Chapter 5, preliminary results have shown that
relative 2PA cross-sections can monitor DNA melting transitions. In search of novel
spectroscopic tools to probe DNA melting and denaturation processes, the investigations
presented in Chapter 6 were carried out. Analytical techniques, that monitor DNA
melting and hybridization, help researchers to develop better genotying and PCR based
techniques. In Chapter 6, a new technique based on two-photon induced fluorescence
resonance energy transfer (2P-iFRET) was developed to track DNA melting and
denturation transitions. Coventionally, DNA melting is followed by UV-Vis absorption
and CD measurements. Selective and sensitive DNA melting and hybridization can also
be investigated with fluorescence-based techniques. Traditionally, bound dye’s
fluorescence can be used to track duplex DNA melting. But, this is not specific or
selective. FRET was used as a selective and specific DNA hybridization technique but it
is quite expensive as it involves labeling of two DNA strands with dye molecules. On the
other hand, a technique combining bound dye fluorescence and FRET was developed
based on the 1P-iFRET technique which was also sensitive for DNA melting. Twophoton techniques offer better sensitivity over one-photon and cause less photodamage
and smaller background signals. To make use of these added advantages, we developed
the 2P-iFRET technique in Chapter 6.
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The investigations presented in Chapter 6 are carried out to prove the principle
that 2P-iFRET can be a viable tool to track DNA melting. Three figures of merit for
DNA melting were studied. They are (i) Relative 2PA cross-sections, (ii) 1P-iFRET, and
(iii) 2P-iFRET and all of them were compared with the melting curves obtained from CD
measurements and UV-Vis spectroscopy. For iFRET measurements, one strand of DNA
was labeled with a dye molecule in one case where the DNA is the donor, it was bound
with CPM dye. For another case where the DNA is the acceptor, F. Mal dye was labeled.
iFRET efficiencies and relative 2PA cross-sections were determined for
DTCI@CPM_DNA and AcrO@CPM_DNA and all the figures of merit were successful
in monitoring the melting curves with sharper transition temperatures. iFRET
efficiencies and relative 2PA cross-section measurements for Hoe@F.Mal_DNA was
also quite successful in monitoring the melting curves. The investigations have shown
that 2P-iFRET is a powerful and sensitive technique to monitor DNA melting transitions
and its sensitivity can be further amplified with appropriate selection of two-photon
excitation wavelengths.
Overall, we have developed three novel spectroscopic tools in the research
presented in the dissertation. They are (i) Relative 2PA cross-sections as an analytical
tool to differentiate molecule-DNA interactions, (ii) Two-photon fluorescence
enhancement and relative 2PA cross-sections to sense different forms of DNA and (iii)
Relative 2PA cross-sections and 2P-iFRET to track DNA melting transitions.
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7.2 Future Outlook
With the research carried out in the dissertation, novel spectroscopic tools were
developed for studying molecule-DNA interactions. However, most of the research
presented were proof-of principle studies and not comprehensive. In Chapter 3, it was
shown that the 2PA cross-sections of minor groove binding dye molecules can be
enhanced. It would be fruitful to determine the 2PA cross-sections of other Hoechst series
of dyes as well as DAPI, a well known minor groove binding molecule, to obtain specific
structure-property relationships with regards to two-photon enhancements. Also, these
techniques can provide specific molecular system that can provide maximum sensitivity
with two-photon fluorescence signal enhancement.
It was also established with this research that 2PA cross-sections are quite
sensitive to local electric fields and it would be interesting to study novel systems of
poly-electrolytes interacting with DNA as alternative platforms to sense sequence
specific DNA or proteins. In addition, measurements should be extended to probe DNAprotein interactions as they are important for biomedical applications. Devices based on
this technique to sense DNA can be made that can be specific to QuadDNA over others
and help detect human telomeres in disease related applications.

320

